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Resumen

El interés en veh́ıculos eléctricos (EVs) y veh́ıculos h́ıbridos (HEVs) ha aumen-

tado sustancialmente durante las últimas dos décadas debido a la introducción de

nuevas regulaciones motivadas por el cambio climático. Los EVs y HEVs fueron

usados en los inicios del siglo 20, pero fueron derrotados por los veh́ıculos de

motor de combustión interna (ICEVs) que eran más baratos, más ligeros y de

recarga más rápida.

Hoy en d́ıa, la tecnoloǵıa actual ha permitido a los EVs y HEVs compe-

tir justamente con los ICEVs. Sin embargo, el precio de los EVs sigue siendo

alto, su rango relativamente corto, comparado con los ICEVs, y son más lentos

de recargar. Durante los últimos años, los EVs han conseguido rangos de fun-

cionamiento mayores gracias a una mayor densidad de enerǵıa de sus bateŕıas

y sistemas de tracción más eficientes. El uso de máquinas śıncronas de imanes

permanentes (PMSMs) ha aumentado la eficiencia a costa de usar imanes per-

manentes (PMs) basados en tierras-raras como el neodimio, y consecuentemente

aumentar su coste.

Las PMSMs son muy eficientes a bajas velocidades, sin embargo, a altas ve-

locidades necesitan la inyección continua de corriente de debilitamiento de flujo

para contrarrestar el enlace de flujo de los PMs e igualar la fuerza contraelectro-

motriz (Back-EMF) con la tensión de bus DC disponible. Este modo de operación

está caracterizado por unas pérdidas en el cobre y núcleo inherentes a causa de

la aplicación continua de una corriente negativa en el eje-d y los armónicos extra

producidos en el flujo del entrehierro.

Las máquinas de flujo variable (VF-PMSMs) y las máquinas de flujo de dis-

persión variable (VLF-PMSMs) son diseñadas para reducir o incluso eliminar

la inyección de corriente de debilitamiento de flujo y sus efectos adversos. Las

VF-PMSMs son capaces de cambiar el estado de magnetización de sus PMs du-



rante su funcionamiento, pero este proceso necesita de la inyección de corrientes

de muy alta magnitud y el control preciso del estado de magnetización sigue

bajo investigación. Por otro lado, las VLF-PMSMs son capaces de reducir la

inyección de corrientes de debilitamiento de flujo usando un diseño de rotor es-

pecial, manteniendo el estado de magnetización de los PMs constante y evitando

las desventajas del proceso de magnetización y desmagnetización.

La introducción de este tipo de máquinas en la industria reducirá las pérdidas

de potencia a altas velocidades, aumentando la eficiencia y el rango de fun-

cionamiento de los EVs y HEVs. Pero antes de que estas máquinas puedan

ser introducidas en el mercado, métodos de estimación de la temperatura de los

PMs y el par producido deben de ser desarrolladas para aumentar la fiabilidad

del sistema de tracción. Los métodos disponibles no pueden ser extrapolados

fácilmente a este tipo de máquinas debido a la variación del enlace de flujo de

sus PMs, obteniéndose errores de estimación demasiado altos.

En esta tesis se muestra un método para la estimación de temperatura de

los PMs basada en el enlace de flujo de los PMs y un método de estimación de

par basado en la combinación de inyección de señales de baja y alta frecuencia

para VLF-PMSMs. Estas técnicas han sido profundamente analizadas en una

VLF-PMSM real bajo diferentes condiciones de operación.



Abstract

The interest in electric vehicles (EVs) and hybrid electric vehicles (HEVs)

have increased substantially during the last two decades due to the new regula-

tions motivated by climate change. EVs and HEVs were used in the early 20th

century, but they were beaten by the cheaper, lighter, faster rechargeable internal

combustion engine vehicles (ICEVs).

Nowadays, the current technology has allowed the EVs and HEVs to fairly

compete with ICEVs. However, EVs price is still high, the driving range is rela-

tively small compared to ICEVs and they are slower to recharge. During the last

years, larger driving range is being achieved by EVs due to higher energy density

batteries and more efficient drives. The use of Permanent magnet synchronous

machines (PMSMs) has increased the efficiency at the cost of using rare-earth

PMs such as neodymium, and consequently increasing their cost.

PMSMs are very efficient at low speeds, however at high speeds they need

the continuous injection of flux-weakening current to counteract PM flux link-

age to match the back electromotive force (Back-EMF) with the available DC

voltage. This operating mode is characterized by an inherent copper and core

loss increase due to the continuous application of negative d-axis current and the

extra harmonics produced in the airgap field.

Variable flux PMSMs (VF-PMSMs) and variable leakage flux PMSMs (VLF-

PMSMs) designs are aimed to reduce or even avoid the injection of flux weak-

ening current and its subsequent adverse effects. VF-PMSMs are able to change

their magnetization in-situ, during normal machine operation, but this process

involves the injection of very large magnitude currents and precise PM magneti-

zation control is still under development. On the other hand, VLF-PMSMs are

able to reduce the injection of flux weakening currents by using a special rotor

design, keeping the PM magnetization constant and avoiding the drawbacks of



magnetization and demagnetization process.

The introduction of these type of machines in the industry will reduce the

losses at high speeds, increasing efficiency and driving range of the EVs and

HEVs. Before these machines can be introduced to the market, PM tempera-

ture and produced torque estimation techniques should be available in order to

increase their reliability. Already available methods are not easily extrapolated

to these types of machines due to their variable PM flux linkage, leading to large

estimation errors.

This thesis addresses a PM temperature estimation method based on PM

flux linkage and a torque estimation method enhanced by a combination of high

and low frequency signal injection for VLF-PMSMs. These techniques have been

deeply analysed in a real VLF-PMSM under different operating conditions.
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Chapter 1

Introduction

1.1 Background

New regulations motivated by climate change have increased the interest

in transportation electrification during the last decade. The Intergovernmental

Panel on Climate Change (IPCC) has stated that human influence has unequiv-

ocally warmed the atmosphere, oceans, and land (see Fig. 1.1) [1]. Furthermore,

it has been shown that CO2 accounts for 77% of total accumulative greenhouse

gas (GHG) emissions, transportation being among the top contributors [2].

The use of electric vehicles (EVs) and hybrid electric vehicles (HEVs) has

raised as an alternative to conventional internal combustion engine vehicles (ICEVs)

to reduce GHG emissions. However, transportation electrification will not elimi-

nate CO2 emissions until electric energy used by EVs is generated from CO2-free

renewable energy sources.

Although the rise of interest in EVs and HEVs is recent, they were invented

and used in the late 19th century and early 20th century [3,4]. A timeline of the

most relevant EVs and HEVs, as well as key technological advances is shown in

Fig. 1.2.

The considered first commercial electric vehicle, the “William Morrison Elec-

tric wagon” appeared in 1891. It was designed for twelve passengers with a 3 kW

electric direct current (DC) machine. This was the base design for the Electrobat
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Figure 1.1: Human influence in observed surface temperature change [1].

taxicabs which operated in New York from 1896. They were propelled by two

1.1 kW DC motors, reaching a maximum range of 40 km per charge. One year

later, an electric taxicab service, using the taxicabs designed by W. Bersey, was

inaugurated by W.H. Preece in London.

By the end of the 19th century, EVs were fairly competing with ICEVs and

steam vehicles, each type of vehicle with a 30% market share. The tough market

competition leaded to new interesting designs including hybrid vehicles that com-

bined two of these technologies, such as the Lohner-Porsche HEV in 1900, which
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Figure 1.2: EVs and HEVs timeline.
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combined an ICE and a DC motor. All these EVs and HEVs used DC electric

machines and batteries, which allowed a simple electrical design such as manual

rheostatic control. At that time, induction machines (IMs) and the technology to

create alternating current (AC) from DC batteries was available by means of rota-

tory converters. However, the added weight, reduction in efficiency and increase

in complexity made the use of AC machines in EVs and HEVs unpractical.

In the first decade of the 20th century, car manufacturers kept improving

their EVs and HEVs designs, battery exchange systems being offered and more

battery charging stations being available in the cities. All this made EVs a well

established and healthy technology market that thrived during this period of time.

After 1910, the quality of the roads between cities improved increasing the interest

in touring and larger driving range vehicles, but charging facilities or battery

exchange services were usually located inside the cities and the short range of

EVs (up to 80 km) made impossible to consider EVs for long distance touring.

Additionally, in the EEUU market, fuel availablity for ICEVs was not an issue

anymore due to increasing discoveries of oil in Texas, dropping the fuel price to

historic minimums. The invention of the electric starter in 1912 made ICEVs start

faster, reliably and safely. All these new discoveries and changes made ICEVs

much more interesting than EVs. By 1920, most of the EV manufacturers had

closed their business or moved to ICEVs production. The market crisis of 1929

also impacted EV technology by preventing any possible research investment.

From 1920 to 1970, EVs were out of the market and ICEVs were the pre-

ferred choice for transportation. The interest on EVs only appeared under some

special circumstances such as fuel shortages during World War II (WWII) and

early 1970s. For instance, during WWII, the milk delivery service in UK was

accomplished by EVs due to the high price and low availability of gasoline that

became an strategical resource.

Despite the fall of EVs market from 1920 to 1970, important technological ad-

vancements were made during this period. Electric machines used in these first

EVs did not include permanent magnets (PMs) because of the low strength of the

only available PM material, magnetite, electromagnets were used instead. The

use of PMs in electric machines was not practical until the invention of AlNiCo

in the 1930s. With the later discovery of ferrite magnets in the 1950s, samarium

in the 1960s, and neodymium-iron-boron PMs in the 1980s, what stimulated the

development of electric machines based on PMs. Each new PM technology al-

lowed to increase the power density and efficiency of PM-based electric machines,

this can be seen by the evolution of the maximum energy product BHmax in
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Fig. 1.3.

Figure 1.3: PM energy product evolution [4].

Machine control during the early 20th century was accomplish by rheostatic

control that was simple but inefficient. This system allowed the control of the

machine speed by varying the value of a series resistance (rheostat), consequently

modifying the machine applied voltage. The use of power electronics was not

possible until the invention of selenium rectifiers in 1933, bipolar transistors in

1948, MOSFETs in 1959 and IGBTs in 1968. The use of these power switches

allowed an efficient power conversion and the possibility of creating AC currents

from the DC batteries while maintaining the overall system relatively light weight,

small size and high efficiency.

During this period of time, batteries kept improving with better designs of

lead-acid batteries. Other battery technologies were also developed such as the in-

vention of the nickel-cadmium (NiCd) battery in 1899 in Sweden, being commer-

cialized in 1910 and reaching US in 1946. Nickel metal hydride battery (NiMH)

was invented in 1967 significantly increasing the energy density of NiCd batter-

ies. Commercial lithium batteries were available in the 1970s, but they were not

rechargeable, the first prototype of rechargeable lithium-ion batteries was made

in 1985 in Japan. Lithium-ion (Li-Ion) batteries have much higher energy density

than NiCd and NiMH batteries allowing significantly larger vehicle driving range.

The improvements in energy density that these new technologies provided can be

seen in Fig. 1.4.



1.1 Background 5

50

100

150

200

250

S
p

ec
if

ic
 e

n
er

g
y

 (
W

h
/k

g
)

50 100 150 200 250 300 350 400 450

Specific power (W/kg)

500

Li-Ion

LiPo

NiMH

NiCd

Lead-Acid

Figure 1.4: Energy and power density of different battery technologies.

These technological advancements arranged a good environment for new EV

designs that overcome the limitations present in the early 20th century. The

oil shortages around 1970 were the perfect push that EV development needed.

In 1967, Ford released an experimental EV named Ford Comuta with two DC

motors powered by four lead-acid batteries and with 60 km range. In 1971, the

Lunar Roving Vehicle landed in the moon during Apollo 15 mission. It equipped

four DC motors, one in each wheel, powered by two silver-zinc batteries. In the

same year, Nissan designed the EV4-P, a pick-up truck powered by a lead-acid

battery and a DC motor, achieving a range of 300 km. Many other companies

started experimenting and developing their own EVs and HEVs from 1970 to

1990.

The development of EV1 by General Motors in 1996 established the base

design of modern EVs. They used a 102 kW three-phase IM driven by an IGBT-

based power inverter. The first EV1 version used a lead-acid battery with a range

of 126 km, the second version (produced in 1999) with NiMH batteries, extended

the previous range to 228 km.

The first mass-produced HEV was the Toyota Prius in 1997, produced in

Japan and limited to the Japanese market. It equipped a 30 kW interior PMSM

(IPMSM) with neodymium magnets, an IGBT-based power inverter and NiMH

batteries.

In 2008, Tesla presented their first EV: the Tesla Roadster. It was equipped

with a 185 kW three-phase IM and Lithium-ion batteries, reaching a maximum
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range of 400 km. Two years later, in 2010, General Motors developed the Chevro-

let Volt/Opel Ampera, the first plug-in HEV. This kind of vehicle can be used

as a pure EV charging the battery from an electric supply or use the ICE capa-

ble to extend the range of the vehicle. It was equipped with a 111 kW PMSM

and lithium-ion batteries, reaching a range (in pure EV mode) of 56 km. The

additional space and weight constrains introduced by the addition of the ICE,

reduced the capacity of the battery and its pure EV range. The same year, Nis-

san presented the Nissan Leaf, an EV powered by an 80 kW IPMSM, lithium-ion

batteries and a range of 117 km. In 2011 Renault presented the Fluence ZE

equiped with a 70 kW wound rotor synchronous machine (WRSM), 22 kW·h
lithium-ion batteries, achieving a range of 185 km. These EV/HEV and their

electric machines are shown in Table 1.1.

Table 1.1: EV/HEV and their electric machines

Vehicle Year
Electric Machine And

Power
Range

W. M. Electric Wagon 1891 3 kW DC machine 80 km

Electrobat 1896 2x 1.1 kW DC machines 40 km

Bersey London taxicab 1897 2.2 kW DC machine 50 km

Lohner-Porsche HEV 1900 2x 1.8 kW DC machines -

Electromobile 1902 6 kW DC machine -

Babcock Electric Roadster 1911 11 kW DC machine 160 km

Ford Comuta 1967 2x DC machines 60 km

Nissan EV4-P 1971 27 kW DC machine 300 km

General Motors EV1 1996 102 kW IM 126/228 km

Toyota Prius 1997 30 kW IPMSM -

Tesla Roadster 2008 185 kW IM 400 km

Opel Ampera 2010 111 kW PMSM 56 km

Nissan Leaf 2010 80 kW IPMSM 117 km

Renault Fluence ZE 2011 70 kW WRSM 185 km

Renault Zoe 2012 66 kW WRSM 160 km

BMW i3 2013 125 kW PMSM 130 km

Tesla Model 3 2017 225 kW PMSM 354 km

Audi e-Tron 2018 2x 140 kW IM 357 km

Hyundai Kona EV 2018 150 kW PMSM 300 km

Nowadays, PMSMs are the preferred option for EVs and HEVs due to their
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high torque and power density, wide speed capability, and higher efficiency com-

pared to DC machines, IMs, WRSMs and synchronous reluctance machines (Syn-

RMs). On the other hand, the use of rare-earth magnets, such as neodymium,

make them one of the most expensive choices. Additionally, neodymium PMs can

suffer from permanent demagnetization at relatively low temperatures compared

to other PM types, losing their remanent flux completely if they reach their Curie

temperature. Inverters based on solid-state switching devices are used to drive

the AC electric machines from the DC voltage provided by batteries. PMSMs

have PMs in their rotor which create a rotor field without the need of inject-

ing any magnetizing current, which has allowed PMSMs to be reduced in size

and weight, increasing their torque density. At low speeds, torque production

of PMSMs can be optimized to reduce copper losses by using maximum torque

per ampere (MTPA) techniques, being very efficient. However, at high speeds,

the injection of negative direct (d-) axis (aligned with rotor PMs) current is

needed to counteract PM flux linkage and match the back electromotive force

(Back-EMF) with the available DC voltage [5]. This operating mode is known

as flux-weakening and is characterized by an inherent copper and core loss in-

crease due to the continuous application of negative d-axis current and the extra

harmonics produced in the airgap field [5].

Variable flux PMSMs (VF-PMSMs) [6] and variable leakage flux PMSMs

(VLF-PMSMs) designs [7] are aimed to reduce or even avoid the injection of

flux weakening current and its subsequent adverse effects. VF-PMSMs use low

coercive force (Hc) PMs (or a combination of high and low Hc) what allows to

change their magnetization in-situ, during normal machine operation [6]. The

magnetization and demagnetization process involve the injection of large d-axis

currents (from 3 to 20 times the nominal value), and precise PM magnetization

control is still a research challenge [6, 8]. On the other hand, VLF-PMSMs are

able to reduce the injection of flux weakening currents by using a special rotor

design, keeping the PM magnetization state constant and avoiding the drawbacks

of magnetization and demagnetization process. In Fig. 1.5, a comparison of con-

ventional PMSM, VF-PMSM and VLF-PMSM designs is shown. The typical

flux barriers present in conventional PMSM rotor are partially removed in VLF-

PMSMs, allowing some of the PM flux to flow through the quadrature (q-) axis

region (PM leakage flux) when no current or low magnitude current is injected

in the q-axis. When large q-axis current is injected (high load conditions) the

rotor q-axis region gets saturated and the PM flux can no longer flow though

that rotor region (due to higher reluctance), linking with the stator coils and

consequently increasing the PM flux linkage (PM leakage flux being reduced).
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At low speeds, when higher torque is required (large q-axis current) the larger

PM flux linkage allows the machine to meet the high torque density standards

of PMSMs. However, at high speeds, the magnitude of the q-axis current is usu-

ally lower, reducing the PM flux linkage of VLF-PMSMs and the magnitude of

flux-weakening currents, increasing the efficiency [7, 9].

(a) Conventional IPMSM (b) VF-PMSM (c) VLF-PMSM

Figure 1.5: Comparison of conventional IPMSM, VF-PMSM and VLF-PMSM designs.

The introduction of these type of machines in the industry will reduce the

losses at high speeds, increasing efficiency and driving range of the EVs and

HEVs. Machine reliability is a major concern in the industry, PM temperature

and torque production measurement or estimation being among the most im-

portant topics for PMSMs. Standard PMSMs, along with IMs and SynRMs,

have been studied and reliable methods to estimate rotor temperature and pro-

duced torque are already present in the literature. However the extension of

these techniques to VLF-PMSMs and VF-PMSMs is not straight forward due to

their variable PM flux linkage and they are still under research. Their variable

PM flux linkage leads to large inductance variations and, in the case of VLF-

PMSMs, large cross-coupling inductances and parameter variations with stator

current due to their rotor design. This thesis aims to extend these techniques to

VLF-PMSMs.

1.2 Research motivation and overview

Independent to the PMSM design, PM thermal monitoring is a major con-

cern since its strength decreases with temperature, which impacts the torque pro-

duction capability. Additionally, excessive temperature can lead to irreversible

demagnetization and even complete demagnetization if Curie Temperature is
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reached. In the case of VF-PMSMs, the variation of PM magnetization places

additional concerns, affecting the magnetization/demagnetization process and

torque control [8]. In VLF-PMSMs, PM temperature affects the variable leakage

flux property and reduces the accuracy controlling torque [9]. From the previous

discussion, it can be concluded that knowledge of PM temperature is required

for monitoring and control purposes.

This thesis addresses PM temperature and torque estimation methods in VLF-

PMSMs. Several PM temperature and torque estimation methods can be found

in literature for conventional PMSMs and they can be roughly classified into:

• Thermal models: consist of power sources that represent the power losses

of the machine, thermal nodes that represent uniform temperature regions,

thermal resistances that model the heat transfer between thermal nodes

and heat capacitors that represent the heat storage characteristic (heat ca-

pacity) of the different machine parts [10–14]. To accurately model the

thermal behaviour of the machine, all these elements require precise knowl-

edge of stator and rotor geometry, materials and cooling system, as well as

the environmental conditions, which makes them highly dependent on the

machine design and application.

• Back-EMF based methods: estimate the magnet temperature from the

PM flux linkage, typically by a linear relationship [14–18]. The PM flux

linkage is obtained from the machine terminal voltages and currents, in-

ductance maps and/or stator resistance being needed for non-zero current

conditions. These methods do not require previous knowledge of the geom-

etry and cooling system of the machine, but they are affected by the stator

resistance variation with temperature and they cannot be used at very low

speed or standstill due to the diminishing magnitude of the back-EMF.

• Signal injection methods: estimate the PM temperature by the machine

electrical response to an injected, voltage or current, signal. This response

is used to estimate an electrical variable that is supposed to vary with PM

temperature, such as high frequency (HF) inductance, HF resistance or

phase angle of HF phase harmonic. Several types of HF signal have been

used to estimate these machine parameters, the most common being HF

sinusoidal current or voltage signals [19–23]. These methods can work in

the entire speed range of the machine as long as enough voltage is available

to inject the signal. However they are sensitive to stator resistance variation

with temperature, saturation and magnetoresistive effect [24]. They require
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the injection of an additional signal, which places concerns from the losses,

noise, vibration and torque ripple point of view.

PM temperature monitoring is important to prevent irreversible PM demag-

netization, in addition the PM flux decreases as temperature increases before

reaching the irreversible PM demagnetization. This PM flux reduction affects

the torque production capability of the machine, reducing the maximum output

torque achieved per injected ampere. The PM flux linkage reduction due to PM

temperature can be compensated by appropriate machine torque control if the

PM flux linkage is known. This is specially important in EV and HEV because

they require precise control of the torque produced by the machine [25–27], torque

measurement/estimation being therefore needed.

Precise torque measurement is expensive, requires room and extra cables,

and introduces reliability concerns, torque estimation being therefore preferred

[28–39]. Torque estimation methods present in the literature can be roughly

classified into:

• Torque equation-based methods: constant machine parameters, such

as PM flux linkage and inductances, are often used to estimate machine

output torque. However, saturation and variable PM flux linkage effect

would lead to large estimation errors. Look-up tables (LUTs) can be used

to address the variation of these parameters with operating conditions. As

a drawback, they need large memory storage, while they are not able to

predict the effect of machine degradation due to aging

• Indirect estimation methods: use machine variables to indirectly es-

timate the output torque of the machine. Proposed indirect estimation

methods can be roughly classified into:

� Torque estimation based on electric power and shaft speed. This method

uses stator current and voltages to calculate the electric power [31].

The accuracy of this method relies on the resolution of the rotor speed

sensor and it cannot work at standstill.

� Torque estimation based on intelligent control. Several approaches

based on machine learning have been proposed in the literature: fuzzy

neural networks [40], wavelet neural networks [39] and iterative learn-

ing methods [32]. All these methods require a previous training pro-

cesses, which is specific for each machine, and the computational bur-

den could involve the use of more costly and complex control units.
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However, accurate estimation of PM temperature and produced torque in

VLF-PMSM involve the use of machine parameters such as inductances, resis-

tances and PM flux linkage. Due to the large variation of these parameters with

stator current and temperature in VLF-PMSMs, the extension of the methods

already present in the literature for classical PMSMs would lead to large esti-

mation errors. This dissertation addresses PM temperature and output torque

estimation in VLF-PMSMs, overcoming these limitations. The PM temperature

estimation method that is presented in this thesis will be based on the machine

PM flux linkage estimation, which will be obtained from the Back-EMF of the

machine, while the torque estimation method that is presented in this thesis will

be based on the general torque equation combined with a flux observer enhanced

by the use of combined high and low frequency signal injection to estimate the

machine parameters such as PM flux linkage, inductances and stator resistance.

Finally, an online PM temperature measurement system has been specially de-

signed to check the accuracy of PM temperature estimation methods. Accuracy

of torque estimation methods will be obtained by means of a high-speed torque

transducer. In all cases, simulation will be provided by means of FEA software

and a VLF-PMSM prototype of an EV will be used to experimentally demon-

strate the viability of the proposed methods.

1.3 Outline of the document

• Chapter 1: introduces the research line of this dissertation. This chapter

includes an overview of the evolution of electric machines used in EVs and

HEVs from DC machines in early 20th century to the new VF-PMSMs and

VLF-PMSMs designs.

• Chapter 2: presents the VLF-PMSM model that will be used in this

dissertation and its main differences compared to conventional PMSMs.

• Chapter 3: presents a PM temperature estimation method for VLF-

PMSMs based on the PM flux linkage estimation. It overcomes the limita-

tions of already available methods by considering the variation of the PM

flux linkage with stator current.

• Chapter 4: presents a torque estimation method for VLF-PMSMs based

on a Gopinath flux observer enhanced by a novel high and low frequency

signal injection combination to estimate the relevant machine parameters

for torque estimation.
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• Chapter 5: presents a PM temperature estimation method for VLF-

PMSMs working under six-step operation.

• Chapter 6: summarizes the main conclusions and contributions derived

from this dissertation. Finally, future research lines aimed to improve the

accuracy of proposed methods are also presented.

• Appendix A: presents the experimental setup used in this dissertation to

provide experimental results, including a VLF-PMSM and a conventional

PMSM. In order to verify the accuracy of the proposed estimation methods,

the test bench will be equipped with a wireless thermocouple-based PM

temperature measurement system and a torque sensor.
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VLF-PMSM Model

As previously introduced, the main difference of VLF-PMSMs with conven-

tional PMSMs is their variable PM flux linkage capabilities. Their variable PM

flux linkage capability is achieved by a special rotor design that partially re-

moves the flux barriers present in conventional PMSM rotors. In conventional

PMSMs, these flux barriers maximize the PM flux that links with stator coils

and, therefore, minimize the PM leakage flux. On the other hand, VLF-PMSM

rotor designs intentionally allow some of the PM flux to flow through the rotor

increasing the PM leakage flux. This leakage flux flows through the rotor region

between north and south poles, i.e. rotor q-axis region, allowing the PM flux

linkage to be varied by q-axis current. When low magnitude q-axis current is

injected, the flux bridges are not saturated allowing some part of the PM flux to

flow through the rotor without linking with the stator, i.e. PM leakage flux. If

the flux bridges get saturated by large q-axis flux (due to q-axis current) the PM

flux is not longer allowed to flow through that path, linking with the stator and

increasing the PM flux linkage and produced electromagnetic torque per injected

ampere.

In Fig. 2.1, the VLF-PMSM that will be used in this dissertation is shown.

This rotor design uses the “Y” shaped flux bridges between PMs to create the

PM variable leakage flux characteristic. Its stator design consist of a distributed

three-phase windings and it has no significant differences with the stator of other

electric machines such as IMs, SynRMs and conventional PMSMs.

The VLF-PMSM model is similar to the PMSM model [41] but including
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dq

ωr

Figure 2.1: VLF-PMSM d- and q-axes.

a variable PM flux linkage. The voltage equations of the VLF-PMSM electric

model can be expressed as (2.1) in the rotor synchronous reference frame, where

vrsd and vrsq are the d- and q-axis stator voltages, irsd and irsq are the d- and q-axis

stator currents, Rs is the stator resistance, λrsd and λrsq are the d- and q-axis flux

linkages and ωr is the rotor electrical speed.

vrsd(t) = Rsi
r
sd(t) +

dλrsd(t)

dt
+ ωrλ

r
sq(t)

vrsq(t) = Rsi
r
sq(t) +

dλrsq(t)

dt
+ ωrλ

r
sd(t)

(2.1)

The d- and q-axis flux linkages can be expressed as a function of the d- and

q- axis inductances (Ld and Lq) and the PM flux linkage (λpm) as in (2.2). As

has been stated before, the main difference of a VLF-PMSM with conventional

PMSMs is their variation of PM flux linkage with stator current. Therefore the

variation of PM flux linkage should be considered in the d-axis flux linkage model.

Additionally, the variation of both inductances due to both d and q-axis currents

should be considered due to the relatively high cross-coupling between axes of

VLF-PMSMs compared to conventional PMSMs [42].

λrsd(t) = Ld(i
r
sd, i

r
sq)i

r
sd(t) + λpm(ird, i

r
q)

λrsd(t) = Lq(i
r
sd, i

r
sq)i

r
sq(t)

(2.2)

In Figs. 2.2a and 2.2b, the d- and q-axis inductances of the VLF-PMSM that

will be used in this dissertation are shown. Fig. 2.2c shows the PM flux linkage
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vs. stator current, where the variable leakage flux property of the VLF-PMSMs

can be observed. Additional parameters of the VLF-PMSM are shown in Table

2.1.
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Figure 2.2: VLF-PMSM variables vs. stator current at Tr = 20 ºC.

Table 2.1: VLF-PMSM parameters

PRated [kW] IRated [A] ωr max. [r/min] TRated [Nm] Poles

110 640 10000 250 8

Finally, the electromagnetic torque of a VLF-PMSM can be expressed by

(2.3) as function of stator flux linkages and currents [41], where P is the number

of poles of the machine. This equation is valid for both conventional PMSMs

and VLF-PMSMs. The d- and q-axis flux linkages include the variable PM flux

linkage and inductance variations with stator current.

T (t) =
3

2

P

2
[λrsd(t)i

r
sq(t)− λrsq(t)irsd(t)] (2.3)



16 VLF-PMSM Model



Chapter 3

PM Temperature

Estimation based on PM

flux linkage in VLF-PMSMs

3.1 Introduction

3.1.1 The importance of PM temperature in PMSMs drives

PM thermal monitoring is a major concern in PMSMs, specially in EV & HEV

applications as PMs typically set the thermal operating limit of a PMSM. Since

the maximum operating temperature of the commonly used PMs is relatively low

compared to other components, i.e. copper insulation, bearings, magnetic cores,

etc. (see Table 3.1), having information of the current PM temperature of a given

PMSMs drive, provides the following advantages:

• Prevents PM irreversible demagnetization of the machine: Coercitivity of

a PM is reduced as the PM temperature increases (see Fig. 3.1), leading to

a potential irreversible demagnetization due to the field produced by stator

coils. Some regions of the PMs can also be partially demagnetized for op-

erating temperatures near the PM thermal grade. If this occurs, the initial
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Table 3.1: Maximum operating temperature of different electric machine parts.

Copper

insulation
Bearings

Magnetic

cores

Neodymium

PM

120-650 ºC 90-350 ºC 200-500 ºC 60-220 ºC

magnetization state can only be restored when the PM is fully saturated

again (i.e. re-magnetization process), what typically implies a disassembly

of the machine. In industry, PMSMs manufacturers typically set a safety

margin between the maximum operating temperature of the PMs and the

PMs thermal grade in order to prevent partial demagnetization. When the

PM temperature is an available variable in the drive, the thermal safety

margin can be reduced, safely adjusting the peak power of the machine

or the total time that the peak power can be applied, leading to a better

utilization of the machine capabilities.

Figure 3.1: Variation of coercitivity and remanence of a N42-type NdFeB magnet of SH

thermal grade (150°C) [43].

• Enhances torque estimation techniques: As the PM temperature increases,

the PM flux density is reduced. In PMSMs, this is reflected in a PM flux

linkage reduction and therefore, the total developed torque of the machine
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is lower for a given applied current. Additionally, the PM flux density

variation produce changes in the saturation and, therefore, modify the in-

ductance values. This change in the inductance values affects the reluctance

torque, further modifying the MTPA trajectory. Torque estimation tech-

niques based on estimated parameters may become inaccurate when the

PM flux linkage drop due to temperature variations is not compensated.

When the PM temperature is a known variable in the drive, the actual PM

flux linkage can be directly calculated and the total developed torque of the

machine can be estimated with higher accuracy.

• Controls overload capability of the machine: maximum power of the ma-

chine is typically provided by manufacturers along with a maximum time

of application. If these two values are met during PMSM operation, the

temperature limit of the weakest component of the drive should not be sur-

passed. However, these values are calculated experimentally for some given

conditions and using the machine for high room temperatures may lead to

the machine operating above limit conditions. On the other hand, if the

PM temperature is available in the drive, the maximum overload capabil-

ity of the machine can be updated dynamically, according to the operating

conditions of the machine at any time. A dynamic update of the overload

capability of the machine is specially important for traction applications,

when the maximum power is only applied during the acceleration process

for relatively short periods of time. This can be easily observed in Fig 3.2

where the standard World harmonized Light-duty vehicles Test Procedure

(WLTC) class 3 driving cycle is used to test the range of EVs and HEVs.

• Provides information of abnormal operation, aging effects of the PMs and

helps predictive maintenance: Constant monitoring of PM temperature can

be further used to define operating patterns i.e. having the PM thermal

time constant, temperature rise for a given torque applied can be predicted.

Periodic comparison between predicted and expected temperature rise can

help identifying abnormal operation. On the other hand, aging effects in

PMs occur at a lower temperature than the B(H) curve of the material

might indicate [44] leading to higher PM eddy current losses under the

same operating conditions [45]. However, if PM temperature is a known

variable in the drive, aging effects could be monitored, thus helping to

protect the machine against severe failures.
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Figure 3.2: WLTC class 3 driving cycle speed profile.

3.1.2 Measurement and estimation techniques for PMSM

drives

PM temperature can be measured, using temperature sensors or can be alter-

natively estimated by analyzing the electrical signals of the drive, the model of

the plant, etc.

3.1.2.1 PM temperature measurement systems for PMSM drives

Depending on the type of temperature sensor, PM temperature measurement

methods can be classified in non-contact and contact type sensors.

Non-contact type sensors are based on light reflection and/or emission, typi-

cally infrared (IR) light. These measurement systems require the PM surface to

be visible, this being affordable for surface PMSMs but not feasible for interior

PMSMs. In any case, for radial-flux-type PMSMs, only the side edges of the

magnets can be observed in the rotor of assembled machines. Further concerns

for this type of sensors include price, accuracy, mounting issues and reduced

robustness.

Contact type sensors, such as thermistors, RTDs or thermocouples, can be

mounted in the rotor of the machine using slip rings or wireless transmission

devices to extract PM temperature information.

Nonetheless, equipping the machine with temperature sensors in the rotor

implies a physical modification of its geometry, what complicates its design and
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manufacturing process adding the task of inserting the sensing devices. Besides,

due to the weak electrical signals that these kind of sensors offer at its terminals,

an auxiliary electronic device is often required for conditioning and filtering pur-

poses, what again penalizes the robustness and increases the cost of the whole

drive system. As contact-type sensors are placed on the PMs surface in the rotor

and the signal acquisition device is in the stationary part, slip rings or wireless

transmission devices are often needed.

In [46, 47] a rotor temperature measurement system using thermocouples at-

tached to the rotor of the machine and slip rings is proposed. These systems

involve several issues including limitation in the number of slip rings, limited

operating speed, electrical noise and material compatibility. For low power ma-

chines, this is a bulky device that extend the shaft length and consequently, the

total volume of the machine.

Wireless transmission systems overcome these limitations [48, 49], but are

susceptible to electromagnetic interference due to the strong magnetic fields in

the machine and electromagnetic noise produced by the machine, converter and

wires. Light based transmission [50] can mitigate the issues of electromagnetic

interference at the cost of using a hollow shaft encoder since the light emitter has

to be centered on a free end of the motor shaft.

In [49] a wireless transmission device is used to extract the PM temperature

distribution of a 6 pole IPMSM machine. The temperature sensors are IC-type

and every pole contains 15 temperature measurement points. In parallel, 15

hall-effect sensors are integrated in the same measurement system to provide a

flux density map of each pole. It achieves high PM temperature measurement

accuracy, 0.5ºC and can be used at any operating point of the machine. The

information is transmitted to a computer using a WiFi link and the whole system

is battery-fed what limits the total operation time of the machine.

Despite the PM temperature measurement accuracy that the previous systems

provides, they are obviously limited to laboratory applications: they are bulky,

costly and represents the mechanically weakest component of the drive.

3.1.2.2 PM temperature estimation methods for conventional PMSM

drives

PM temperature estimation methods can be roughly classified into thermal

models based methods, [10–14], back-EMF based methods [14–18], and high fre-

quency signal injection based methods [19–23].
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Thermal models consist of power sources that represent power losses of the

machine (i.e. eddy current losses in magnets and magnetic cores, hysteresis losses

in magnetic cores, joule losses in in coils, etc.), thermal nodes that represent uni-

form temperature regions (i.e. ambient, any of the parts of the machine), thermal

resistances that model the heat transfer between thermal nodes and heat capaci-

tors that represent the heat storage characteristic (heat capacity) of the different

machine parts [10–14]. Lumped thermal models [10, 12, 14] estimate the PM

temperature without providing information about the temperature distribution.

However, these thermal models can be extended to 3D to provide temperature

distribution estimation [13] at the cost of higher computational burden, limit-

ing the applicability for online estimation. FEA simulations can also be used

to estimate the PM temperature [11] but their applicability is limited to offline

estimation. In all these cases, to accurately model the thermal behaviour of the

machine, precise knowledge of stator and rotor geometry, materials and cooling

system is required, as well as the environmental conditions, which makes them

highly dependent on the machine design and application.

On the contrary, Back-EMF based and signal injection based methods do not

require previous knowledge of the geometry or cooling system of the machine.

They do require, however, the stator temperature knowledge to compensate for

the stator resistance variation with temperature. However, this is not a major

drawback in many cases, as the stator winding temperature is normally measured

in standard PMSMs by means of RTDs or thermocouple sensors.

Signal injection based methods estimate the PM temperature by the machine

electrical response to an injected, voltage or current, signal. This response is used

to estimate an electrical variable that is supposed to vary with PM temperature,

such as high frequency (HF) inductance, HF resistance or phase angle of a given

HF harmonic component. Several types of HF signal have been used to estimate

these machine parameters e.g. pulse signals, sinusoidal signal; the most common

being HF sinusoidal current or voltage signals [19–23].

Rotatory HF voltage signals can be used to obtain the HF resistance of the

machine and estimate the PM temperature [20]. The HF stator resistance and

its variation with stator temperature must be known previously, but this is not

a major issue since stator temperature sensors are usually installed in the stator

coils. However, this method suffers from increased parameter sensitivity due to

saturation and machine speed dependence. The use of a pulsating HF current in

the d-axis of the machine while cancelling the HF current in the q-axis overcome

these limitations [19]. The use of the injection of a voltage pulse in the d-axis
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was also proposed in [21], but this method is sensitive to the machine operating

point. Nevertheless, these methods are sensitive to stator resistance variation

with temperature, and the magnetoresistive effect that shows up in machines

equipped with NdFeB magnets under deep flux weakening operation [24]. An

alternative has been proposed in [22,23] that studies the machine response of the

speed HF component from the injection of a HF signal, this method being highly

dependent on the speed/position sensor accuracy and its resolution. The main

drawback of all these methods, however, is the need of an additional injected

signal, which induces additional losses, noise, vibration and torque ripple in the

drive.

Back-EMF based methods estimate the magnet temperature from the PM

flux linkage, typically by a linear relationship in the whole current range [14–18]

being a safe assumption in case of PMSMs since the changes in PM flux linkage

with stator current is small in these type of machines. PM flux linkage is obtained

from the machine terminal voltages and currents, inductance maps and/or stator

resistance being needed for non-zero current conditions. These methods do not

require previous knowledge of the geometry and cooling system of the machine,

but they cannot be used at very low speed or standstill due to the inherent

diminishing magnitude of the back-EMF.

In [15], a PM temperature observer based on current and voltage measure-

ments, with the need of look-up tables (LUTs) to correlate stator current and

flux, is presented. While current sensors are commonly available in industrial

drive systems, voltage sensors are not usually present increasing the drive system

cost. In [16], the current controller command is used instead of voltage sensors,

additionally the effect of airgap length variation due to stator and rotor thermal

expansion is addressed. In [17], an estimation method based on a Kalman filter

with a linear state-space model and LUTs is proposed. In [14], the estimation

range is extended to low speeds and standstill by including a thermal model

based on a particle swarm optimization commissioning process. In [51], the use

of high bandwidth measurements of PWM voltage and current waveforms for PM

flux linkage and temperature estimation is presented, this method is sensitive to

machine inductance when the d-axis current is non-zero, making this method

less interesting for interior PMSMs. Major advantages/limitations of back-EMF

based estimation methods are summarized in Table 3.2.
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Table 3.2: PM temperature estimation based on PM flux linkage methods

No need of

voltage sensors

No PM flux

linkage behaviour

No need of

LUTs

[14] - 7 7

[15] 7 7 7

[16] X 7 7

[17] X 7 7

[18] X 7 7

[51] 7 7 X

Proposed

method
X X 7

3.1.3 PM temperature estimation methods for VLF-PMSM

drives

The extrapolation of the available PM temperature estimation methods, listed

in the previous subsections, to VLF-PMSMs leads to large estimation errors due

to its inherent inductances variation and PM flux linkage variation with sta-

tor current [7]. This dissertation proposes the use of a small-amplitude, low

frequency, square-wave current signal to estimate the PM flux linkage. The PM

temperature will be estimated using a PM flux linkage LUT overcoming the men-

tioned limitations. This method uses a voltage model flux observer, presenting

the typical speed range constrains of back-EMF based methods.

3.2 PM temperature estimation based on PM

flux linkage variation

This section describes the principles and implementation of the proposed tem-

perature estimation method.

As already stated in the preceding discussion, PM flux linkage decreases as

PM temperature increases [19–23,52]. Consequently, PM flux linkage is a reliable

metric for PM temperature estimation.

It can be seen from (3.1) that the d-axis inductance Ld and PM flux linkage

λpm can be estimated from λrsd by producing small variations in the d-axis current
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Irsd. These variations should be small enough to produce a linear response. PM

flux linkage (3.1)-(3.2) will be estimated using the method proposed in [9], the

principle of operation of this method is schematically shown in Fig. 3.3. Stator

flux linkage is obtained using a flux observer based on (3.3)-(3.4), where λssd and

λssq are d- and q-axis flux linkages in the stationary reference frame, Issd and Issq
are the d- and q-axis stator currents in the stationary reference frame, Rs is the

stator resistance, and V ssd and V ssq are the d- and q-axis stator voltages in the

stationary reference frame.

λrsd = LdI
r
sd + λpm (3.1)

λrsq = LqI
r
sq (3.2)

λssd =

∫
(V ssd −RsIssd)dt (3.3)

λssq =

∫
(V ssq −RsIssq)dt (3.4)
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Figure 3.3: Graphical approximation for PM flux linkage estimation.

In order to estimate the PM temperature from the measured currents and the

voltages commanded by the current regulators, the block diagram shown in Fig.

3.4 is developed. Fig. 3.4 also shows the torque/current control block diagram

of a VLF-PMSMs. The main blocks of the PM temperature estimation block

diagram being:
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• Flux observer: estimates the stator flux linkage (λ̂rsdq) from the measured

stator current (irsdq) and the commanded stator voltage (i.e. the output of

the fundamental current regulator, vr∗sdq).

• PM flux linkage estimator: estimates the PM flux linkage, λ̂pm, from

the stator flux linkage provided by the flux observer, λ̂rsdq, in combination

with the response of the machine to a small-amplitude, low frequency, quasi-

square-wave current that will be injected on top of the fundamental current

(∆ir∗sdq) [9]. A logical signal “Trig” is used to synchronize the injection

of this signal with the estimation algorithm, since this signal will not be

injected continuously.

• Look-up table (LUT): it links the estimated PM flux linkage and the

PM temperature.

All these blocks are described in detail in the following subsections:
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Figure 3.4: Temperature estimation system scheme.

3.2.1 Flux observer

Different stator flux observers have been proposed in the literature, the main

types being voltage model based (3.3)-(3.4) [53, 54], current model based (3.1)-

(3.2) [55] and Gopinath type [53]. The current model (3.1)-(3.2) can be used to
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estimate stator flux in the whole speed range of the machine, but parameters,

such as PM flux linkage and inductances, must be previously known, therefore

not being feasible for PM flux linkage estimation. On the other hand, voltage

model (3.3)-(3.4) can be used to estimate machine stator flux at high speeds [54],

at low speeds it becomes inaccurate due to the diminishing magnitude of the

Back-EMF with the speed and it cannot be used at standstill. In addition, as a

pure integrator is required to estimate the flux, there is an initial estimation error

(integration constant) which needs to be compensated [53, 56]. Voltage (at high

speed) and current (at low speed including standstill) models can be combined in

a Gopinath type flux observer [53], a PI controller being used to make a smooth

transition between models. These three observer types are shown in Fig. 3.5.

The controller bandwidth will set the transition frequency from current to

voltage model. This type of flux observer provides reliable estimation in the whole

speed range of the machine, including standstill, being more sensitive to machine

parameters (such as PM flux, inductances and stator resistance) at low speeds

due to the current model parameter dependency and small magnitude of the

Back-EMF. The advantages and drawbacks of the three models are summarized

in Table 3.3.

Table 3.3: Advantages and drawbacks of flux models

Current model Voltage model Gopinath

Low parameter

sensitivity at high speed
7 X X

Estimation in the whole

speed range, including

standstill

X 7 X

From the previous discussion, it is concluded that, although the current model

and Gopinath type flux observers can be used in the whole speed range of the

machine, they do not provide additional information about the PM flux linkage

since the PM flux linkage is an input parameter in the current model (3.1)-

(3.2), i.e. they cannot be used for PM flux linkage estimation. Despite the

fact that voltage model flux observer cannot work in the entire speed range of

the machine, it can be used at medium to high speeds where EVs, and HEVs

are more susceptible of working under overload conditions. Therefore, a voltage

model (3.3)-(3.4) flux observer in the stationary reference frame will be used for

PM temperature estimation in this dissertation.
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Figure 3.5: Schematic representation of voltage, current and Gopinath type flux ob-

servers.

Fig. 3.6 shows the implementation of the flux observer based on the voltage

model (3.3)-(3.4). Current regulator voltage command is used instead of voltage

measurements, inverter nonlinearities caused by dead-time being considered [57],

see Appendix A. The resistive term is decoupled by means of the measured re-

sistance at 20 ºC and stator temperature sensors. The estimated stator flux

linkage in the stationary reference frame, λ̂ssdq, is obtained from (3.3)-(3.4) after

applying a first order high pass filter (HPF) to avoid the infinite DC gain of the

pure integrator [58]. The cutoff frequency of the HPF was selected as a trade-off

between settling time and the negative effects of the gain and phase shift intro-

duced by the HPF. In order to minimize the effects of gain and phase shift, the

cutoff frequency could be reduced at the cost of higher settling times. Addition-

ally, adaptive (electrical speed dependent) phase and magnitude compensation

of HPF effects have been implemented. This gain and phase shift introduced by

the HPF can be easily compensated due to its digital implementation and known

response, see (3.5), where s is the Laplace variable and ωHPF is the filter cutoff

frequency in rad/s.

HPF (s) =
s

s+ ωHPF
(3.5)

The estimated stator flux linkage in the rotor reference frame, λ̂rsdq, is ob-
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tained by applying Park’s transformation to the estimated stator flux linkage; a

first order low pass filter (LPF) is finally used to eliminate high frequency har-

monics of the stator flux linkage; i.e. only the fundamental component of the

stator flux linkage will be used for temperature estimation. However, the cutoff

frequency of the LPF should be high enough to allow a precise flux estimation

during transients and varying conditions. This is specially relevant for the PM

flux linkage estimation method that will be used in section 4.2.1, where a small

variation of the operating point (low-frequency low-magnitude quasi-square wave

current injection) is used to estimated the PM flux linkage. In this case, lower

cutoff frequencies of the LPF could lead to estimation delays due to the larger

settling time.
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Figure 3.6: Voltage model flux observer in stationary reference frame.

3.2.2 PM flux linkage estimator

Since PM flux linkage has a large variation with stator currents in VLF-

PMSMs, it should be estimated considering the saturation effect. In this dis-

sertation, it is estimated from the stator flux linkage when a small-amplitude,

low frequency, quasi-square wave current is superimposed on top to the funda-

mental current [9]. The stator d-axis flux linkage response from the injected

d-axis current will be used to estimate the PM flux linkage, as shown in Fig.

3.7. The frequency of the injected signal should be small enough to ensure the

correct reference tracking of current regulators. However, the dynamic response

is not important since the evaluation is performed with the steady-state values of

d-axis current and flux linkage. This signal does not need to be injected contin-

uously, instead it can be injected at a fixed time rate (seconds or minutes, since

rotor temperature time constant is usually quite large), or after the operating

conditions of the machine have changed (i.e. going from high saturation to low

saturation region). The specific values will depend on the machine design.
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The d-axis stator flux linkage, λrsd, is represented by (3.6) where the PM flux

linkage and d-axis inductance are assumed to change with d-axis current. The

magnitude of the d-axis current step should be as small as possible to minimize

these variations, while keeping an acceptable signal-to-noise ratio. λr+sd is the

d-axis flux linkage when positive d-axis current step, i.e. +∆Irsd, is applied (3.7),

while λr−sd is the d-axis flux linkage when negative d-axis current step, i.e. −∆Irsd,

is applied (3.8). The stator flux linkages, λ̂rsd, λ̂
r+
sd and λ̂r−sd , are estimated using

the flux observer discussed in the previous subsection. The inductances L+
d and

L−
d are expressed in (3.9) and (3.10) by assuming a linear inductance behaviour

during the injection of the positive and negative ∆Irsd. λ̂+pm (estimated PM

flux linkage when applying positive +∆Irsd) and λ̂−pm (estimated PM flux linkage

when applying negative −∆Irsd) are estimated from (3.11) and (3.12) respectively.

(3.11) and (3.12) are obtained by substituting (3.9) and (3.10) into (3.7) and (3.8).

Finally, λ̂pm is obtained as the average of λ̂+pm and λ̂−pm in (3.13) [9].

λrsd = λpm + LdI
r
sd (3.6)

λr+sd = λ+pm + L+
d (Irsd + ∆Irsd) (3.7)

λr−sd = λ−pm + L−
d (Irsd −∆Irsd) (3.8)
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L+
d =

λr+sd − λrsd
∆Irsd

(3.9)

L−
d =

λr−sd − λrsd
−∆Irsd

(3.10)

λ̂+pm =
1

∆Irsd

[
(Irsd + ∆Irsd)λ̂

r
sd − Irsdλ̂r+sd

]
(3.11)

λ̂−pm =
1

∆Irsd

[
Irsdλ̂

r
sd − (Irsd −∆Irsd)λ̂

r−
sd

]
(3.12)

λ̂pm =
λ̂+pm + λ̂−pm

2
(3.13)

3.2.3 PM Temperature estimation

PM temperature estimation using PM flux linkage is especially challenging

in VLF-PMSMs due to the variation of PM flux linkage with the stator current.

LUTs will be used to compensate for this effect [9]. LUTs are built storing the es-

timated PM flux linkage (λ̂pm) values for different currents and PM temperatures.

Fig. 3.8 shows an example of LUT obtained with FEA from (3.7)-(3.13) after

injecting a quasi-square-wave current signal which provides the PM flux linkage

vs. stator current and PM temperature for the VLF-PMSMs test machine that

will be used for the experimental verification of the method. The VLF-PMSM

and injected signal characteristics are detailed in the next section. It can be ob-

served from Fig. 3.8 that the PM flux linkage decreases as the PM temperature

(Tr) increases; this variation will be used for temperature estimation. It can

be also observed that the PM flux linkage is heavily affected by stator current,

which was an expected result due to the inherent variable leakage flux property

of VLF-PMSMs [9].

3.3 Simulation results

Fig. 2.1 shows the schematic representation of the VLF-PMSMs that will be

used both for simulation and experimental verification of the proposed method,

the parameters being shown in Table 2.1. The machine is a 110kW, 8 poles

VLF-PMSM.
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Figure 3.8: FEA results. PM flux linkage vs. stator current and PM temperature LUTs.

ωr=3750 r/min, Tr=20, 50, 80, 110 and 140 ºC.

Fig. 3.9a and 3.9b show the d- and q-axis currents, respectively. A quasi-

square-wave current of |∆Irsd|=8.2 A (0.013 pu) is seen to be superposed on

top of the fundamental d-axis current. Fig. 3.9c and 3.9d show the estimated

stator d- and q-axis flux linkages using the flux observer described in section

3.2.1, for five different PM temperatures. After the PM flux linkage is estimated

from (3.7)-(3.13), it is used as an input to LUTs, from which temperature is

estimated. During normal operation of the machine, the current operating point

and estimated PM flux linkage does not necessarily match with the stored values,

in that case, a 3D interpolation must be performed.

The 3D interpolation is performed in three steps: (i) interpolation along the

d-axis current; (ii) interpolation along the q-axis current; (iii) interpolation along

the PM flux linkage axis. The first two interpolations are used to predict the PM

flux linkage at stored temperatures (i.e. 20, 50, 80, 110, 140 ºC) at the actual cur-

rent. Then, the PM temperature can be estimated by interpolation of predicted

PM flux linkage (result from steps (i) and (ii)) and the estimated PM flux linkage

(see Fig. 3.6). Three different interpolation methods have been evaluated: linear

interpolation, cubic spline interpolation and, finally, a combination of linear in-

terpolation for d- and q-axis with quadratic regression for PM flux linkage axis.

These interpolations and regression are shown in Fig. 3.10 for one operating

point (Irsdq = 0). The linear interpolation have lower computational burden than

cubic spline interpolation and quadratic regression. Cubic spline interpolations

have the largest computational burden and memory cost but usually provide high
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Figure 3.9: FEA results. 3000 r/min, T = 50 Nm, Tr = 20, 50, 80, 110 and 140 ºC.

interpolation accuracy. The quadratic regression have a computational burden

and memory use between linear interpolation and cubic spline interpolation. It

provides a reasonable fit accuracy as can be seen in Fig. 3.10.

Fig. 3.11 shows the temperature estimation error resulting from steps (i)-(iii)

for the three interpolation methods that have been evaluated. It is observed that

cubic spline interpolation shows the best performance in terms of temperature

error, while the linear interpolation method exhibits larger error. Quadratic re-
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Figure 3.10: Comparison of linear interpolation, cubic spline interpolation and quadratic

regression for Irsdq = 0.

gression shows slightly worse results than cubic spline interpolation but at a lower

computational cost. For final temperature estimation results, linear interpolation

will be used in this dissertation as it shows the lowest computational burden and

low memory size. In other applications where the computational burden and

memory requirements are not a limiting factor, spline interpolations could be

used instead. Finally, Fig. 3.12 shows the PM temperature estimation error of

the proposed method using linear interpolations of LUTs. Estimation error is

seen to be within 10ºC.
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Figure 3.11: FEA results. Introduced temperature estimation error by PM flux inter-

polations vs. stator current at Tr = 80ºC and ωr =3750 r/min.
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Figure 3.12: FEA results. Temperature estimation error. ωr = 3750 r/min, Tr = 20,

50, 80, 110 and 140 ºC.

3.4 Experimental results

The test bench used for the experimental verification and the wireless PM

temperature measurement system used to verify the accuracy of the proposed

method can be seen in Appendix A. In order to estimate the PM flux linkage the

previously described small-amplitude quasi-square wave current signal is injected

on top of the fundamental current wave. Fig. 3.13a and 3.13b show the measured

d- and q-axis stator currents, similar to Fig. 3.9 and for the same operating

conditions of the machine, T = 50 Nm and ωr = 3000 r/min. Fig. 3.13c and

3.13d show the estimated d- and q-axis stator flux linkage, respectively. In Fig.

3.13c the response of the stator flux to the injected square-wave can be readily

observed, from which the PM flux linkage is obtained, see section 3.2.2. A small

cross coupling between d- and q-axis can be observed in Fig. 3.13d. This observed

cross coupling is an expected result due to the inherent coupling between d- and

q-axes in VLF-PMSMs produced by the rotor flux bridges, which are used to

create the variable PM leakage flux, as previously described.

The PM flux linkage is obtained for different temperatures (Tr = 20, 50, 80

and 110 ºC) using the PM flux linkage estimation method presented in section

3.2.2. Fig. 3.14 shows the estimated PM flux linkage, extracted from micro-

controller, during a commissioning process along with the FEA results at 20ºC

for comparison. It can be observed that the experimental results exhibit lower

PM flux linkage than FEA results, due to a lower PM magnetization level in the
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Figure 3.13: Experimental results. ωr = 3000 r/min, T = 50 Nm.

actual machine. It is also noted that the experimental results have been limited

to 450 A due to inverter maximum current limitations, see Fig. 3.14. The results

shown in Fig. 3.14 will used as commissioning process and they will be stored in

the LUTs to be latter used for PM temperature estimation during machine nor-

mal operation. Using these results, the FEA model can be adjusted to take into

account the actual PM magnetization present in the test machine, potentially

reducing the commissioning process.
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Figure 3.14: Experimental results. Estimated PM flux linkage and FEA results vs.

q-axis stator current. ωr = 3000 r/min, Tr = 20, 50, 80 and 110 ºC.

Using the LUTs and the PM flux linkage, the PM temperature is estimated

online with the machine working in steady-state. Fig. 3.15a and 3.15b show

the estimated PM flux linkage and estimated PM temperature, respectively; the

measured PM temperature (using the wireless PM temperature measurement

system) is also shown in Fig. 3.15b. Fig. 3.15c shows the estimation error which

is seen to be within ±4ºC.

In order to verify the accuracy of the proposed method in the whole torque

vs. speed characteristic of the machine, analogous experiments to the one shown

in Fig. 3.15 have been performed. Due to the large number of operating points

to be tested and the large duration of each experiment (around 1 hour), the

method performance will be analyzed in terms of mean estimation error (3.14)

and the maximum absolute error (3.15) during the whole experiment duration;

the operating point shown in Fig. 3.15 is marked “∗” in Fig. 3.16.

Mean(error) = mean(T̂r − Tr) (3.14)

Max|error| = max(|T̂r − Tr|) (3.15)

Torque has been limited to 100 Nm due to the inverter current limit of 450

A; the proposed method has been verified for a minimal speed of 500 revolutions

per minute (r/min) due to the intrinsic limitations of the voltage-model based

flux observer at low speed. This speed is rather low compared to the speed range

of the machine (10000 r/min). Furthermore, the power losses and temperature
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Figure 3.15: Experimental results. ωr = 3000 r/min, T = 50 Nm.

increase in the PM and rotor at low speeds is lower than at high speeds, where

the hysteresis and Eddie current losses are not negligible. This method can be

extended to lower speeds, but increased error might be expected due to the sta-

tor resistance sensitivity increase. Fig. 3.16a shows the absolute maximum error

obtained during the experiment for each operation point, while Fig. 3.16b shows

the mean error during the experiment for each operating condition. It can be

observed that the peak temperature estimation error is <6ºC, while the mean

estimation error for the entire experiment is within ±3ºC. These results are con-

sidered precise enough for PM temperature monitoring purposes and could be

used for torque control compensation to counteract the PM flux linkage variation

due temperature. The precision is lower than some of the PM measurement de-

vices previously described but the proposed method does not affect the reliability

of the drive system. Therefore, this estimation method can be used to overcome

the mentioned limitations of operating the drive without PM temperature knowl-
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edge such as preventing irreversible demagnetization and dynamically update the

overload capability of the machine.
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Figure 3.16: Experimental results in the torque vs. speed region. “∗”: operating point

shown in Fig. 3.15.

Finally, Fig. 3.17 shows experimental results during load transients: in the

first 22 minutes, a 0.5 pu current is injected in the q-axis and the rotor tempera-

ture reaches almost 80 ºC; at minute 22, the machine load varies and the q-axis

current decreases to 0.16 pu; from minute 22 to minute 44, the rotor decreases

its temperature to 65ºC; at minute 44, the load is increased again and the q-axis

current reaches 0.63 pu; this operating point is kept only during the next 6 min-

utes due to the stator temperature limit, during this time the rotor reaches 80 ºC;

at minute 50, the load is decreased to 0.08 pu q-axis current and the rotor cools
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down until the end of the experiment, reaching 60 ºC. Fig. 3.17a shows the d-

and q-axis currents, Fig. 3.17b shows the estimated and measured temperatures

and Fig. 3.17c shows the temperature estimation error. It can be observed from

Fig. 3.17c that the peak error is <5ºC, but most of the time it is within a 2

ºC window. The performance of the method during standard driving cycles is

out of the scope of this dissertation, but the presented results during transients

shows that the method performance is not compromised by transient operation,

exhibiting similar estimation errors than in the steady state experiments.
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Figure 3.17: Experimental results. ωr = 3000 r/min, T = 50 Nm.

3.5 Conclusions

A method for PM temperature estimation in VLF-PMSMs based on the PM

flux linkage variation with temperature has been proposed. PM flux linkage
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is obtained from the stator flux linkage of the machine after applying a small-

amplitude, low frequency, quasi-square-wave current signal, which is superposed

on top of the fundamental current excitation. The method requires LUTs linking

the PM flux linkage vs. stator current and PM temperature. Simulation and

experimental results have been provided to demonstrate the validity of the pro-

posed technique. The performance of the proposed method has been verified by

means of simulation and experimentally.
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Chapter 4

Torque Estimation

4.1 Introduction

Electric traction systems are generally based on torque-controlled electric

drives as this is the way of controlling the acceleration of the entire mobility

system. Having the torque variable available for the drive, enables the appli-

cation of techniques to reduce torque pulsations, that are naturally produced

in the machine by current and flux harmonics, cogging torque or magnetization

state asymmetries. The availability of the total developed torque can also help

verifying the performance of PMSMs under the MTPA trajectory [59], imple-

ment early fault detection strategies [60], or use it as a redundant parameter

for improving safety [61]. Adequate use of this variable confers reliability, safety

and high efficiency to the drive. However, the electromagnetic torque developed

by the electric machine depends on the load current (q-axis current), the field

current (d-axis current), the PM flux linkage and inductances, being not linear

due to magnetic saturation of ferromagnetic materials. In addition, modeling the

torque becomes challenging as it depends on factors like PM temperature.

EVs & HEVs require precise control of the torque produced by the ma-

chine [25–27] for several reasons. Positive torque is used to accelerate the vehicle

using the reference provided by the accelerator pedal. A precise torque control

is reflected in a smooth and easy controllability of the vehicle speed. The torque
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control is even more important and complex for the vehicle during the break-

ing process. In order to improve the efficiency and driving range of the EVs &

HEVs, regenerative braking is commonly used and the electrical power generated

by this process should be absorbed by the vehicle battery. In some applications

like railway or race cars, where the delivered regenerative power is larger than the

battery can absorb, auxiliary energy storage systems (such as super-capacitors

or small flywheels) are used as short-term energy buffers. Therefore, the torque

(and power) applied by the electric machine should be dynamically limited con-

sidering the peak power that these energy storage systems are able to withstand.

Furthermore, mechanical breaks are also included in EVs & HEVs in order to

increase the total braking capability, redundancy and safety reasons. In these

applications, the maximum and instantaneous applied torque should be precisely

calculated in order to make a correct distribution of braking forces among me-

chanical and electrical subsystems. Additionally, for vehicles that have more than

one electric machine, such as in-wheel-machines [25], precise torque control and

its distribution among the different wheels impacts the vehicle stability during

acceleration and deceleration and its efficiency.

From the previous discussion, it can be concluded that precise control of

torque developed in EVs & HEVs is of utmost importance for achieving the max-

imum efficiency and therefore, the longest possible ranges. Effective mechanical

output torque can be measured, using sensors, or can be alternatively estimated

based on the toque equation of the machine, observers or indirect estimation

methods. In conventional PMSMs, the torque is composed of an electromagnetic

term, due to the PM flux linkage, and a reluctance component, due to the rotor

anisotropy. However, both the electromagnetic and reluctance terms depend on

the machine parameters, like flux linkage or the inductances. Therefore, torque

calculation is specially challenging as these parameters vary with the operat-

ing point of the machine i.e. temperature, load current, saturation level, etc.

In VLF-PMSMs, parameters Ld, Lq and λpm suffer larger variations compared

with conventional PMSMs due to their special rotor design and variable PM flux

linkage characteristic.

4.1.1 Torque measurement techniques

Mechanical output torque developed by a machine can be measured using

torque transducers. Torque transducers based on strain gauges (see Fig. 4.1) are

likely the preferred option and widely available in the market. These measure-

ment systems use strain gauges to measure the force inside a mechanical coupling
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system at a given distance from the shaft center. In Fig. 4.1, a sectional view of

a torque transducer is shown. It can be observed that the shaft cross sectional

area is reduced in order to increase the sensitivity of the strain gauge. The main

differences among commercially available devices are in the system to feed the

sensors and extract the measurements from the moving part to the stationary

part. Capacitive or inductive coupling and slip rings being among the most com-

mon coupling systems. Less popular alternatives are systems based on torsional

displacement methods [62].

Figure 4.1: Torque transducer sectional view from Magtrol Inc.

Recently, wireless transmission devices based on accelerometers have also been

proposed [63], which does not need mechanical coupling between the machine and

the load and are presented in reduced size. These systems use transducers based

on micro-electro-mechanical systems (MEMS) to acquire changes in acceleration.

However, they are battery-fed, with a limit operation time, and are intended for

high frequency torque pulsation measurements, needing to use integration-based

methods to measure the fundamental torque. Due to this, they can only be found

in a prototype or experimental development stage for laboratory use and are not

commercialized. The prototype developed in [63] is shown in Fig. 4.2

Regardless of the method being used, precise torque measurement is expen-

sive, requires room and extra cables, and introduces reliability concerns. For all

these reasons, torque estimation techniques are the preferred option [28–39].
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Figure 4.2: Wireless torque pulsations measurement system [63].

4.1.2 Torque estimation techniques

Torque estimation techniques are the preferred option for industry applica-

tions since as they do not require additional sensors, cabling or modification in

the mechanical coupling. The robustness of the drive is not affected and the accu-

racy of the estimated variable is sufficiently high for many applications. Torque

estimation methods can be roughly classified into torque equation-based meth-

ods [28–30] and indirect estimation methods [31–39].

Torque equation-based estimation methods often use constant machine para-

meters, such as PM flux linkage and inductances, to estimate machine output

torque. However, saturation and variable PM flux linkage would lead to large

estimation errors. Look-up tables (LUTs) can be used to address the variation

of these parameters with operating conditions. As a drawback, they need larger

storage memory, while they are not adaptive, i.e. unable to predict aging effects

in the machine. On the other hand, these parameters can be estimated online

by injecting HF signals and using the machine response [30,64,65]. However, the

use of HF signals require enough voltage at the DC bus to be available for the

injection and lead to an increment in machine losses, vibration and noise.

Indirect estimation methods use machine variables to obtain the mechanical

torque of the machine. Torque estimation based on electric power and shaft speed

uses stator current and voltages to calculate the electrical power [31]. From the

electrical power of the machine, using the measured rotor speed and a coefficient

to take into account the machine efficiency, the output torque is calculated. The
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accuracy of this method relies on the resolution of the rotor speed sensor and

it cannot work at standstill. Additionally, several torque estimation methods

based on machine learning have been proposed in literature, such as fuzzy neural

networks [40], wavelet neural networks [39] and iterative learning methods [32].

All of them rely on the previous training processes, which is specific for each

machine and the computational burden could involve the use of more costly

and complex control units. Typically, estimation methods based on intelligent

algorithms are processed offline using a computer. Otherwise, the learning process

is only performed at the initial commissioning stage and the method cannot be

adapted to parameters changes due to aging.

All torque estimation methods cited [28–39] require precise knowledge of ma-

chine parameters (resistances, inductances or magnet flux) which can vary with

the operating conditions of the machine (e.g. torque and field currents, magnet

temperature or saturation level).

The PM flux linkage variation with q-axis current at different PM tempera-

tures for the VLF-PMSM is shown in Fig. 4.3. It can be seen from Fig. 4.3 that

the PM flux linkage suffers variations with stator current (variable leakage flux

property) and with PM temperature. These variations lead to nonlinearities in

the developed torque and they should be considered for torque estimation.
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Figure 4.3: PM flux linkage variation with q-axis current at different PM temperatures

for the VLF-PMSM at Irsd = 0 A.

The variation of torque developed by the VLF-PMSMs with stator current and

temperature can be summarized and seen in Fig. 4.4. These results are obtained

from the FEA model of the VLF-PMSM which will be used for experimental

verification for different PM temperatures.
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Figure 4.4: VLF-PMSM variables vs. stator current for different temperatures.

Torque estimation in VLF-PMSM is specially challenging due to its PM flux

linkage and inductance variations with stator current and temperature. The PM

flux linkage has a variation range of ≈ 40% in the whole current and temperature

operating region. The d and q-axis inductances are expected to vary a ≈ 35%

in the whole current and temperature operation regions. While LUTs can be

used to account for the inductance and flux linkage variations with stator current

and temperature, PM temperature sensors are not usually available and their

use leads to reliability issues in the machine, as discussed in Chapter 3. Addi-

tional drawbacks derived from the use of LUTs, like large memory usage and

not accounting for aging effects, are still present. Since torque equation based

methods need precise information of PM flux linkage and inductances, and these

parameters suffer large variations during normal operation of the VLF-PMSM,

they should be estimated.

In this dissertation, a method to improve the accuracy of torque estimation

in VLF-PMSMs, overcoming the discussed limitations, is presented. D and q-

axes inductances and stator resistance will be estimated from the response of

the machine to a pulsating HF current signal, while the PM flux linkage will
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be estimated from the response of the machine to a low frequency square-wave

current signal. Both signals are low magnitude and are injected on top of the

fundamental excitation.

As it was shown in Chapter 2, the output torque of a VLF-PMSM is function

of dq-axes stator flux linkages, which depend on the dq-axes inductances and

PM flux linkage [41]. Additionally, the dq-axis flux linkages can be expressed as

function of stator voltage and currents (3.3)-(3.4), in this case being dependent on

the stator resistance. These parameters vary during normal machine operation,

e.g. due to temperature or saturation. Fig. 4.4a-c shows the dq-axis inductances

and PM flux linkage vs. dq-axis currents and different magnet temperatures

(Tr) of the VLF-PMSMs that will be used for the experimental verification of

the proposed method. It is observed from Fig. 4.4 that the variation of these

parameters (Ld, Lq, and λpm) with the machine operating condition cannot be

ignored, machine parameters estimation being therefore needed. Results shown

in Fig. 4.4 will be used for the experimental verification of the proposed method.

4.2 Torque estimation based on flux observer en-

hanced with on-line parameters estimation

This section presents the proposed torque estimation method based on a flux

observer enhanced with on-line parameters estimation. Fig. 4.5 shows the pro-

posed torque estimation method as well as its integration with the fundamental

control of the machine. It can be observed from (2.1) and Fig. 4.5 that torque

estimation requires: a) stator flux linkage estimation, λsdq, b) PM flux linkage

estimation, λpm, and c) stator resistance, Rs, and inductances estimation, Ld,

Lq. The procedure to obtain these parameters is described in the following sub-

sections.

4.2.1 Stator flux linkage estimation

As it was stated in the previous section, different stator flux observers have

been proposed in the literature, the voltage model (3.3)-(3.4) and the current

model (3.1)-(3.2) based being the most extended options [53, 54]. The Gopinath

type flux observer was proposed in [53], combining the voltage and current mod-

els. The advantages and drawbacks of both models can be seen in Table 3.3.
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Figure 4.5: Block diagram of the fundamental torque control and torque estimation

strategy for a VLF-PMSM.

The current model can be used to estimate the stator flux in the whole speed

range of the machine but requires the magnet flux linkage to be available, as

well as d- and q-axes inductances and stator current (see (3.1)-(3.2)). On the

other hand, voltage model can be used to estimate machine flux in the mid-

to-high speed [54]. However, it becomes inaccurate at low speeds due to the

diminishing magnitude of the Back-EMF and it cannot be used at standstill. In

addition, as a pure integrator is required to estimate the stator flux, an initial

estimation error exists (integration constant) which needs to be compensated

[53, 56]. Furthermore, small bias usually present in the measured signals will

results in unacceptable drifts of integrator output.

The Gopinath type flux observer combining voltage and current models was

proposed in [53]. It combines a voltage model for high speed operation and a

current model for low and standstill operation, a PI controller being used to make

a smooth transition between models. The controller bandwidth will determine
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the transition frequency from current to voltage model. This type of flux observer

provides reliable estimation in the whole speed range of the machine, including

standstill, being more sensitive to machine parameters at low speeds than at high

speeds due to the parameter dependency of the current based model. Advantages

and drawbacks of the discussed observers are summarized in Table 4.1.

Table 4.1: Advantages and drawbacks of flux models

Current model Voltage model Gopinath

Low parameter

sensitivity at high speed
7 X X

Estimation in the whole

speed range, including

standstill

X 7 X

The Gopinath type flux observer shown in Fig. 4.6 will be used in this dis-

sertation to estimate the stator flux linkage [53]. The parameters of the observer

(Ld, Lq, Rs and λpm) will be estimated using a combination of HF and LF signal

injection.

Figure 4.6: Gopinath type flux observer scheme.

4.2.2 PM flux linkage estimation

PM flux linkage is relatively easy to estimate from the back-EMF at no load

but is difficult to estimate when the machine is loaded [9, 66]. The method
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proposed in [9] provides PM flux linkage estimation under load conditions and

considering saturation effects. Therefore, the method proposed in [9] will be used

in this dissertation.

The PM flux linkage is estimated from the response of the machine to a low

frequency, small magnitude, quasi-square-wave current signal of magnitude ∆Irsd
injected on top of the fundamental current [9], this is schematically represented

in Fig. 4.7. The d-axis stator flux linkage, λrsd is represented by (4.1), λr+sd is

the d-axis flux linkage when positive d-axis current step, +∆Irsd, is applied (4.2),

while λr−sd is the d-axis flux linkage when negative d-axis current step, −∆Irsd, is

applied (4.3). The stator flux linkages, λ̂rsd, λ̂
r+
sd and λ̂r−sd , are not obtained using

(4.1)-(4.3), instead, they are estimated by the Gopinath type flux observer shown

in the previous subsection. λ̂+pm and λ̂−pm are estimated from (4.4) and (4.5),

respectively. λ̂pm (PM flux linkage when no applying ∆Irsd) is finally obtained as

the average of λ̂+pm and λ̂−pm , (4.6).
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Figure 4.7: Schematic representation of the injected stator d-axis current, fundamental

and small-amplitude, low frequency, square-wave currents, (irsd) and resulting stator

d-axis flux (λr
sd).

λrsd = λpm + LdI
r
sd (4.1)

λr+sd = λ+pm + L+
d (Irsd + ∆Irsd) (4.2)

λr−sd = λ−pm + (Irsd −∆Irsd) (4.3)
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λ̂+pm =
1

∆Irsd

[
(Irsd + ∆Irsd)λ̂

r
sd − Irsdλ̂r+sd

]
(4.4)

λ̂−pm =
1

∆Irsd

[
Irsdλ̂

r
sd − (Irsd −∆Irsd)λ̂

r−
sd

]
(4.5)

λ̂pm =
λ̂+pm + λ̂−pm

2
(4.6)

The magnitude of the square-wave signal should be selected to minimize in-

ductance and PM flux linkage variations in order to produce a linear d-axis flux

response, i.e. the magnitude should be as small as possible while keeping ac-

ceptable signal to noise ratio. The selection of the frequency of this signal is not

a major issue since the bandwidth of current regulators is usually high enough

(100-1000 Hz) for EVs and HEVs applications. For lower bandwidths of the cur-

rent regulator, the estimation must be delayed accordingly, taking more time and

interfering longer with the machine operation. The injection of the quasi-square

signal only affects the reluctance torque and, given the small magnitude of the

signal, its effect in the reluctance torque can be negligible.

4.2.3 Resistance and inductances estimation using high fre-

quency signal injection

Injection of a high frequency signal has been shown to be a reliable method

for resistance and inductance estimation [30, 64, 65] in conventional PMSMs. In

this dissertation, the injection of a high frequency pulsating current will be used

to estimate stator resistance and inductances, as these parameters need to be up-

dated in the flux observer (see Fig. 4.6) for any operating point of the machine.

The HF current is injected in closed loop control using resonant controllers [30].

The proposed method shares some similarities with [30]. However, the method

in [30] required two pulsating HF currents while only one HF signal is required

in the proposed method, which reduces the adverse effects of HF signal injec-

tion, simplifies the implementation, the signal processing and the computational

burden.

If a PMSM is fed with a HF voltage/current, the magnet flux dependent term

in (2.1) can be safely neglected, as it does not contain any HF component, the HF

model shown in (4.7) is therefore obtained, where RdHF , RqHF , LdHF and LqHF
are the d- and q-axes high frequency resistances and inductances, respectively;
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irsdHF and irsqHF are the d and q-axes high frequency currents; vrsdHF and vrsqHF
are the d and q-axes high frequency voltages.

d and q-axis HF inductances and resistances can be obtained by injecting

a pulsating HF at 45º from the d-axis, (4.8) of magnitude I∗HF and frequency

ωHF (see Fig. 2.2). The HF voltages that will be commanded by the resonant

controller will be of the form shown in (4.9).

[
vrsdHF
vrsqHF

]
=

[
RdHF −ωrLqHF
ωrLdHF RqHF

][
irsdHF
irsqHF

]
+ p

[
LdHF 0

0 LqHF

][
irsdHF
irsqHF

]
(4.7)

ir∗sdqHF =

[
Īr∗sdHF
Īr∗sqHF

]
=

[
I∗HF cos(ωHF t)

I∗HF cos(ωHF t)

]
(4.8)

vr∗sdqHF =

[
V̄ r∗sdHF
V̄ r∗sqHF

]
=

[
(RdHF + jωHFLdHF )ĪrsdHF − ωrLqHF ĪrsqHF
(RqHF + jωHFLqHF )ĪrsqHF + ωrLdHF Ī

r
sdHF

]
(4.9)

LdHF can be estimated from the measured d-axis HF current, ir
′
sdqHF (4.10),

and the commanded d-axis HF voltage, vr
′
sdqHF (4.11). Both (4.10) and (4.11)

can be separated into positive sequence (ir
′
sdqHFpc and vr

′
sdqHFpc) and negative

sequence (ir
′
sdqHFnc and vr

′
sdqHFnc) components, (4.12) and (4.13). The d-axis HF

impedance, (4.14) can be obtained either from the positive or negative sequence

component, the d-axis HF inductance being its imaginary part (4.15).

ir
′
sdqHF =

[
Īr∗sdHF

0

]
=

[
I∗HF cos(ωHF t)

0

]
(4.10)

vr
′
sdqHF =

[
V̄ r∗sdHF

0

]
=

[
(RdHF + jωHFLdHF )ĪrsdHF − ωrLqHF ĪrsqHF

0

]
(4.11)

ir
′
sdqHF =

|ir′sdqHF |
2

ejωHF t +
|ir′sdqHF |

2
e−jωHF t = ir

′
sdqHFpc + ir

′
sdqHFnc (4.12)

vr
′
sdqHF =

|vr′sdqHF |
2

ej(ωHF t−ϕZd) +
|vr′sdqHF |

2
e−j(ωHF t+ϕZd) = vr

′
sdqHFpc + vr

′
sdqHFnc

(4.13)
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ZdHF = RdHF − ωrLqHF + jωHFLdHF =
vr

′
sdqHFpc

ir
′
sdqHFpc

=
vr

′
sdqHFnc

ir
′
sdqHFnc

(4.14)

LdHF = =[ZdHF ]/ωHF (4.15)

LqHF can be estimated from the measured q-axis HF current, ir
′′
sdqHF (4.16),

and the commanded q-axis HF voltage, vr
′′
sdqHF (4.17), using (4.18)-(4.21) simi-

larly as for d-axis HF inductance estimation.

ir
′′
sdqHF =

[
0

Īr∗sqHF

]
=

[
0

I∗HF cos(ωHF t)

]
(4.16)

vr
′′
sdqHF =

[
0

V̄ r∗sqHF

]
=

[
0

(RqHF + jωHFLqHF )ĪrsqHF + ωrLdHF Ī
r
sdHF

]
(4.17)

ir
′′
sdqHF =

|ir′′sdqHF |
2

ejωHF t +
|ir′′sdqHF |

2
e−jωHF t = ir

′′
sdqHFpc + ir

′′
sdqHFnc (4.18)

vr
′′
sdqHF =

|vr′′sdqHF |
2

ej(ωHF t−ϕZq) +
|vr′′sdqHF |

2
e−j(ωHF t+ϕZq) = vr

′′
sdqHFpc + vr

′′
sdqHFnc

(4.19)

ZqHF = RqHF − ωrLdHF + jωHFLqHF =
vr

′′
sdqHFpc

ir
′′
sdqHFpc

=
vr

′′
sdqHFnc

ir
′′
sdqHFnc

(4.20)

LqHF = =[ZqHF ]/ωHF (4.21)

dq-axis HF resistance can be obtained from (4.22) and (4.23), the stator

HF resistance RsHF (4.24) being obtained as the average of the d and q-axis

resistances.

RdHF = <[ZdHF ] + ωrLqHF (4.22)
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RqHF = <[ZqHF ]− ωrLdHF (4.23)

RsHF =
RdHF +RqHF

2
(4.24)

Selection of the pulsating HF current signal magnitude is a tradeoff between

the adverse effects of HF injection (i.e. losses, vibration, noise, etc.) and the

signal to noise ratio. The HF signal frequency should be high enough to ensure

the spectral separation with fundamental frequency. Note that this signal is

injected synchronously with the rotor, therefore, the spectral separation does not

depend on the speed of the machine. For the FEA and experimental results that

will be shown in the following section, the magnitude of the injected signal will

be 0.05 pu and the frequency will be 500Hz.

4.3 FEA and experimental verification

Parameters estimation using the proposed method is presented in this section.

Fig. 2.1 shows the schematic representation of the test machine that will be used

for both FEA and experiments. The parameters of the VLF-PMSM test machine

are shown in Table 2.1.

Simulations and experimental results are performed at three different speeds:

• 0 r/min (standstill), where only the current model contributes to the flux

observer estimation.

• 500 r/min where both, current model and voltage model, contribute to the

flux observer estimation

• 3000 r/min where only the voltage model model contributes to the flux

observer estimation.

The test bench used for the experimental verification of the method is de-

scribed in detail in Appendix A. The test bench is composed of a conventional

IPMSM used as a load, the VLF-PMSM under test, each machine being driven

by a three-phase inverter; experimental results been limited to 450 A due to the

maximum inverter current limit. The two inverters share the DC-link and are

controlled using a TMS320F28335 microcontroller.
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As already stated, implementation of the proposed method requires the in-

jection of two signals, a pulsating HF current signal for d and q-axis inductances

and stator resistance estimation and a low frequency square-wave current signal

for PM flux linkage estimation.

4.3.1 Inductance estimation

Fig. 4.8a and 4.8b show the measured currents and the commanded voltages

for one operating point (Irsdq = 0) during the injection of the HF signal, respec-

tively. These signals have been sampled at 10 kHz by the microcontroller using

synchronous sampling to eliminate the PWM switching harmonics. The 500 Hz

component can be readily observed in both currents and voltages. The d- and

q-axis current waveforms are nearly overlapping since the HF signal is injected

at 45º, see (4.8).
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Figure 4.8: Experimental results. Measured by the microcontroller at 10 kHz.

Irsdq = 0, IHF = 0.05 pu, ωHF =2π500rad/s, ωr = 500 r/min and Tr = 20 ºC

The HF inductances and resistance are obtained as shown in Section 4.2.3

(see (4.15), (4.21) and (4.24)), the estimated d and q-axis HF inductances are

shown in Fig. 4.9a and the estimated HF resistance is shown in Fig. 4.9b. During
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this experiment the stator temperature (Ts) and PM temperature (Tr) were both

20ºC. The estimated HF resistance is in good agreement with the measured total

stator resistance of ≈15 mΩ including cable resistance.
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Figure 4.9: Experimental results. Measured by the microcontroller at 10 kHz.

Irsdq = 0, IHF = 0.05 pu, ωHF =2π500rad/s, ωr = 500 r/min and Tr = 20 ºC

Fig. 4.10a and 4.10b shows the estimated d and q-axes HF inductances, both

using FEA and experimentally. FEA results are obtained as described in Section

4.2.3. For the sake of comparison DC inductances obtained using (4.25) and

(4.26)) are also shown. The d and q-axis flux linkages are directly provided by

the FEA software while the PM flux linkage, λpm, is obtained from (4.6) by the

method described in Section 4.2.2. Experimental results shown in 4.10a and 4.10b

are also obtained as described in Section 4.2.2.

Ld =
λrsd − λpm

Irsd
(4.25)

Lq =
λrsq
Irsq

(4.26)

It is observed that the estimated HF (FEA and experimentally) and DC

inductances are not matching, which was expected due to: (i) the inherent high
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Figure 4.10: FEA and experimental estimated inductance results. IHF = 0.05 pu,

ωHF =2π500rad/s, ∆Irsd = 0.02 pu, ωr = 500 r/min and Tr = 20 ºC

cross-coupling of VLF-PMSMs; (ii) the relationship between HF (or dynamic)

and DC (or linearized) inductances [42, 67], showing that saturation effects are

not negligible, see Fig. 4.12.These issues are discussed in the follow subsections:

4.3.1.1 Cross-coupling inductance effect

In Section 4.2.3, the cross-coupling inductance effect was not taken into ac-

count, because the impact of this phenomenon could be neglected, depending

on the application and the PMSM used. However, cross-coupling inductance in

VLF-PMSMs can be significant and may affect the parameter estimation tech-

nique accuracy. The resulting HF model of a PMSM considering this effect is

shown in (4.27), which is obtained from (4.7) after including the cross-coupling



60 Torque Estimation

inductances [42,67].

[
vrsdHF
vrsqHF

]
=

[
RdHF 0

0 RqHF

][
irsdHF
irsqHF

]
+ p

[
LdHF LdqHF
LqdHF LqHF

][
irsdHF
irsqHF

]
+

+ωr

[
−LqdHF −LqHF
LdHF LdqHF

][
irsdHF
irsqHF

] (4.27)

Following the procedure described in section 4.2.3 but for the model including

the cross-coupling (4.27), the estimated HF inductances in (4.15) and (4.21)

becomes (4.28) and (4.29), respectively. It is observed from (4.28) and (4.29)

that the d and q-axis HF inductances can be obtained by subtracting the cross-

coupling high frequency inductances (LdqHF and LqdHF ), which are defined by

(4.30) and (4.31), being LqdHF = LdqHF [67]. Fig. 4.11 shows the cross-coupling

inductances obtained from FEA using (4.30) and (4.31).

L̂dHF = =[ZqHF ]/ωHF = LdHF + LdqHF (4.28)

LqHF = =[ZqHF ]/ωHF = LqHF + LqdHF (4.29)

LdqHF =
∂λsd
∂irsq

(4.30)

LqdHF =
∂λsq
∂irsd

(4.31)

Cross-coupling inductances can also can be estimated by using the q-axis sta-

tor flux response to a quasi-squarewave, small-amplitude, low frequency current

signal, which was already used for PM flux linkage estimation as shown in Section

4.2.1. The cross-coupling inductance can be obtained from (4.32), being λr+sq the

q-axis flux linkage when positive d-axis current step, +∆Irsd, is applied, while λr−sq
is the q-axis flux linkage when negative d-axis current step, −∆Irsd, is applied.

LqdHF = LdqHF =
∂λsq
∂irsd

≈ ∆λsq
∆irsd

=
λr+sq − λr−sq

2∆Irsd
(4.32)



4.3 FEA and experimental verification 61

-0.1
-600

0

600

I r
sd (A)

-400

L
x
H

F
(m

H
) 0.1

400

I r
sq (A)

-200 200
0 0

Figure 4.11: FEA results. Cross-coupling inductances vs. stator current at Tr=20ºC.

4.3.1.2 DC inductance estimation from HF inductance

As stated previously, HF and DC inductances differ depending on the machine

operating point; while the DC inductance is defined as the linearized or apparent

inductance from the origin of the flux-current curve to the operating point, see

Fig. 4.12, the HF (or dynamic) inductance is defined as the variation of the

flux respect the current (4.33)-(4.34) at the operating point, i.e. the slope of the

flux-current curve at the operating point [42,67]. This is schematically shown in

Fig. 4.12.

LdDyn =
∂λrsd
∂irsd

(4.33)

LqDyn =
∂λrsq
∂irsq

(4.34)

Nevertheless, DC inductances can be obtained from the HF inductances by

integration along the current trajectory of the machine, see (4.35) and (4.36),

which provides instantaneous DC inductance estimation in both d and q-axis

using the estimated HF inductance.

LdDC =

∫
LdDyn∂i

r
sd − λpm

Irsd
(4.35)

LqDC =

∫
LqDyn∂i

r
sq

Irsq
(4.36)
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Figure 4.12: Schematic representation of DC or linearized inductance and HF or incre-

mental inductance.

Fig. 4.13a and 4.13b show the estimated d and q-axis HF inductances vs.

stator current considering the cross-coupling inductance, respectively. For the

sake of comparison, Fig. 4.13a and 4.13b, also show the d and q-axis dynamic

inductances obtained from FEA data using (4.33) and (4.34). It is observed that

HF and dynamic inductances are matching as it was expected. Fig. 4.13c shows

the estimated stator HF resistance. For the case of FEA results, the estimated

resistance varies around the expected value of 8 mΩ (actual coil resistance in FEA

simulation), while in experimental results, the expected resistance is increased

due to end coils and the resistance of connection cables.

It can be also seen from Fig. 4.13c that the experimentally estimated re-

sistance slightly varies with stator current, which could be due to small rotor

angle alignment error and/or digital signal processing delays which have not

been perfectly compensated in the experimental setup; note that also inductance

estimation errors can lead to this effect as shown from (4.22) and (4.23).

In order to further enhance the stator flux observer estimation, instead of

introducing the HF inductances into the flux observer, the DC inductance will

be used, which are obtained from (4.35) and (4.36). Fig. 4.14a and 4.14b show

the estimated d and q-axis DC inductances (FEA and experimental) and actual d

and q-axis DC inductances (which are shown for comparison). It is observed that

estimated, both FEA and experimental, and actual DC inductances are matching

as it was expected.



4.3 FEA and experimental verification 63

Dynamic inductance FEA estimated HF inductance Experimentally

estimated HF inductance

-600

0.1

600-400

L
d

(m
H

)

I r
sd (A)

0.2

400

I r
sq (A)

0.3

-200 200
0 0

(a) d-axis HF and Dynamic inductances vs. stator current

-600

0.1

600-400

L
q

(m
H

)

I r
sd (A)

0.2

400

I r
sq (A)

0.3

-200 200
0 0

(b) q-axis HF and Dynamic inductances vs. stator current

-600

0

10

600-400

R
s
(m
+
)

I r
sd (A)

20

400

I r
sq (A)

30

-200 200
0 0

(c) HF stator resistance vs. stator current

Figure 4.13: FEA and experimental results. IHF = 0.05 pu, ωHF =2π500rad/s, ωr =

500 r/min and Tr = 20 ºC
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(a) d-axis estimated and actual DC inductances vs. stator current
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(b) q-axis estimated and actual DC inductances vs. stator current

Figure 4.14: FEA and experimental results. IHF = 0.05 pu, ωHF =2π500rad/s, ωr =

500 r/min and Tr = 20 ºC

4.3.2 PM flux linkage estimation

The PM flux linkage, which is estimated using the square-wave current signal,

as described in Section 4.2.2, is shown in Fig. 4.15 both FEA and experimentally.

It can be observed that the experimental results exhibit lower PM flux linkage

than FEA results; this is due to a lower PM magnetization level in the actual

machine.
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Figure 4.15: Estimated PM flux linkage vs. stator current. ∆Irsd=0.02 pu, ωr=500

r/min and Tr=20ºC.

4.4 Torque estimation

Results of the proposed method by means of FEA and experiments are pro-

vided in this section.

The estimated parameters, which has been already shown in Section 4.3 (Ld,

Lq, Rs and λpm), are used in the Gopinath type flux observer, see Fig. 4.6.

Estimated d and q-axis stator fluxes vs. stator current are shown in Fig. 4.16a

and 4.16b, respectively, and actual machine flux (obtained from FEA data) is

also represented for comparison. Consistently with Fig. 4.15 a lower PM flux

linkage is observed in the experimental results, see Fig. 4.16a.The results for 0

r/min and 3000 r/min are not represented in Fig. 4.16 in order to maintain a

clear figure representation.

Finally, the torque is estimated using (2.3) which is represented vs. stator

current in Fig. 4.17a for FEA and in Fig. 4.17b experimentally. The estimation

error 4.37 is shown in Fig. 4.17c, being T̂ the torque estimated by the proposed

method and Tmeasured the actual machine torque obtained from FEA or measured

by the torque sensor, see Appendix A, for the experimental results. The estima-

tion error for the experimental results is larger than for FEA simulations, which

was expected due to e.g. non-linear behaviour of the inverter, finite sampling

frequency or sensors resolution. Furthermore, the maximum torque estimation

error magnitude is ≈7 Nm, which is 2.8% of rated machine torque and 4% of

maximum torque at 450 A (maximum current during experimental results due
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FEA flux Estimated FEA flux

Experimental estimated flux at 500 r/min

(a) Estimated and actual d-axis flux vs. stator current

(b) estimated and actual q-axis flux vs. stator current

Figure 4.16: FEA and experimental results. IHF = 0.05 pu, ωHF =2π500rad/s, ωr =

500 r/min and Tr = 20 ºC

to inverter current limit).

error = T̂ − Tmeasured (4.37)

4.5 Conclusions

This dissertation proposes a torque estimation method for VLF-PMSMs based

on the stator flux linkage estimation. Stator flux linkage is estimated online using
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a Gopinath-type flux observer. The d and q-axis inductances and stator resistance

are estimated online from the response of the machine to a pulsating HF current

signal which is injected on top of the fundamental excitation and controlled in

closed loop using resonant controllers. PM flux linkage is estimated from the

response to a low-frequency, low-magnitude square-wave current which is also

injected on top of the fundamental excitation. Cross-coupling inductance effect

has been considered and DC inductance is obtained from HF inductances and

used in the stator flux observer. Accurate stator flux estimation is obtained from

flux observer using estimated parameters, leading to accurate torque estimation:

maximum torque estimation error is in the range of ≈ 2.8% Simulation and

experimental results in the entire Isdq map have been provided at three different

rotor speeds to demonstrate the validity of the proposed technique.
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Actual/Measured torque FEA estimated torque

Experimentally estimated torque at 0 r/min

Experimentally estimated torque at 500 r/min

Experimentally estimated torque at 3000 r/min

(a) Estimated and actual FEA torque

(b) estimated and measured output torque

(c) torque estimation error

Figure 4.17: FEA and experimental results. IHF = 0.05 pu, ωHF =2π500rad/s, ωr =

500 r/min and Tr = 20 ºC



Chapter 5

PM Temperature estimation

under six-step operation

5.1 Introduction

As it was discussed in previous sections, high speed operation of conventional

PMSMs inherently reduces the efficiency of the machine as higher power losses

are induced. This is mainly due to the use of negative d-axis current in the

flux weakening region, higher harmonic content induced in the airgap magnetic

field and higher mechanical losses due to dynamic frictions of the rotating parts

involving fluids, i.e. bearings, fan or pumps and movement of the air mass withing

the airgap.

Mechanical losses can barely be reduced but losses derived from the use of

field weakening can be drastically reduced when VF-PMSMs or VLF-PMSMs

are used. However, in order to compensate the power loss increment in flux

weakening operation for the whole drive, six-step operation at high speeds (e.g.

above rated speed) is typically used in HEVs and EVs. This reduces the switching

losses of the inverter as only six switching actions per electric cycle are needed.

Nevertheless, the controllability of the drive is drastically reduced making the

implementation of parameter estimation techniques specially challenging under

six-step operation.
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In six-step operation, the magnitude of the voltage vector, given by 5.1, is only

determined by the dc bus voltage. Therefore, the phase of the voltage vector in

the rotor reference frame becomes the only variable that can be used to control

the torque when operating with a constant DC bus voltage [68]. Closed-loop

voltage angle based torque control can be implemented by acting on the voltage

angle [69].

|V rsdq| =
2VDC
π

(5.1)

Fig. 5.1 shows the experimental results of the torque developed by the VLF-

PMSM machine (shown in Appendix A) for different voltage angles, 90°, 100°and

110°, the voltage angle being defined as represented in Fig. 5.2. These results

have been obtained when the machine is controlled in open loop, as shown in Fig.

5.3.

Figure 5.1: VLF-PMSM developed torque vs voltage angle under six-step operation.

d

q
Vabc

φ

Vsd

Vsq

Figure 5.2: Definition of the injected voltage angle under six-step operation.

Six-step operation mainly reduces the switching losses in the inverter but other

power losses are induced in the machine at high speeds such as Eddy current and



5.2 PM Temperature estimation under six-step operation 71

φ

θr

+

+ Vsq
r* = sin(φ+θr)

Vsd
r* = cos(φ+θr)

dq

abc

Six-step 
operation

Inverter

Va

Vb

Vc

VLF-

PMSM

Figure 5.3: Six-step open loop control scheme.

hysteresis losses, what makes necessary the monitoring of the temperature of the

most sensitive part of the machine: the PM.

Operating under six-step inherently injects harmonics in the machine terminal

voltages (multiples of 6ωr). These voltage harmonics and the resulting current

harmonics could be used to estimate the machine inductance which depends on

the machine saturation level and, therefore, on the PM temperature.

In this dissertation, the variation of d-axis current, sixth harmonic inductance

and PM flux linkage for PM Temperature estimation under six-step operation

are compared. It will be shown that the variation of d-axis current is the most

interesting option due to its simplicity and sensitivity to PM thermal changes.

5.2 PM Temperature estimation under six-step

operation

PM temperature variations have a direct impact on other machine parameters

that can be used for PM temperature estimation purposes. In this dissertation

the following parameters variations due to PM temperature are studied:

• PM flux linkage: the intrinsic PM flux variation of PM materials due to

temperature can be used for PM temperature estimation purposes similarly

to the method proposed in Chapter 3. Under six-step operation, the PM

flux linkage, λpm, can be calculated from the q-axis voltage equation of

the VLF-PMSM shown in (2.1). Assuming steady-state operation, the PM

flux linkage can be obtained as in (5.2). However, the uncertainty of the
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estimation rely on the stator resistance (Rs) and d-axis inductance (Ld)

parameters.

λpm =
V rsq −RsIrsq − ωrLdIrsd

ωr
(5.2)

• Inductance: PM flux variations affect the machine saturation level, there-

fore modifying the machine inductances. HF signal injection can be used

during linear operation of electrical machines to estimate the machine in-

ductances, as presented in Chapter 4. However, under six-step operation

the injection of HF sinusoidal signals is not feasible. On the other hand,

some current and voltage harmonics components are naturally produced

under six-step operation such as sixth and twelfth harmonics. These com-

ponents can be used to estimate machine inductance and its variation as

the PM flux linkage is reduced with temperature.

• Fundamental magnitude of the d-axis current: under six-step op-

eration the PM flux linkage variation leads to fundamental d-axis current

variations. Assuming steady-state conditions, the d-axis current variation

due to PM flux linkage is shown in (5.3). Using the d-axis fundamental

current for PM flux linkage estimation is relatively simple since the current

is a measured variable.

Irsd =
V rsq −RsIrsq − ωrλpm

ωrLd
(5.3)

5.2.1 PM flux linkage

The use of PM flux linkage as an indicator of PM temperature has been shown

to be a reliable method under linear operation of PMSMs in the literature [14–18]

and for VLF-PMSMs in Chapter 3 of this dissertation.

However, under six-step operation, the estimation of PM flux linkage is chal-

lenging. The PM flux linkage can be estimated from (5.2) if the d-axis inductance

is known. Due to the wide variatations the inductances show in the Idq map, the

use of LUTs to store the d-axis inductance for the entire current region of the

machine can be a solution. In Fig. 5.4 the d-axis inductance vs. the machine

stator current for different PM temperatures is represented. The variation of the

d-axis inductance due to the PM temperature is significantly large, therefore, it

should be also stored in a LUT, assuming the inherent increase in memory usage

and computational burden of the microcontroller.
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Tr = 20 ºC, Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC, Tr = 140 ºC

Figure 5.4: FEA results. d-axis inductance vs stator current and PM temperature

In any case, by using the d-axis inductance LUT, the PM flux linkage can

be calculated from (5.2). Fig. 5.5 shows FEA results of the estimated PM flux

linkage for different voltage angles, rotor speeds and PM temperatures.

Tr = 20 ºC, Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC, Tr = 140 ºC
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Figure 5.5: FEA results. PM flux linkage vs. injected voltage angle and speed for

different PM temperatures.

Using the 20 ºC case as reference, the PM flux linkage variation, ∆λpm,

with PM temperature is shown in Fig. 5.6. It can be observed in Fig. 5.6, as

expected, that the estimated PM flux linkage is reduced as the PM temperature
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increases. Therefore the estimated PM flux linkage can be used to create a LUT

or a regression model to estimate the PM temperature.

Tr = 20 ºC, Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC, Tr = 140 ºC
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Figure 5.6: FEA results. PM flux linkage variation with temperature using the 20 ºC

case as reference for different PM temperatures

However, the use of the estimated PM temperature as one of the d-axis induc-

tance LUT dimensions creates a feedback loop. The estimated PM temperature

would be used to estimate the d-axis inductance and PM flux linkage, producing

a new estimated PM temperature. This places concerns on stability/convergence

of the estimation method.

5.2.2 Sixth harmonic inductance

The sixth harmonic of the injected voltage under six-step operation can be

used to obtain an inductance estimation. The variation of the saturation level

due to the PM flux linkage variation with PM temperature will be reflected in

the inductance. Changes in the inductance can be used therefore to estimate the

PM flux linkage. The sixth harmonic of the injected voltage can be modeled as

in (5.4), where the rotating complex vectors positive V6thpc and negative V6thnc
sequence components are considered.

vrsdq6th = |V6thpc|ej(6ωr+φ) + |V6thnc|ej(−6ωr+φ) (5.4)

Rotating voltage complex vectors generate a current that is composed of sym-

metric and asymmetric components in electric machines. The symmetric com-

ponent is produced by the mean inductance ΣL and the asymmetric component
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by the differential inductance ∆L of the machine. Mean and differential induc-

tances of the machine are defined in (5.5). If a machine is fairly symmetric (Ld
= Lq) the differential inductance and asymmetric components are zero. The to-

tal current response considering the positive and negative sequences components

of rotating voltage sixth harmonic, neglecting the resistance of the machine, is

shown in (5.6).

ΣL =
Ld + Lq

2

∆L =
Lq − Ld

2

(5.5)

irsdq6th =
( |V6thpc|
ωrΣL

+
|V6thnc|
ωr∆L

)
ej(6ωr+φ2)+

( |V6thpc|
ωr∆L

+
|V6thnc|
ωrΣL

)
ej(−6ωr+φ2) (5.6)

Since both positive and negative sequence current components depend on

mean and differential inductances, they cannot be directly decoupled. There-

fore, a metric of the inductance based on the positive components of voltage

and current is calculated in (5.7) and represented in Fig. 5.7 for different PM

temperatures.

L̂ =
|irsdq6thpc|
|V6thpc|ωr

(5.7)

Tr = 20 ºC, Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC, Tr = 140 ºC

0.15

pi 4000

0.2

L̂
(m

H
)

5:/6 6000

' (rad)

!r (r/min)

0.25

80002:/3 10000:/2

12000

Figure 5.7: FEA Results. Inductance signature for different PM temperatures.
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Using the 20 ºC case as reference, the inductance variation, ∆L̂, with PM

temperature is shown in Fig. 5.8. It can be observed that these results are highly

non-linear and the sensitivity of the inductances to PM temperature variation

highly depends in the operating point.
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Figure 5.8: FEA Results. Inductance signature variations from 20 ºC case for different

PM temperatures.

5.2.3 D-axis current

The applied fundamental voltage during six-step operation depends on the

DC-link voltage and injection angle. From (5.3), it can be seen that there is a

cross-coupling between d and q-axes. For a given operating point with constant

speed and injection angle, PM flux linkage variations lead to variations on the

magnitude of the d-axis fundamental current. This correlation of d-axis fun-

damental current with PM flux linkage (and PM temperature) can be used to

estimate the PM temperature from the measured stator currents. The funda-

mental d-axis current magnitude for different PM temperatures is shown in Fig.

5.9.

Fundamental d-axis current variations, ∆Irsd, due to PM temperature, using

the 20 ºC case as reference, are shown in Fig. 5.10 in the injected voltage angle

and speed region obtained by FEA. These results are in good agreement with

(5.3) since an increase of PM temperature leads to a reduction on the PM flux

linkage and, therefore, the magnitude of d-axis fundamental current is increased.
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Figure 5.9: FEA results. d-axis fundamental current for different PM temperatures.
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Figure 5.10: FEA results. d-axis current variations using the 20 ºC case as reference

for different PM temperatures.

It can be seen from Fig. 5.10 that d-axis current variation due to PM temper-

ature is relatively large (>0.3 A/ºC) and therefore it provides high sensitivity.

From this discussion it can be concluded that the most promising PM tem-

perature estimation method is the one based on d-axis current variation because

its simplicity, direct measurement and lower parameter dependency. Therefore,

d-axis current variation with PM temperature will be used in the experimental

verification for PM temperature estimation under steady-state conditions and

under injected voltage angle and speed transients.
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5.3 Experimental verification

In this section, the use of the fundamental d-axis current magnitude to esti-

mate the PM flux linkage is experimentally verified. The test bench used for the

experimental verification of the proposed method and the wireless PM tempera-

ture measurement system used to verify the accuracy of PM estimated temper-

atuere is the same as the one mentioned in previous sections and it is described

in detail in Appendix A. The test bench is composed of a conventional IPMSM

controlled in speed and used as a load. The VLF-PMSM under test (parameters

being shown in Table 2.1) is controlled in six-step open loop voltage angle-based

torque control. Each machine is driven by a three-phase inverter which share the

DC-link and are controlled using a TMS320F28335 microcontroller.

Six-step operation of the electric machine is limited to high speed operation

in order to meet the maximum current limit of the inverter. Therefore, the

experimental results are performed from 6000 r/min to 9000 r/min. The injected

voltage angle was also limited to 120º.

Due to the harmonics naturally produced under six-step operation, the mea-

sured d-axis current has relatively large and fast variations on top of the funda-

mental d-axis current in the rotor synchronous reference frame. Therefore, the

d-axis current will be filtered by a 4th order low pass filter with a cutoff frequency

of 100 Hz in order to obtain the magnitude of the fundamental d-axis current that

will be used to estimate the PM temperature. The bandwidth of the estimated

PM temperature will be limited, considering the inherent large PM temperature

time constant, by a 1st order 5 Hz low pass filter, as shown in Fig. 5.11.
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Figure 5.11: PM temperature estimation signal processing from measured d-axis cur-

rent.
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5.3.1 Steady state

Experiments are conducted in steady-state conditions and the d-axis current

is measured and stored in the microcontroller for each operating point. The

fundamental d-axis current value is obtained by filtering the measured current

by a 4th order 100 Hz low pass filter in the rotor synchronous reference frame.

Note that the fundamental frequency in the rotor synchronous reference frame is

DC.

In Fig. 5.12 the magnitude of the fundamental d-axis current measured by the

microcontroller for each operating point is shown for different PM temperatures.

The results shown in Fig. 5.12 are in good agreement with FEA results, exhibiting

a larger d-axis current for higher PM temperatures. The results for 6000 r/min

and 110 ºC could not be obtained because the fundamental current value in

addition to current harmonics were surpassing the peak current of the inverter.

Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC

Figure 5.12: Experimental results. d-axis fundamental current for different PM tem-

peratures.

The results shown in Fig. 5.12 are stored and used as LUT, linear interpo-

lation being used between stored operating points. Using the same conditions

of previously performed experiments (shown in Fig. 5.12), the LUT is used to

estimate the PM temperature from the measured d-axis fundamental current

magnitude using the signal processing shown in Fig. 5.11. The estimated PM

temperature is shown in Fig. 5.13 and the estimation error is shown in Fig. 5.14.

The error is seen to be lower than 6 ºC.

In order to test the influence of transient conditions in the estimation method
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based on the d-axis fundamental current, two experiments are performed: under

injection angle transient and under speed transient. The signal processing shown

in Fig. 5.11 will be used for these experiments, as well.

Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC

Figure 5.13: Experimental results. Estimated PM temperature using the fundamental

d-axis current for different PM temperatures.

Tr = 50 ºC, Tr = 80 ºC, Tr = 110 ºC

Figure 5.14: Experimental results. PM temperature estimation error using the funda-

mental d-axis current for different PM temperatures.
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5.3.2 Injection angle transient

The voltage injection angle is smoothly varied from 95º to 105º in 0.4 s as

seen in Fig. 5.15. The d-axis current sampled by the microcontroller during the

injected voltage angle transient is shown in Fig. 5.16 in the rotor synchronous

reference frame. The fundamental d-axis current is obtained by filtering the

measured current by a 4th order 100 Hz low pass filter.

Figure 5.15: Experimental results. Voltage angle transient from 95º to 105º.

Figure 5.16: Experimental results. Measured and fundamental d-axis current during

voltage angle transient. Measured at 10 kHz by the microcontroller.

The fundamental d-axis current is used to estimate the PM temperature from

the stored LUT. The estimated PM temperature is shown in Fig. 5.17. The

estimated PM temperature shows relatively high frequency ripple, these frequen-

cies are assumed to not be present in the actual PM temperature because of its

large time constant. Therefore, the PM temperature time constant can be con-

sidered in the estimated PM temperature by applying a 5 Hz low pass filter (also
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shown in Fig. 5.17). The filtered estimated PM temperature is used with the

measured PM temperature from the wireless PM temperature measured system

(see Appendix A) to calculate the estimation error. The estimation error during

voltage angle transient is shown in Fig. 5.18. It can be seen from Fig. 5.18 that

the estimation error is slightly increased during transients, especially from 0.3 to

0.5s, but it is still lower than 4 ºC error.

Figure 5.17: Experimental results. Estimated PM temperature during voltage angle

transient.

Figure 5.18: Experimental results. PM temperature estimation error during voltage

angle transient.

5.3.3 Speed transient

The machine speed is smoothly varied from 8000 to 7500 r/min in 0.4 s as

shown in Fig. 5.19 while maintaining a constant voltage angle. The d-axis current

measured by the microcontroller during the machine speed transient is shown in
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Fig. 5.20. The signal processing is the same as the one used for previous transient

experiments, the measured d-axis current being filtered by a 4th order 100 Hz

low pass filter to obtain the fundamental d-axis current.

Figure 5.19: Experimental results. Speed transient during six-step operation.

Figure 5.20: Experimental results. Measured and fundamental d-axis current during

speed transient. Measured at 10 kHz by the microcontroller.

The fundamental d-axis current is used to estimate the PM temperature from

the stored LUT. The estimated PM temperature is shown in Fig. 5.21. The

estimated PM temperature is filtered by a 5 Hz low pass filter (also shown in

Fig. 5.21) in order to consider the large PM temperature time constant. The

measured PM temperature from the wireless PM temperature measured system

(see Appendix A) is used to calculate the estimation error. The estimation error

during voltage angle transient is shown in Fig. 5.22. It can be seen from Fig. 5.22

that the estimation error is increased during speed transients, showing larger es-

timation error than during voltage angle transients. The estimation error during

the speed transient is under 8 ºC.
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Figure 5.21: Experimental results. Estimated PM temperature during speed transient.

Figure 5.22: Experimental results. PM temperature estimation error during speed

transient.

5.4 Conclusions

In this dissertation, the use of PM flux linkage, sixth harmonic inductance

and d-axis current for PM temperature estimation under six-step operation has

been studied. The most interesting option is the d-axis current variation be-

cause its simplicity, its direct measurement and lower parameter dependency.

Experimental results at steady-state and during transients have been provided to

demonstrate the validity of the proposed technique. Experimental results have

been conducted for a VLF-PMSM machine but the proposed method could also

be applied to conventional PMSMs.



Chapter 6

Conclusions and future work

6.1 Conclusions

VLF-PMSMs can increase the efficiency of EVs and HEVs and, therefore, in-

crease their driving range by reducing the magnitude of the flux weakening current

needed to match the Back-EMF with the available DC link voltage. Monitoring of

the PM temperature is unavoidable in high performance PMSM drives to prevent

irreversible demagnetization and to compensate the effect of PM temperature in

the torque production process. Direct measurement of PM temperature requires

the use of rotor mounted sensors and slip rings or wireless transmission which pe-

nalizes the robustness and cost of the system, PM temperature estimation being

therefore preferred in industry applications.

The PM temperature estimation methods present in the literature use a linear

relationship of the PM flux linkage with PM temperature. The variable PM

flux linkage of VLF-PMSMs makes the extrapolation of the available techniques

inaccurate. The present dissertation has explored the use of LUTs to consider

the PM flux linkage variation with stator current. A voltage-model flux observer

has been implemented to estimate the total stator flux of the machine. The PM

flux linkage has been estimated from the total stator flux by the injection of a

low frequency quasi-square-wave current signal in the d-axis. Finally, the PM

temperature has been estimated from the PM flux linkage using LUTs. This

method has been implemented online, working during normal operation of the

machine.

PM temperature estimation under six-step operation in VLF-PMSMs has
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been studied. The use of d-axis fundamental current has been shown to be a

simple and reliable method to estimate the PM temperature in six-step operation.

Experimental results at steady-state and during transients have been provided

using a VLF-PMSM to demonstrate the validity of the proposed technique, but

the method could be applied to any PMSM.

EVs and HEVs require precise torque control, torque measurement or estima-

tion being therefore needed. Precise torque measurement is expensive, requires

room, extra cables, and introduces reliability concerns, torque estimation being

therefore preferred. The present dissertation has explored the use of combined

LF and HF signal injection to enhance the precision of a Gopinath type flux

observer. The HF signal is injected at 45º (between d- and q-axis) in order to

simultaneously estimate both d- and q-axis inductances, reducing the adverse

effects of HF signal injection. The estimated stator flux is used with measured

currents to estimate the produced torque.

The performance of these methods have been tested by FEA simulations and

experimentally using the experimental setup presented in Appendix A.

6.2 Contributions

The contributions made during the development of this thesis are summarized

as follows:

• A method to estimate the PM temperature considering the variation of PM

flux linkage with stator current for VLF-PMSMs by using LUTs has been

proposed.

• A method to estimate the PM temperature under six-step operation based

on the fundamental magnitude of the d-axis current has been addressed.

• A method to estimate stator inductances and resistance using a single HF

current signal injection at 45º from the d-axis has been proposed. This

method reduces the adverse effects of HF signal injection compared to the

conventional HF current signal injection methods using two different fre-

quencies or sequential injection of two signals.

• The effect of cross-coupling inductances in the proposed HF injection method

has been analyzed, and a method to consider this effect by the injection of

a LF quasi-square-wave signal has been proposed. It has been shown that
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this effect is specially relevant in VLF-PMSMs since their rotor flux paths

are coupled due to the rotor flux bridges (flux barriers partially removed)

that create the PM leakage flux.

• The estimation of linearized (or DC) inductances from the HF (or dynamic)

inductances has been addressed. This is accomplished by integrating the

HF inductances along the current trajectory of the machine during normal

operation.

• A method to estimate the developed torque of VLF-PMSMs, based on a

Gopinath type flux observer enhanced with PM flux linkage and linearized

(or DC) inductances estimation, has been proposed.

Several technical papers have been published in international journals and

conferences derived from the work of this dissertation (see Section 6.2.1 and

Section 6.2.2). Moreover, other contributions have been made during the devel-

opment of this dissertation (see Section 6.2.3 and Section 6.2.4).

6.2.1 Contributions of the dissertation published in inter-

national journals

1. T. Kato, K. Sasaki, D. F. Laborda, D. Fernandez and D. Reigosa, “Mag-

net Temperature Estimation Methodology by Using Magnet Flux Linkage

Observer for Variable Leakage Flux IPMSM”, in IEEJ Transactions on

Industry Applications, vol. 140, no. 4, pp. 265-271, April 2020, doi:

10.1541/ieejias.140.265

6.2.2 Contributions of the dissertation published in inter-

national conferences

2. D. F. Laborda, D. Reigosa, D. Fernandez, K. Sasaki, T. Kato and F.

Briz, “Magnet Temperature Estimation in Variable Leakage Flux Perma-

nent Magnet Synchronous Machines Using the Magnet Flux Linkage”, in

2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit,

MI, USA, 2020, pp. 6111-6117, doi:10.1109/ECCE44975.2020.9236059.

3. D. F. Laborda, D. Reigosa, D. Fernandez, K. Sasaki, T. Kato and F. Briz,
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7. C. González-Moral, D. F. Laborda, L. S. Alonso, D. Fernández, C. Ri-

vas, D. Reigosa, “Battery Internal Resistance Estimation Using a Battery

Balancig System Based on Switched Capacitors”, in IEEE Transactions on

Industry Applications, vol. 56, no. 5, pp. 5363-5374, Sept.-Oct. 2020, doi:

10.1109/TIA.2020.3005382.

6.2.4 Other contributions published in international con-

ferences

8. D. F. Laborda, J. M. Guerrero, M. O. Zapico, D. Fernández, D. D. Reigosa

and F. Briz, ”Online PI Current Controller Tuning Based on Machine High-

Frequency Parameters,” 2021 IEEE Energy Conversion Congress and Expo-

sition (ECCE), 2021, pp. 5029-5035, doi: 10.1109/ECCE47101.2021.9595336.

9. M. Martinez, D. F. Laborda, D. Reigosa and F. Briz, ”Comparative

Analysis of Torque Pulsations Measurement Methods for PMSM Drives,”



6.2 Contributions 89

2021 IEEE Energy Conversion Congress and Exposition (ECCE), 2021, pp.

5129-5135, doi: 10.1109/ECCE47101.2021.9595735.

10. C. G. Moral, D. F. Laborda, J. M. G. Muñoz, C. Rivas and D. D. Reigosa,
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6.3 Future work

Several points could be addressed in the future to continue the research line

of this dissertation:

• Combination of thermal models with the proposed PM temperature estima-

tion method for VLF-PMSMs, extending the estimation to very low speeds

and standstill where the Back-EMF is too small to be used.

• Simultaneous use of high-frequency signal injection for rotor position esti-

mation and torque estimation.

• Evaluation of the proposed methods during standardized driving cycles such

as the New European Driving Cycle (NEDC) or the World harmonized

Light-duty vehicles Test Procedure (WLTP).

• Extension of the proposed torque estimation method for torque ripple esti-

mation and minimization.
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ernment of the Principality of Asturias under grant Severo Ochoa BP20-153, and
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Chapter 6

Conclusiones y trabajo

futuro

6.1 Conclusiones

Las VLF-PMSMs pueden incrementar la eficiencia de EVs y HEVs, y por lo

tanto aumentar su rango de funcionamiento al reducir la magnitud de la corriente

de debilitamiento de flujo que necesitan para igualar la Back-EMF de la máquina

con la tensión de continua disponible en el bus. Se requiere la monitorización

de la temperatura de los imanes permanentes para prevenir la desmagnetización

irreversible de los imanes y compensar el efecto de la temperatura en la pro-

ducción de par. La medida directa de la temperatura de los imanes requiere el

uso de sensores montados en el rotor de la máquina y anillos rozantes o sistemas

de transmisión inalámbrica, lo cual reduce la robustez y aumenta el coste del

sistema. Por lo tanto, la estimación de la temperatura de los imanes es preferible

a su medida.

Los métodos de estimación de temperatura de imanes existentes en la litera-

tura usan una relación lineal del enlace de flujo de los imanes con su temperatura.

La variación del enlace de flujo de las VLF-PMSMs hace la extrapolación de las

técnicas disponibles imprecisa. Este trabajo ha explorado el uso de LUTs para

considerar el efecto de la variación del enlace de flujo de los imanes con la co-

rriente de estator. Un observador de flujo basado en el modelo de tensión ha sido

implementado para estimar el flujo total de estator de la máquina. El flujo de en-
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lace de los imanes ha sido estimado desde el flujo total usando la inyección de una

señal de corriente cuasi-cuadrada en el eje-d. Finalmente, la temperatura de los

imanes ha sido estimada desde el enlace de flujo de los imanes usando las LUTs.

Este método ha sido implementado online, actuando durante el funcionamiento

normal de la máquina.

En el presente trabajo se ha estudiado la estimación de temperatura de los

imanes permanentes de la VLF-PMSM funcionando en six-step. Se ha mostrado

que el uso del valor fundamental de la corriente de eje-d es un método simple y de

confianza para la estimación de la temperatura de los imanes en six-step. Se ha

comprobado la validez del método mediante experimentos en régimen permanente

y transitorios de velocidad y par.

Los EVs y HEVs requieren de un preciso control del par generado siendo, por

lo tanto, la medida o la estimación de par necesarias. La medida precisa del par

es cara, requiere espacio, cables extra e introduce problemas de fiabilidad, por lo

tanto su estimación es preferible a su medida. El presente trabajo ha explorado el

uso combinado de inyección de señales de alta y baja frecuencia para mejorar la

precisión de un observador de flujo tipo Gopinath. La señal de alta frecuencia se

inyecta a 45º (entre los ejes d y q) con el objetivo de estimar de forma simultánea

las inductancias del eje-d y q, reduciendo los efectos adversos de la inyección de

alta frecuencia. El flujo de estator estimado es usado junto a las medidas de

corriente para estimar el par producido.

El rendimiento de estas técnicas ha sido comprobado mediante simulaciones

de elementos finitos y experimentalmente, utilizando el equipo presentado en el

Apéndice A.

6.2 Contribuciones

Las contribuciones realizadas durante el desarrollo de esta tesis se resumen a

continuación:

• Se ha propuesto un método para estimar la temperatura de los imanes

permanentes considerando la variación del enlace de flujo de los imanes con

la corriente de estator para VLF-PMSMs usando LUTs.

• Se ha propuesto un método para estimar la temperatura de los imanes

permanentes durante el funcionamiento en six-step basado en la magnitud

de la corriente fundamental de eje-d.
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• Se ha propuesto un método para estimar las inductancias y resistencia de

estator usando una única señal de alta frecuencia a 45º. Este método reduce

los efectos adversos de la inyección de alta frecuencia comparado con los

métodos convencionales que usan dos frecuencias diferentes o la inyección

secuencial de dos señales.

• El efecto de acoplamiento cruzado de las inductancias en el método pro-

puesto de inyección de alta frecuencia ha sido analizado y se ha propuesto

un método para considerar este efecto basado en la inyección de una señal

de corriente cuasi-cuadrada de baja frecuencia. Se ha mostrado que este

efecto es especialmente relevante en VLF-PMSMs debido a los puentes de

flujo (barreras de flujo parcialmente eliminadas) presentes en el rotor para

crear el efecto de flujo de dispersión variable caracteŕıstico de este tipo de

máquinas.

• Se ha incluido la estimación de las inductancias linealizadas (o DC) desde

las inductancias de alta frecuencia (o dinámicas). Esto se ha realizado

mediante la integración de las inductancias de alta frecuencia a lo largo de

la trayectoria de corriente de la máquina durante su funcionamiento.

• Se ha propuesto un método para estimar el par ejercido por VLF-PMSMs,

basado en un observador de flujo tipo Gopinath mejorado con la estimación

del enlace de flujo de los PMs y inductancias linealizadas (o DC).

Se han publicado varios art́ıculos en revistas internacionales y conferencias

internacionales derivadas del trabajo realizado en esta tesis doctoral (ver sección

6.2.1 y sección 6.2.2). Además, se han realizado otras contribuciones al campo

de los accionamientos eléctricos durante el desarrollo de esta tesis doctoral (ver

sección 6.2.3 y sección 6.2.4).

6.2.1 Contribuciones de la tesis doctoral publicadas revis-

tas internacionales

1. T. Kato, K. Sasaki, D. F. Laborda, D. Fernandez and D. Reigosa, “Mag-

net Temperature Estimation Methodology by Using Magnet Flux Linkage

Observer for Variable Leakage Flux IPMSM”, in IEEJ Transactions on

Industry Applications, vol. 140, no. 4, pp. 265-271, April 2020, doi:

10.1541/ieejias.140.265
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6.2.2 Contribuciones de la tesis doctoral publicadas en con-

gresos internacionales

2. D. F. Laborda, D. Reigosa, D. Fernandez, K. Sasaki, T. Kato and F.

Briz, “Magnet Temperature Estimation in Variable Leakage Flux Perma-

nent Magnet Synchronous Machines Using the Magnet Flux Linkage”, in

2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit,

MI, USA, 2020, pp. 6111-6117, doi:10.1109/ECCE44975.2020.9236059.

3. D. F. Laborda, D. Reigosa, D. Fernandez, K. Sasaki, T. Kato and F. Briz,

“Enhanced Torque Estimation in Variable Leakage Flux PMSM Combining

High and Low Frequency Signal Injection”, in 2020 IEEE Energy Conver-

sion Congress and Exposition (ECCE), Detroit, MI, USA, 2020, pp. 1764-

1771, doi: 10.1109/ECCE44975.2020.9235869.

6.2.3 Otras contribuciones publicadas en revistas interna-

cionales

4. M. Martinez, D. F. Laborda, D. Reigosa, D. Fernandez, J. M. Guer-

rero and F. Briz, ”SynRM Sensorless Torque Estimation Using High Fre-

quency Signal Injection,” in IEEE Transactions on Industry Applications,

doi: 10.1109/TIA.2021.3111840

5. D. F. Alonso, Y. Kang, D. F. Laborda, M. M. Gómez, D. D. Reigosa

and F. Briz, ”Permanent Magnet Synchronous Machine Torque Estima-

tion Using Low Cost Hall-Effect Sensors,” in IEEE Transactions on Indus-

try Applications, vol. 57, no. 4, pp. 3735-3743, July-Aug. 2021, doi:

10.1109/TIA.2021.3075924.

6. D. Fernandez, D. F. Laborda, M. Martinez, D. Reigosa, A. B. Diez and F.

Briz, “Resolver Emulation for PMSMs Using Low Cost Hall Effect Sensors”,

in IEEE Transactions on Industry Applications, vol. 56, no. 5, pp. 4977-

4985, Sept.-Oct. 2020, doi: 10.1109/TIA.2020.3008129.

7. C. González-Moral, D. F. Laborda, L. S. Alonso, D. Fernández, C. Ri-

vas, D. Reigosa, “Battery Internal Resistance Estimation Using a Battery

Balancig System Based on Switched Capacitors”, in IEEE Transactions on

Industry Applications, vol. 56, no. 5, pp. 5363-5374, Sept.-Oct. 2020, doi:

10.1109/TIA.2020.3005382.
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6.2.4 Otras contribuciones en conferencias internacionales

8. D. F. Laborda, J. M. Guerrero, M. O. Zapico, D. Fernández, D. D. Reigosa

and F. Briz, ”Online PI Current Controller Tuning Based on Machine High-

Frequency Parameters,” 2021 IEEE Energy Conversion Congress and Expo-

sition (ECCE), 2021, pp. 5029-5035, doi: 10.1109/ECCE47101.2021.9595336.

9. M. Martinez, D. F. Laborda, D. Reigosa and F. Briz, ”Comparative

Analysis of Torque Pulsations Measurement Methods for PMSM Drives,”

2021 IEEE Energy Conversion Congress and Exposition (ECCE), 2021, pp.

5129-5135, doi: 10.1109/ECCE47101.2021.9595735.

10. C. G. Moral, D. F. Laborda, J. M. G. Muñoz, C. Rivas and D. D. Reigosa,

”Comparison Of Anti-Windup Alternatives For Parallel Controllers,” 2021

IEEE Energy Conversion Congress and Exposition (ECCE), 2021, pp. 3524-
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11. M. O. Zapico, D. D. Reigosa, D. F. Laborda, M. M. Gómez, J. M. G.

Muñoz and F. B. d. Blanco, ”Use HF Signal Injection for Simultaneous

Rotor Angle, Torque and Temperature Estimation in PMSMs,” 2021 IEEE

Energy Conversion Congress and Exposition (ECCE), 2021, pp. 5084-5091,

doi: 10.1109/ECCE47101.2021.9595710

12. Y. G. Kang, D. F. Laborda, D. Fernandez, D. Reigosa, and F. Briz, “Mag-

netic Resolver Using Hall-Effect Sensors” in 2020 IEEE Energy Conversion

Congress and Exposition (ECCE), Detroit, MI, USA, 2020, pp. 2344-2350,

doi:10.1109/ECCE44975.2020.9236184.

13. D. F. Alonso, Y. Kang, D. F. Laborda, M. M. Gómez, D. D. Reigosa,

and F. Briz, ”Permanent Magnet Synchronous Machine Torque Estima-

tion Using Low Cost Hall-Effect Sensors”, in 2019 IEEE 10th International

Symposium on Sensorless Control for Electrical Drives (SLED), Turin, Italy,

2019, pp. 1-6, doi: 10.1109/SLED.2019.8896292.

14. M. Martinez, D. F. Laborda, D. Reigosa, D. Fernández, J. M. Guerrero,

and F. Briz, ”SynRM Sensorless Torque Estimation Using High Frequency

Signal Injection”, in 2019 IEEE 10th International Symposium on Sensor-

less Control for Electrical Drives (SLED), Turin, Italy, 2019, pp. 1-5, doi:

10.1109/SLED.2019.8896220.

15. D. Fernandez, D. F. Laborda, M. Martinez, D. Reigosa, A. B. Diez and F.

Briz, “Resolver Emulation for PMSMs Using Low Cost Hall Effect Sensors”,
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in 2019 IEEE Energy Conversion Congress and Exposition (ECCE), Balti-

more, MD, USA, 2019, pp. 5689-5693, doi: 10.1109/ECCE.2019.8913229

16. C. González-Moral, D. F. Laborda, L. S. Alonso, D. Fernández, C. Ri-

vas, D. Reigosa, “Battery Internal Resistance Estimation Using a Battery

Balancig System Based on Switched Capacitors”, in 2019 IEEE Energy

Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019,

pp. 2516-2522, doi: 10.1109/ECCE.2019.8912675

6.3 Trabajo Futuro

A ráız del trabajo realizado en la presente tesis doctoral, existen varias ĺıneas

de investigación abiertas para su estudio futuro:

• La combinación de modelos térmicos con el método propuesto para estimar

la temperatura de los imanes permanentes en VLF-PMSMs para extender

el rango de estimación a velocidades muy bajas y velocidad nula, donde la

Back-EMF es demasiado baja para ser usada.

• El uso simultaneo de inyección de señales de alta frecuencia para la esti-

mación de par y posición.

• La evaluación de los métodos de estimación propuestos bajo ciclos de fun-

cionamiento estándar como el “New European Driving Cycle” (NEDC) o

el “World harmonized Light-duty vehicles Test Procedure” (WLTP).

• La extensión del método de estimación de par propuesto en la tesis para la

estimación y minimización del rizado de par.

6.4 Financiación

Este trabajo ha sido financiado en parte por Nissan Motor co. bajo los proyec-

tos de investigación FUO-21-183, FUO-259-20, FUO-261-19, FUO-EM-274-18, en

parte por el Principado de Asturias bajo la beca Severo Ochoa BP20-153 y en

parte por la Universidad de Oviedo bajo la beca PAPI 2019 (modalidad B).
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Appendix A

Experimental setup

A.1 Power system

The test bench used for the experimental verification of the estimation meth-

ods proposed in this thesis can be seen in Fig. A.1. The test bench is composed

of a conventional IPMSM used as a load, the VLF-PMSM under test (parameters

being shown in Table 2.1), each machine being driven by a three-phase inverter.

The inverters share the DC-link and are controlled using a TMS320F28335 mi-

crocontroller.

Conventional IPMSM

(load)

VLF-PMSM

(test)

Torque sensor

Figure A.1: Test bench.

In the Fig. A.2, the power system connection scheme is shown and the actual
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power system setup can be seen in Fig. A.3. This connection scheme allows to re-

circulate the energy bidirectionally between the two machines, i.e. during steady

state operation of the tech bench, the power used by one of the machines will

be provided by the other machine since they share the speed and have opposite

torque production. The losses of the power system must be provided externally

by the transformer and rectifier shown in Fig. A.2. Additionally, in Fig. A.3 the

water cooling system for the electric machines and inverters, composed of two

water pumps, two radiators and two reservoirs, are shown.

3-phase transformer

1:√3 ratio

Rectifier

Inverter 2Inverter 1

VLF-PMSM Conventional 

IPMSM

Torque 

sensor

Figure A.2: Power system connection scheme.

The designed motor test bench has four rubber shock absorbers in its attach-

ment to the floor in order to absorb any torque pulsation or vibrations, in Fig.

A.4 one shock absorber is shown. This reduces the undesired shocks that the tech

bench could suffer with rapid torque spikes if abnormal operation or emergency

stops of the drive are produced during any experiment.

Inverters and motors are connected by shielded power cables with a section of

120 mm2, tinned copper shield and TPU insulation material. All phases have 3

m cable length for both machines. A detailed figure of the power cable is shown
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Figure A.3: Power system of the experimental setup.

Figure A.4: Test bench attachment to the floor and a rubber shock absorber.

in Fig. A.5.

The system power losses are supplied by a three phase grid and a diode rectifier

VUO62-12NO7, shown in Fig. A.6. This rectifier has a maximum blocking

voltage of 1200 V and 60 A output current, being enough to supply the desired

power to the DC link.

Fig. A.7 shows the control box with the control PCBs and the auxiliary

systems including the resolver to encoder converter, the reset buttons for the

inverters and the power supply. The PCBs used to control the inverters and

test motors are shown in Fig. A.8. These PCBs are designed as modular multi-
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Figure A.5: 120 mm2 shielded power cable used to connect machines and inverters.

Figure A.6: Three phase diode rectifier VUO62-12NO7.

purpose control PCBs being prepared to handle different number of analog and

digital signals depending on the desired application. They have two inputs for

incremental encoders and up to 16 analog input channels, up to 12 different input

error signals by optic fiber, up to 20 multipurpose digital I/O ports and up to

12 PWM output signals. The PWM output signals are sent by optic fibre to the

inverters to prevent from electromagnetic noise interference. The microcontroller

used in these control cards is a TMS320F28335 from Texas Instruments.

In order to measure the stator temperature, some thermocouples are available

in the stator of the machine. These thermocouples are sensed by the thermocou-

ple data logger TC-08 from Pico Technology, shown in Fig. A.9. It has up to

8 thermocouple inputs, and also provides the cool junction temperature signal.

This system is specially relevant to decouple the stator resistance variation due

to stator coils temperature change.

A.2 PM temperature measurement system

In order to verify the accuracy of the proposed PM temperature estimation

methods, the PMs temperatures are measured by means of thermocouples. A
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Control PCBs

Resolver to Encoder

Power Supply

Inverter Reset buttons

Figure A.7: Control box with the control card and auxiliary systems.

Figure A.8: Control PCB.

wireless PM temperature measurement system similar to the one used in [65] has

been developed and implemented for performance evaluation of the estimation

method. Fig. A.10 shows a picture of the wireless PM temperature measurement

system along with the aluminum case attached to the rear part of the rotor.

This system has been designed and balanced in order to withstand the rotor high
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Figure A.9: TC-08 from Pico Technology.

speed up to 12000 r/min.

Figure A.10: Wireless PM temperature measurement system along with the aluminum

case attached to the rear part of the rotor.

The wireless PM temperature measurement system is composed of connectors

for temperature sensors (thermocouples), a filtering and conditioning stage, a

digital temperature sensor with I2C interface for the cold junction temperature

measurement, a general-purpose microcontroller, a battery and a WiFi module.

Thermocouples are two electrical conductors made of different metals. At

one end, the two conductors form an electrical junction and are used as the

hot junction measuring point. At the other end (cold junction), a small voltage

can be measured between conductors proportional to the temperature difference

between the hot and cold junctions.

The small voltage provided by the thermocouples need to be adapted to values

that can be read by the microcontroller analog ports, as K-type thermocouples

used in this application typically provide 41µV/°C. High precision instrumenta-

tion operational amplifiers are used to amplify and filter the differential signal

provided by thermocouples. The bandwidth of the analog filters used for this ap-
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plication is not very demanding since the time constant of the PM temperature

is quite low (less than 0.1 ºC/s).

The digital temperature sensor is placed close to the connectors in order to

minimize temperature tracking errors. The measured cold junction temperature

is transmitted to the microcontroller through the I2C interface. This interface

has a data transmission speed of 400 kbit/s what provides enough headroom to

transmit the sensor temperature data in real time.

The microcontroller is used to convert the analog signals to digital values, ac-

quire the cold junction temperature from the I2C temperature sensor, calculate

the total measured temperature and send the data to the wireless transmission

device. Therefore, the requirements for this device are low, being possible to use

a general-purpose microcontroller with analog-to-digital converters, I2C commu-

nication interface and a compatible communication interface with the wireless

device (in this case UART).

A small 2 cell 200 mAh Li-Ion battery is used and supplies this system for

hours. The use of larger capacity batteries could extend the the autonomy of the

PM temperature measurement system, however, since this system is meant to

work at high rotational speeds, the design criteria was to minimize the weight.

The wireless device is used to send the PM temperature to a computer where

the data is represented and logged. Fig. A.11 shows a schematic representation of

the PM temperature measurement system along with a screenshot of the desktop

application during a experiment. The main characteristics of this measurement

system are summarized in Table A.1.

Table A.1: Main characteristics of the PM temperature measurement system

Sensor temperature limit 250 ºC

Resolution 0.0625 ºC

Measurement range 0 ºC to 125 ºC

Bandwidth 1.25 kHz

Number of sensors 3

The temperature measurement range is enough as the PMs used in the VLF-

PMSM under test are neodymium type with a maximum working temperature

of 140 ºC. The evolution of the PM temperature with time is usually slow (a few

Celsius degrees per minute) being, therefore, the measurement system bandwidth

large enough for this application.
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Figure A.11: Schematic representation of the temperature measurement system and

desktop application.

A.3 Torque sensor

In order to verify the accuracy of the proposed torque estimation method,

the output torque of the VLf-PMSM is measured by the torque sensor shown

in Fig. A.12. This sensor is composed of the measuring system located in the

rotational part of the sensor, the power supply adaptation and cabling in the

stationary part of the sensor and a capacitive interface system to couple rotational

and stationary parts. The installed torque sensor has a measurement range of

±500 Nm being larger than the maximum torque provided by the VLF-PMSM

under test. In this measurement range, the torque sensor has a measurement

error of 0.1%, being accurate enough for precise validation of torque estimation

methods. The maximum speed of the torque sensor is 15000 r/min what allows to
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withstand the maximum speed of the VLF-PMSM during the experiments (10000

r/min). It also provides a relatively low resolution (360 pulses per mechanical

revolution) additional output encoder signal. The characteristics of the torque

sensor transducer used in this dissertation are shown in Table A.2.

Figure A.12: Torque transducer of Interface Inc.

Table A.2: Main characteristics of the torque sensor

Measurement range ±500 Nm

Accuracy 0.1% error

Maximum speed 15000 r/min

A.4 Inverter nonlinearities evaluation

A.4.1 Introduction

Control signals from microcontrollers or control devices, in general, cannot

provide enough power to drive an electric machine. Electronic power inverters

are used to transform the DC link voltage from an external power source to the

commanded AC voltage signals. The power electronic switching devices (IGBTs

or MOSFETs) present in the inverters can work in the active or saturation re-

gion. Using these devices in their active region provides a linear output with

quite small waveform distortion, however the voltage and current that these de-

vices withstand in the active region produce large conduction losses, reduces the
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efficiency of the system and requires a powerful cooling system. Due to this,

linear operation of power electronic devices is only used in applications where

the energy efficiency is not important, such as audio amplifiers.

On the other hand, the power electronic devices can operate in the saturation

region behaving similarly to a solid state switch. In this operating region, the

voltage drop that they have to withstand is quite small what reduces the conduc-

tion losses, increasing the efficiency. However, this limits the number of different

output voltage values that can be obtained depending on the inverter topology.

Conventional inverters can only produce two different voltages per inverter leg

by connecting their output to the higher or lower sides of the DC bus. Multilevel

converters use more switching devices and other auxiliary components to increase

the number of possible different output voltage levels.

In any case, the discretization of the output voltage of inverters makes impos-

sible to directly reproduce the commanded voltage signals, the use of modulation

techniques being required. Modulation techniques, such as Pulse Width Modu-

lation (PWM), allows the reproduction of the commanded voltage signals at the

cost of increased switching losses, the addition of switching harmonics and loss

of linearity.

These issues contribute to the output voltage waveform distortion, leading to

additional distortion in the controlled currents in electric machines.

A.4.2 Current Waveform Distortion

Current waveform distortion produced by inverter nonlinearities can be clas-

sified as follows:

• Deadzone: the inverter deadzone is its most significant nonlinearity. It

is produced by the unintentional connection of the output phase of the

inverter to the higher or lower side of the DC link. This unintended con-

nection is created by the freewheeling anti-parallel diodes of the power

switching devices when the output phase current is not zero. This is an

unavoidable effect since both high side and low side switching devices must

be commanded to be open during a small time period (deadtime). This is

performed during the turn-off and turn-on of switching devices in the same

inverter leg, in order to prevent inverter leg short-circuits.

The waveform distortion produced by the inverter deadzone in a machine

phase current can be seen in Fig. A.13. During the deadtime, the phase
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current will flow through the freewheeling diodes of the inverter. There-

fore the output phase of the inverter will be connected to the lower side of

the DC link while the current is flowing from the inverter to the machine

(positive current); and connected to the higher side of the DC link while

the current is flowing from the machine to the inverter (negative current).

This effect produces a modification of the output applied voltage that de-

pends on the direction of the current, the deadtime duration and the DC

link voltage value [70–72]. The switching devices parasitic and/or snub-

ber capacitance can be also taken into account in order to produce a more

accurate modelling of the output voltage deadzone [73]. The parasitic ca-

pacitance and snubber capacitance of switching devices should be charged

before the freewheeling diodes start conducting, adding an output voltage

distortion depending on the magnitude of capacitance and output current.

0.096 0.098 0.1
time (s)

-20

-10

0

10

20
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Figure A.13: Machine phase current distortion due to inverter deadzone.

• Current ripple: the use of PWM lead to HF current components related to

the PWM carrier frequency. This is usually not a major concern since anti-

aliasing filters or synchronous sampling are used in the current acquisition.

Generally, the output voltage is filtered by inductors and capacitors (LC

filters) reducing the magnitude of PWM HF components in the current

waveform. In electric machines, the stator coils act as a LPF, filtering

the PWM HF components in the current waveform. Fig. A.14 shows the

current ripple
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Figure A.14: Current ripple in machine phase current due to PWM switching.

A.4.3 Compensation

Several compensation techniques have been proposed in the literature [70–73],

in this dissertation compensation of the deadzone to improve the current wave-

forms has not been used. However, the current regulators react to inverter dead-

zone producing DC and 6th harmonic components in the synchronous reference

frame regulator output voltage command.

Since voltage sensors are not usually present in industrial machine drives,

the output of current regulators are used for the proposed PM temperature and

torque estimation methods. In order to accurately estimate the output applied

voltage, the 6th harmonic is filtered by a LPF. On the other hand, the DC com-

ponent cannot be filtered since it is overlapped with the fundamental frequency

voltage component.

A commissioning process is performed in order to calculate the effect on the

DC component of current regulator voltage command. In Fig. A.15 the mag-

nitude and angle of the distorted voltage are shown. It can be seen from Fig.

A.15a that, for currents larger than 50 A, the magnitude of the distorted volt-

age ∆V rsdq is fairly constant. In Fig. A.15b, the distorted voltage ∆V rsdq angle

is shown along with the machine fundamental current angle Irsdq for the sake of

comparison. The angle of the distorted voltage ∆V rsdq is in phase with machine

fundamental current as shown in Fig. A.15b. These result are in good agreement

with the models proposed in [70–73]. It can be also seen from Fig. A.15a that

the parasitic and snubber capacitance of the inverter is small enough to be safely

neglected [73]. Therefore, a constant voltage compensation of ≈ 12V in phase

with stator current could be used to correctly estimate the actually applied volt-
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age fundamental component magnitude. There were no significative differences

for the different machine speeds used during this commissioning process.

∆V rsdq, Irsdq

(a) Magnitude (b) Angle

Figure A.15: Magnitude and angle of the voltage distortion due to inverter deadzone.

The commanded voltage is shown in Fig. A.16 before and after compensation

for Irsd = 0 A and Irsq = 100 A and ωr = 500 r/min. It can be seen in Fig. A.16a

that the predicted/commanded voltage has an error of ≈ 12 V in phase with fun-

damental current (aligned with q-axis). In Fig. A.16b, the predicted/commanded

voltage after the compensation overlaps with the measured voltage waveform.
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(a) Before deadtime compensation
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Figure A.16: Comparison between commanded and measured inverter output voltage,

before and after compensation for Irsd = 0 A and Irsq = 100 A.
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Abstract—Precise output torque control is often required in ap-
plications using synchronous reluctance machines. Direct measure-
ment of torque has drawbacks due to both cost and reliability issues.
To overcome these limitations, the development of torque estima-
tion methods has received significant research attention. Most of the
exiting torque estimation methods require knowledge of machine
parameters, suffering, therefore, from parameter sensitivity. Load
and saturation are recognized as the primary source of parameter
variation. This article proposes the use of a high-frequency signal
injection for the online estimation of the machine parameters
required for torque estimation. The improvement in the torque
estimation will be especially relevant in deep-saturation regions.
The method operates without interfering with the normal operation
of the machine.

Index Terms—High-frequency signal injection, synchronous
reluctance machines (SynRMs), online parameter estimation,
torque estimation.

I. INTRODUCTION

SYNCHRONOUS reluctance machines (SynRMs) are char-
acterized by their high tolerance to overcurrents and/or

overheating, and overall increased robustness compared with
other types of ac machines such as permanent-magnet syn-
chronous machines (PMSMs) or induction motors (IMs), result-
ing from the absence of brushes, permanent magnets, or coils
in the rotor. Compared with PMSMs, SynRMs have a robuster
structure that facilities their use in harsh ambient, and are also
more cost effective [1]–[3]. Compared with IMs, the absence
of cage winding results into a reduction of the rotor losses

Manuscript received November 1, 2020; revised April 23, 2021 and August
3, 2021; accepted August 23, 2021. Date of publication September 10, 2021;
date of current version November 19, 2021. This work was supported in part
by the Research, Technological Development and Innovation Programs of the
Spanish Ministry Economy and Competitiveness of the Spanish Government
under the project MINECO-17-ENE2016-80047-R; in part by the Government
of the Principality of Asturias under Grant Severo Ochoa PA-20-PF-BP19-010
and the Project IDI/2018/000188; in part by the University of Oviedo under Grant
PAPI 2018-PF-12; and in part by grants of the European Regional Development
Fund (ERDF). Paper 2020-IDC-1467.R2, presented at the 2019 IEEE 10th
International Symposium on Sensorless Control for Electrical Drives (SLED),
Turin, Italy, Sep. 9–10, and approved for publication in the IEEE TRANSACTIONS

ON INDUSTRY APPLICATIONS by the Industrial Drives Committee of the IEEE
Industry Applications Society. (Corresponding author: Maria Martinez.)

The authors are with the Department of Electrical Engineering,
University of Oviedo, 33204 Gijón, Spain (e-mail: martinezgmaria@uniovi.es;
dflaborda@uniovi.es; reigosa@isa.uniovi.es; fernandezalodaniel@uniovi.es;
guerrero@uniovi.es; fernando@isa.uniovi.es).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TIA.2021.3111840.

Digital Object Identifier 10.1109/TIA.2021.3111840

and a lighter structure that improves their dynamic behavior.
These characteristics make them a promising alternative for
high-performance applications, like traction applications up to
low-speed high-power machines or industrial tools [2]. How-
ever, their high nonlinear behavior resulting from saturation
results in large variation of the inductances with the operat-
ing conditions [3]–[6]. Consequently, torque control based on
the mathematical modeling of the machine will be drastically
affected in terms of precision and dynamics [3], [6]–[13].

Many high-performance applications, such as robotics, ma-
chine tools, and electric vehicle/hybrid electric vehicles applica-
tions require precise control of the output torque produced by the
machine [1], [3], [6]. Thus, torque measurement or estimation
is, therefore, required [8]–[12]. Rotary torque transducers based
on strain gauges are likely the preferred option for the first
case [14]–[19]. However, this type of sensors could introduce
resonances into the system and require precise mounting and
calibration to ensure accurate measurements [20]. Alternatively,
torque can be measured using systems based on the torsional
displacement measurement [21], systems based on the magne-
toelastic effect [22], or systems based on the giant magnetore-
sistive effect [23]. However, regardless of the method being
used, precise torque measurement is expensive, and requires
extra elements (sensor, cables, connectors,...), that could reduce
the reliability and increase the overall cost of the drive. As an
alternative, torque can be estimated.

Torque estimation methods can be roughly divided into
two main groups: those based on the general torque equation
(GTE) [8], [9], [24], [25] and indirect estimation methods [12],
[13], [24], [26]–[37]. Indirect estimation methods include elec-
tric power and shaft speed measurement-based method [26];
flux observers-based methods [12], [13], [24], [26]–[37]; and
optimal recursive estimation algorithms [12]. Most of the torque
estimation methods reported in the literature [12], [13], [24]–
[42] require precise knowledge of machine parameters (e.g.,
resistances or inductances). Consequently, parameter variation
with the operating conditions (i.e., saturation level and tempera-
ture) can lead to large torque estimation errors, saturation being
the main concern for the SynRM. Look-up-tables (LUTs) are
frequently used for online machine parameter adaptation [25],
[41]; unfortunately, LUTs fail in the event of any type of machine
degradation, and often require large memory usage.

To overcome LUTs limitations, online parameter estimation
methods have been proposed [43]–[45]. Injection of a high-
frequency (HF) signal into the stator terminals of the machine

0093-9994 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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has been reported to be a viable option for the online machine
parameter estimation. These methods can operate in the whole
speed range, including zero speed, and without interfering with
the normal operation of the machine.

However, HF injection-based parameters estimation methods
proposed so far [41], [43]–[45] typically make the following two
assumptions: 1) machine is assumed to have a purely inductive
behavior and 2) the relationship between the high-frequency
parameters and the fundamental parameters are assumed to be
linear. While these assumptions can be acceptable for PMSMs,
they can be problematic for the case of SynRMs [3], [46], [47].

This article proposes a new online machine parameter esti-
mation method, aimed to enhance the torque estimation based
on GTE for SynRMs. The parameters involved in the GTE are
estimated from the machine reaction to an HF signal injected
in the stator terminals. The proposed method shares some sim-
ilarities with [43], where two pulsating HF currents were used
to estimate the machine parameters; two HF current controllers
being, therefore, required to inject the two pulsating HF currents.
In this article, machine parameters will be estimated from the
injection of a single rotating HF voltage signal. Reducing the
injected signals from two HF currents to one HF voltage will
reduce the adverse effects due to the HF signals and simplify
the implementation of the method. Additionally, a detailed study
of the relationship between the HF parameters and fundamental
parameters (i.e., those involved in the torque equation) will be
presented. An accurate modeling of this relationship will be key
to improve the torque estimation accuracy in the whole operating
range of the machine. The proposed method can be used in the
whole speed operating range of the machine, including stand
still, eliminating, therefore, the need of additional controllers
that are traditionally used to enable smooth transition between
current- to voltage-based models in flux observed-based torque
estimation techniques [32], [41].

This article is organized as follows. The Fundamental model
of a SynRM is presented in Section II; parameter estimation
using the rotating voltage HF signal is presented in Section III;
torque estimation based on the GTE using the estimated HF
parameters is presented in Section IV; simulation results ob-
tained by means of finite-element analysis (FEA) are shown
in Section V; implementation of the method and experimental
results are presented in Section VI, and finally, Section VII
concludes this article.

II. FUNDAMENTAL MODEL OF A SYNRM

The fundamental model of a SynRM in a reference frame
synchronous with the rotor is given by [3], [5], [6]

vrsd = Rd irsd +
dλr

sd

dt
− ωr λr

sq (1)

vrsq = Rq irsq +
dλr

sq

dt
+ ωr λr

sd (2)

where Rd and Rq are the dq-axes resistances, irsd and irsq are the
dq-axes stator currents, vrsd and vrsq are thedq stator voltages, λr

sd

and λr
sd are dq-axes stator flux linkages, andωr is the mechanical

rotational speed.

The output torque is defined as

Te =
3
2
P (λr

sd irsq − λr
sq irsd) (3)

The aforementioned equation can be also expressed as a function
of the stator inductances (also known as apparent inductances)
(5), the torque being (4). It is noted that Te defined in (4) stands
for the mean output torque of the machine.

It can be observed from (4) that the reluctance torque produc-
tion by a SynRM depends on the saliency effect, i.e., it is pro-
portional to the difference between d- and q-axes inductances.

Te =
3
2
P
(
(Ld − Lq) irsd irsq

)
(4)

L =
λ

i
=

N 2μs(H)A

l
(5)

where i is the current, λ is the resulting flux linkage, N is
the number of turns of the stator winding, μs is the static
permeability of the material, A is the mean cross-sectional area
of the magnetic circuit, and l is the mean length of the magnetic
circuit. The static permeability defined in (5) is defined as the
ratio of flux density (B) versus field intensity (H). As the
relationship between B and H for ferromagnetic materials is
usually nonlinear, the static permeability is not constant but a
nonlinear function of H [48]–[50].

It is noted, therefore, that dq-axes inductances values can
change with the machine operating point

Ld(Isd,Isq) = Ld0
(
1 + αIsdd(Isd,Isq)I

r
sd + αIsdq(Isd,Isq)I

r
sq

)

(6)

Lq(Isd,Isq) = Lq0
(
1 + αIsqd(Isd,Isq)I

r
sd + αIsqq(Isd,Isq)I

r
sq

)

(7)

where Ld0 and Lq0 are the dq-axes synchronous inductances
when there is nodq fundamental current injection; Irsd and Irsq are
the fundamental dq-axes stator current magnitude;αIsdd(Isd,Isq)

and αIsdq(Isd,Isq) are the coefficients linking the d-axis induc-
tance with the d-axis fundamental current (Irsd) due to saturation
and q-axis fundamental current (Irsq) due to cross coupling,
respectively; similarly, αIsqq(Isd,Isq) and αIsqd(Isd,Isq), are the
coefficients linking the q-axis inductance with the q-axis funda-
mental current (Irsq) due to saturation and d-axis fundamental
current (Irsd) due to cross coupling, respectively.

Substituting (6) and (7) into (4), the GTE can be written as

Te(Isd,Isq)
=

3P
2

((
Ld(Isd,Isq) − Lq(Isd,Isq)

)
irsd irsq

)
(8)

It has to be noted that the variation of inductances with load,
(6), (7), will depend on the machine design, different functions
could be used to model this behavior, e.g., linear, quadratic, or
higher order polynomials. A commissioning process would be,
therefore, required to obtain the required coefficients [3].

III. PARAMETER ESTIMATION USING ROTATING HF VOLTAGE

INJECTION

Machine parameters can be estimated in real time from the
machine response to a small HF signal, which is added on
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top of the fundamental voltage applied for torque production.
This section describes the physical principles of the dq-axes HF
inductances estimation using this method.

The HF model representing the behavior of a synchronous
machine (9) can be deduced from the corresponding fundamen-
tal frequency model (1), (2) [51], [52].
[
vrsdHF

vrsqHF

]
=

[
RdHF + pLdHF −ωrLqHF

ωrLdHF RqHF + pLqHF

][
irsdHF

irsqHF

]
(9)

where

vrsdHF : d-axis HF voltage in the rotor reference;
vrsqHF : q-axis HF voltage in the rotor reference;
irsdHF : d-axis HF current in the rotor reference;
irsqHF : q-axis HF current in the rotor reference;
LdHF : d-axis HF inductance;
LqHF : q-axis HF inductance;
p : differential operator. Equivalent to the s variable in Laplace

transform.

If a rotating HF voltage signal is injected into the stator
terminal of the machine (10), the HF currents induced in the
stator windings are given by (11) and (12).

vr∗sdqHF = V ∗
HFe

j(ωHFt) =

[
V̄ r∗
sdHF

V̄ r∗
sqHF

]
=

[
V ∗

HF cos (ωHFt)

V ∗
HF sin (ωHFt)

]
(10)

irsdHF =

RqHF + jωHFLqHF

(RdHF + jωHFLdHF)(RqHF + jωHFLqHF) + ω2
rLdHFLqHF

·
[
vr∗sdHF +

ωrLqHFv
r∗
sqHF

RqHF + jωHFLqHF

]
(11)

irsqHF =

RdHF + jωHFLdHF

(RdHF + jωHFLdHF)(RqHF + jωHFLqHF) + ω2
rLdHFLqHF

·
[
vr∗sqHF −

ωrLdHFv
r∗
sdHF

RdHF + jωHFLdHF

]
(12)

It can be seen from (11) and (12) that modeling of LdHF and
LqHF is not straightforward due to cross coupling between d-
and q-axes and fundamental-speed-dependent terms. However,
if the frequency of the injected HF signal is sufficiently higher
than the rotor frequency, the rotor-speed-dependent terms can
be safely neglected, the HF currents induced in the stator can
be, therefore, simplified to (13) and (14). An orientative value
for this assumption can be ωHF ≥ ωr + 2π500 rad/s [43].

irsdHF =
vr∗sdHF

(RdHF + jωHFLdHF)
(13)

irsqHF =
vr∗sqHF

(RqHF + jωHFLqHF)
(14)

Fig. 1. Typical BH curve of a ferromagnetic material: Static, incremental, and
differential permeability definition.

Estimation of LdHF and LqHF can be finally obtained from the
imaginary part of the dq HF impedance

ZdHF = RdHF + jωHFLdHF =
vr∗sdHF

irsdHF

(15)

ZqHF = RqHF + jωHFLqHF =
vr∗sqHF

irsqHF
(16)

LdHF =
�(ZdHF)

ωHF
(17)

LqHF =
�(ZqHF)

ωHF
(18)

IV. TORQUE ESTIMATION USING dq HF INDUCTANCES

The previous section has shown that real-time HF inductances
estimation is possible from the machine response to an HF
signal. It is important to notice, however, that HF inductances
are not the inductances in the GTE.

As seen in Section II, inductances in the GTE are the apparent
inductances, which are given by the static permeability, μs (5)
(see Fig. 1). Therefore, this definition only applies for the case
of a static magnetic field (i.e., constant) excitation.

However, if a small HF alternating (ac) magnetic field is
superposed on the static magnetic field, a minor hysteresis loop
will be produced. The associated incremental permeability, μΔ,
is defined as [48], [49]

μΔ =
ΔB

ΔH
(19)

The area of the hysteresis loop will depend on the magnitude
of the HF signal being injected. Assumed that the magnitude of
the HF signal is small, the trajectory followed in the hysteresis
loop can be approximated by a straight line (see Fig. 1). This
line will be tangent to the HB curve at the H–B coordinates
corresponding to the dc excitation. In this case, the incremental
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Fig. 2. Definition of the incremental and synchronous inductance.

permeability μΔ can be approximated to the differential perme-
ability μd, defined as [48]–[50]

μd =
dB

dH
≈ μΔ (20)

Therefore, the term inductance may be defined in different
ways with respect to the BH curve of the ferromagnetic materials
and the injection and measured variables [48], [49]. This is
discussed in the following subsection.

A. Apparent and Synchronous Inductance Definition

From the earlier discussion, the apparent inductances and the
incremental can be defined as follows.

1) The apparent (or synchronous) inductance governs the
steady-state behavior of the electrical machine. This in-
ductance is given by the static permeability (5) and can
be graphically represented as the slope of the linearized
characteristic of flux linkage versus current through the
origin and the operating point of the magnetizing curve
(see Fig. 2).

Ls =
λ(t)

i(t)
(21)

2) The incremental (or differential) inductance governs the
transient behavior of electrical machines. The incremental
inductances are given by the differential permeability (20)
and can be graphically represented as the slope of the
tangential line at the operating point of the magnetizing
curve, as shown in Fig. 2. As a result, the dq-axes HF
inductances, LdHF, LqHF, estimated using the proposed
method (17), (18) can be assumed to be equal to the
differential inductance.

LΔ =
dλ(t)

di(t)
≈ LHF (22)

Fig. 3 shows the corresponding synchronous and incremental
inductances for the magnetizing curve shown in Fig. 2. It is
seen from Fig. 3 that HF inductance could be assumed to be
approximately equal to the synchronous inductances at low

Fig. 3. Incremental and synchronous inductances of Fig. 2.

excitation levels [i.e., linear region (0≤i<iA)]. However, once
the machine starts to saturate (i.e., knee at i ≈ iA), a linear
relationship between synchronous and HF inductances cannot
be assumed anymore.

From the relationship between (21) and (22), it can be con-
cluded that for current levels > iA, the synchronous inductance
can be directly estimated from the estimated HF inductances as
follows:

L̂s(i) =

∫ i

0+ LHF di

i
(23)

It is noted that the aforementioned equation only applies when
the fundamental current is > 0. However, when fundamental
current equals to 0 A, LHF=Ls holds (see Fig. 3), and addition-
ally no torque would be produced. Therefore, using (23) will be
necessary to guarantee accurate torque estimation at any torque
level >0.

Particularizing (23) for d- and q-axes and substituting it into
the GTE, torque can be finally estimated as

T̂e =
3P
2

[(∫ i

0+ LdHF(Isd,Isq) di
r
sd

irsd
−

∫ i

0+ LqHF(Isd,Isq) di
r
sq

irsq

)
irsdi

r
sq

]
(24)

Note that cross-coupling terms have not been taken into
account. Also note that all the preceding discussions does not
introduce any restriction to the signals feeding the machine,
other than being high frequency. Therefore, it applies to any
form of HF excitation.

V. SIMULATION RESULTS

This section shows simulation results of the proposed method
obtained by means of FEA. Fig. 4 shows the schematic repre-
sentation of the machine that will be used both for simulation
and experimental verification, the parameters being shown in
Table I. It corresponds to a commercial 4p SynRM [53]. Ld0

and Lq0 shown in Table I have been measured using the proce-
dure described in [54]. Figs. 5 and 6 show simulations results
changing both dq-axes fundamental currents from 0 to 3.9 A (1
p.u.), with the machine rotating at rated speed (1500 r/min).

Fig. 5(a) and 5(b) shows the measured d- and q-axes magnetic
fluxes. Fig. 5(c) and 5(d) shows the estimated synchronous,
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Fig. 4. Schematic representation of the four-pole SynRM test machine.

TABLE I
MACHINE PARAMETERS

LdDC and LqDC, and HF, LdHF and LqHF, inductances using
(21) and (22). It can be observed that once the machine starts
to saturate, the HF inductance cannot be assumed to be equal
to the synchronous inductance anymore (see Fig. 3). This is an
expected result, as the estimated HF inductances (22) are defined
by the differential permeability (20).

Fig. 5(e) and 5(f) shows the estimated dq-axes dc inductances,
L̂dDC and L̂dDC , obtained by integration of the HF inductances
shown in Fig. 5(c) and 5(d), using (23). Fig. 5(g) and 5(h) shows
the estimation error. It is seen that synchronous inductances can
be accurately estimated from the response to the injected HF
signal even at high saturation level.

Fig. 6(a) and 6(b) shows the actual torque provided by FEA
(Tmeas), the estimated torque using the GTE assuming constant
inductances (T̂Ldq0

) and the estimated torque using the estimated

dc inductances shown in Fig. 5(e) and 5(f) (T̂L̂dqDC
). Fig. 6(c) and

6(d) shows the torque estimation errors defined as Tmeas − T̂Ldq0

and Tmeas − T̂L̂dqDC
. It can be observed that torque estimations

using the proposed method significantly improve the accuracy
especially for large values of the dq-axes current, i.e., when the
machine is highly saturated. It is observed that the maximum
torque estimation error using the GTE with constant inductances
is <3.3 Nm (≈ 34% of rated torque), being reduced to <0.16
Nm (≈ 1.7% of rated torque) when dc inductances are estimated
using the HF inductances.

VI. EXPERIMENTAL RESULTS

Experimental results have been conduced in a test bench
consisting of the test machine [53], a load machine (1.85-kW
IM) [55], and a torque sensor [56], which is used to assess the
accuracy of the proposed method. Fig. 7 shows the experimental
setup. Details of the experimental setup parameters are summa-
rized in Table II.

Fig. 5. FEA simulation results. (a) Measured d-axis flux. (b) Measured q-
axis flux. (c) DC and HF d-axis inductances [see (21) and (22)]. (d) DC and
HF q-axis inductances [see (21) and (22)]. (e) DC and estimated dc d-axis
inductances [see (21) and (23)]. (f) DC and estimated dc q-axis inductances [see
(21) and (23)]. (g) d-axis synchronous inductance estimation error. (h) q-axis
synchronous inductance estimation error.
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Fig. 6. FEA simulation results. (a) Measured and estimated torque assuming
constant machine parameters. (b) Measured and estimated torque when dc
inductances are estimated using the HF inductances. (c) Torque estimation
error assuming constant machine parameters. (d) Torque estimated error from
estimated dc parameters.

Fig. 7. Experimental set-up: Picture of the test bench.

Fig. 8(a) shows the inverter control block diagram, while
Fig. 8(b) shows the signal processing for torque estimation using
a rotating HF voltage signal injection.

Inputs of the signal processing block are the commanded
HF voltage vr∗sdqHF, the induced HF currents irsdqHF, and the
fundamental commanded current ir∗sdq . Fig. 9(a) and 9(b) shows

TABLE II
EXPERIMENTAL TEST CONDITIONS

∗According to the calibrating curve provided by the manufacturer.

Fig. 8. Implementation of torque estimation using the rotating HF voltage
injection. (a) Power converter and control overview. (b) Signal processing.

the commanded dq-axes HF voltage and the corresponding fast
Fourier transform (FFT). An HF voltage of 40 V and 500 Hz
has been used for all the experimental results. Fig. 9(c) and
9(d) shows the resulting stator dq-axes HF currents and the
corresponding FFT. A discrete high-pass filter (HPF) of 5-Hz
bandwidth has been used to remove the fundamental current
component from the measured stator currents. Fig. 9(e) and
9(f) shows the dq-axes measured fundamental currents and the
corresponding FFT after decoupling the induced HF currents
and when the test machine is operated at its rated current. A
discrete second-order low-pass filter (LPF) with a bandwidth
of 100 Hz has been used to remove the HF current from the
measured current.
Dq-axes HF inductances are estimated from the HF voltages

and currents shown in Fig. 9(a) and 9(c) using (17) and (18)
[see Fig. 9(g)]. The synchronous inductances L̂dDC and L̂qDC

are obtained using (23) [see Fig. 9(h)], torque estimation T̂e
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Fig. 9. Experimental results. (a) Injected HF voltage, vr∗sdqHF. (b) FFT of
vr∗sdqHF. (c) Induced HF currents, irsdqHF. (d) FFT of irsdqHF. (e) Fundamental
measured currents, irsdq . (f) FFT of irsdq . (g) Estimated dq-axes HF inductances
[see (17) and (18)]. (h) Estimated dc synchronous inductances (23). (i) Estimated
and measured torque. (j) Estimation errors,Tmeas − T̂Ldq0

andTmeas − T̂L̂dqDC
.

ir∗sdq=1 p.u. ωr=0.4 p.u.

being finally obtained using (24). Fig. 9(i) shows the measured
torque using the torque transducer (Tmeas), the estimated torque
using (4) (GTE) assuming constant inductances (T̂Ldq0

), and the
estimated torque using the estimated dc inductances in Fig. 9(i)
(T̂L̂dqDC

). Finally, Fig. 9(j) shows the estimation errors.
Fig. 10 shows the actual and estimated torque using the

proposed method (24) when there is a step-like change in the

Fig. 10. Experimental results. (a) Estimated and measured torque. (b) Es-
timated torque error. Transient response to a step-like change in the dq-axes
current command, ir∗sdq , from 0.6 to 1 p.u., with a current angle, β, of 45◦.
ωr=0.4 p.u.

dq-axes current command, ir∗sdq, from 0.6 to 1 p.u. with a current
angle β = 45◦ (i.e., dq-axes HF and synchronous inductances
have been estimated from 0 to 0.6 p.u. current level in steps
of 0.05 p.u. following the procedure described in Fig. 9 before
applying the step-like change). It can be observed from the error
shown in Fig. 10(b) that the torque estimator responds in the
range of milliseconds.

Fig. 11 shows experimental results when the dq-axes funda-
mental currents, ir∗sd and ir∗sq , changes from 0 to 1 p.u. in steps
of 0.05 p.u., and the machine rotates at 0.4 p.u. (600 r/min). It
is noted that according to (23), the smaller the current steps, the
better the resolution of the synchronous inductance estimation,
being the step size critical when the machine enters in the
transition region (see Fig. 1). The current step size has been
chosen to accurately estimate both dq-axes inductances when
the machine enters in the saturation region [see Fig. 5(a) and
5(b)].

Fig. 11(a) and 11(b) shows the estimated d- and q-axes
HF inductances, LdHF and LqHF using (17) and (18) and the
estimated synchronous inductances, L̂dDC and L̂qDC applying
(23). Fig. 11(c) and 11(d) shows the measured torque using
the torque transducer (Tmeas), the estimated torque using (4)
(GTE) assuming constant inductances (T̂Ldq0

), and the estimated
torque from the estimated dc inductances in Fig. 11(a) and 11(b)
(T̂L̂dqDC

).
Fig. 11(e) and 11(f) shows the torque estimation errors. Errors

are seen to significantly decrease using the proposed method
(24), especially in the high-saturation region. It is observed
that the maximum toque estimation error when using the GTE
assuming constant inductances is <3.15 Nm (i.e., < 33% of the
rated torque of the machine), while it is reduced to <0.38 Nm
(i.e., < 3.9% of the rated torque of the machine) when using the
proposed method. These results are in good agreement with the
simulation results shown in Fig. 6(c) and 6(d). Discrepancies
between FEA simulations and experimental results should be
expected due assembling tolerances and/or mismatches between
real materials and modeled materials. It is observed that the
maximum error using the proposed method (24) occurs when
the machine operates outside the maximum torque per ampere
(MTPA) region (i.e., when the fundamental current, irsdq , has a
current angle β different from 45◦ [see Fig. 11(f)]). This effect
is a matter of ongoing research.
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Fig. 11. Experimental results. (a) d-axis HF (17) and estimated dc inductances
(23). (b) q-axis HF (18) and dc inductances (23). (c) Measured and estimated
torque assuming constant machine parameters. (d) Measured and estimated
torque when dc inductances are estimated using the HF inductances. (e) Torque
estimation error assuming constant machine parameters. (f) Torque estimated
error from estimated dc parameters.

VII. CONCLUSION

This article proposes a method to enhance the SynRM torque
estimation using GTE by means of online parameter estimation.
It has been demonstrated that synchronous inductances in the
GTE can be accurately obtained by integrating the estimated
HF inductances along the fundamental current. The proposed
method has been shown to reduce significantly the torque

estimation error, especially under deep saturation. Appealing
properties of the proposed method are its capability to operate
in real time, under any speed and load condition, and without
requiring a commissioning process. However, implementation
of the proposed method in applications in which the machine
operates in the saturation region for long periods of time can
be especially challenging, as this reduces the opportunities of
refreshing the estimates. Additionally, continuously estimation
of the synchronous inductance would be required for having a
reduced torque estimation error, especially when the machine
enters in the transition magnetic operating region.

REFERENCES

[1] A. Vagati, “The synchronous reluctance solution: A new alternative in
ac drives,” in Proc. 20th Annu. Conf. IEEE Ind. Electron., 1994, vol. 1,
pp. 1–13.

[2] C. Babetto, G. Bacco, G. Berardi, and N. Bianchi, “High speed motors: A
comparison between synchronous pm and reluctance machines,” in Proc.
IEEE Energy Convers. Congr. Expo., 2017, pp. 3927–3934.

[3] M. Zimmermann, A. Lange, and B. Piepenbreier, “Experimental results
and parameter identification of a permanent magnet assisted synchronous
reluctance machine with a ribless rotor,” in Proc. IEEE Int. Magn. Conf.,
2018, pp. 1–5.

[4] J. Malan and M. J. Kamper, “Performance of a hybrid electric vehicle using
reluctance synchronous machine technology,” IEEE Trans. Ind. Appl.,
vol. 37, no. 5, pp. 1319–1324, Sep./Oct. 2001.

[5] H. Huang, Y. Hu, Y. Xiao, and H. Lyu, “Research of parameters and antide-
magnetization of rare-earth-less permanent magnet-assisted synchronous
reluctance motor,” IEEE Trans. Magn., vol. 51, no. 11, pp. 1–4, Nov. 2015.

[6] T. Lubin, H. Razik, and A. Rezzoug, “Magnetic saturation effects on
the control of a synchronous reluctance machine,” IEEE Trans. Energy
Convers., vol. 17, no. 3, pp. 356–362, Sep. 2002.

[7] T. Matsuo and T. A. Lipo, “Field oriented control of synchronous reluc-
tance machine,” in Proc. IEEE Power Electron. Specialist Conf., Jun. 1993,
pp. 425–431.

[8] S. S. Maroufian and P. Pillay, “Torque characterization of a synchronous
reluctance machine using an analytical model,” IEEE Trans. Transport.
Electrific., vol. 4, no. 2, pp. 506–516, Jun. 2018.

[9] R. Shi, H. A. Toliyat, and A. El-Antably, “A DSP-based direct torque
control of five-phase synchronous reluctance motor drive,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., 2001, vol. 2, pp. 1077–1082.

[10] A. Shinke, M. Hasegawa, and K. Matsui, “Torque estimation for syn-
chronous reluctance motors using robust flux observer to magnetic satura-
tion,” in Proc. IEEE Int. Symp. Ind. Electron., Jul. 2009, pp. 1569–1574.

[11] A. Yousefi-Talouki, P. Pescetto, G. Pellegrino, and I. Boldea, “Combined
active flux and high-frequency injection methods for sensorless direct-flux
vector control of synchronous reluctance machines,” IEEE Trans. Power
Electron., vol. 33, no. 3, pp. 2447–2457, Mar. 2018.

[12] Se-Kyo Chung, Hyun-Soo Kim, Chang-Gyun Kim, and Myung-Joong
Youn, “A new instantaneous torque control of PM synchronous motor for
high-performance direct-drive applications,” IEEE Trans. Power Electron.,
vol. 13, no. 3, pp. 388–400, May 1998.

[13] S. Kim et al., “Robust torque control of dc link voltage fluctuation for
SynRM considering inductances with magnetic saturation,” IEEE Trans.
Magn., vol. 46, no. 6, pp. 2005–2008, Jun. 2010.

[14] G. Heins, M. Thiele, and T. Brown, “Accurate torque ripple measurement
for PMSM,” IEEE Trans. Instrum. Meas., vol. 60, no. 12, pp. 3868–3874,
Dec. 2011.

[15] Interface, Torque Sensors: T5, 2019. [Online]. Available: https://
interfaceforce.co.uk/. Accessed: Sep.1, 2019.

[16] HBM, HBM Torque Sensors. [Online]. Available: https://www.hbm.com/
en/0264/torque-transducers-torque-sensorstorque-meters/. Accessed:
Oct. 16, 2019.

[17] Futek, Futek Torque Sensors. [Online]. Available: https://www.futek.com/
store/Torque%20Sensors, Accessed: Oct. 16, 2019.

[18] Magtrol Motors Testing and Sensors. Magtrol Torque Transducers.
[Online]. Available: https://www.magtrol.com/product-category/torque-
transducers/. Accessed: Oct. 16, 2019.

[19] TE Connectivity, Measure Reaction and Rotating Torque.
[Online]. Available: https://www.te.com/global-en/products/sensors/
torque-sensors.html. Accessed:Oct. 16, 2019.

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on December 13,2021 at 08:30:59 UTC from IEEE Xplore.  Restrictions apply. 



128 Publications

MARTINEZ et al.: SYNRM SENSORLESS TORQUE ESTIMATION USING HIGH-FREQUENCY SIGNAL INJECTION 6091

[20] M. Martinez, D. Fernandez, D. Reigosa, J. M. Guerrero, and F. Briz,
“Wireless torque pulsations measurement system for PMSMs,” IEEE
Trans. Ind. Appl., vol. 56, no. 6, pp. 6467–6476, Nov./Dec. 2020.

[21] P. Sue, D. Wilson, L. Farr, and A. Kretschmar, “High precision torque
measurement on a rotating load coupling for power generation operations,”
in Proc. IEEE Int. Instrum. Meas. Technol. Conf., May 2012, pp. 518–523.

[22] J. Zakrzewski, “Combined magnetoelastic transducer for torque and force
measurement,” IEEE Trans. Instrum. Meas., vol. 46, no. 4, pp. 807–810,
Aug. 1997.

[23] W. F. Traoré and R. McCann, “Torque measurements in synchronous
generators using giant magnetoresistive sensor arrays via the maxwell
stress tensor,” in Proc. IEEE Power Energy Soc. Gen. Meeting, Jul. 2013,
pp. 1–5.

[24] K. C. Yeo, G. Heins, and F. D. Boer, “Comparison of torque estimators for
PMSM,” in Proc. Australas. Universities Power Eng. Conf., Dec. 2008,
pp. 1–6.

[25] B. Cheng and T. R. Tesch, “Torque feedforward control technique for
permanent-magnet synchronous motors,” IEEE Trans. Ind. Electron.,
vol. 57, no. 3, pp. 969–974, Mar. 2010.

[26] F. Jukic, D. Sumina, and I. Erceg, “Comparison of torque estima-
tion methods for interior permanent magnet wind power generator,”
in Proc. IEEE Int. Conf. Elect. Drives Power Electron., Oct. 2017,
pp. 291–296.

[27] J. X. Xu, S. K. Panda, Y. J. Pan, T. H. Lee, and B. H. Lam, “Improved
PMSM pulsating torque minimization with iterative learning and sliding
mode observer,” in Proc. IEEE Int. Conf. Ind. Electron., Control Instrum.,
2000, vol. 3, pp. 1931–1936.

[28] B. H. Lam, S. K. Panda, and J. X. Xu, “Torque ripple minimization in PM
synchronous motors an iterative learning control approach,” in Proc. IEEE
Int. Conf. Power Electron. Drive Syst., 1999, vol. 1, pp. 144–149.

[29] X. Dong, W. Tianmiao, and W. Hongxing, “Comparison between model
reference observer and reduced order observer of PMSM torque,” in Proc.
IEEE Conf. Ind. Electron. Appl., Jun. 2011, pp. 663–667.

[30] Q. Liu and K. Hameyer, “High-performance adaptive torque control for an
IPMSM with real-time MTPA operation,” IEEE Trans. Energy Convers.,
vol. 32, no. 2, pp. 571–581, Jun. 2017.

[31] Y. A.-I. Mohamed and T. K. Lee, “Adaptive self-tuning MTPA vector
controller for IPMSM drive system,” IEEE Trans. Energy Convers., vol. 21,
no. 3, pp. 636–644, Sep. 2006.

[32] P. L. Jansen and R. D. Lorenz, “A physically insightful approach to the
design and accuracy assessment of flux observers for field oriented induc-
tion machine drives,” IEEE Trans. Ind. Appl., vol. 30, no. 1, pp. 101–110,
Jan. 1994.

[33] O. Buchholz and J. Böcker, “Gopinath-observer for flux estimation of an
induction machine drive system,” in Proc. IEEE Southern Power Electron.
Conf., Dec. 2017, pp. 1–7.

[34] K.-H. Zhao et al., “Accurate torque-sensorless control approach for interior
permanent-magnet synchronous machine based on cascaded sliding mode
observer,” J. Eng., vol. 2017, no. 7, pp. 376–384, 2017.

[35] G.-D. Andreescu, C. I. Pitic, F. Blaabjerg, and I. Boldea, “Combined
flux observer with signal injection enhancement for wide speed range
sensorless direct torque control of IPMSM drives,” IEEE Trans. Energy
Convers., vol. 23, no. 2, pp. 393–402, Jun. 2008.

[36] X. Xiao, C. Chen, and M. Zhang, “Dynamic permanent magnet flux
estimation of permanent magnet synchronous machines,” IEEE Trans.
Appl. Supercond., vol. 20, no. 3, pp. 1085–1088, Jun. 2010.

[37] K. Liu and Z. Q. Zhu, “Online estimation of the rotor flux linkage and
voltage-source inverter nonlinearity in permanent magnet synchronous
machine drives,” IEEE Trans. Power Electron., vol. 29, no. 1, pp. 418–427,
Jan. 2014.

[38] M. N. Uddin, “An adaptive-filter-based torque-ripple minimization of a
fuzzy-logic controller for speed control of IPM motor drives,” IEEE Trans.
Ind. Appl., vol. 47, no. 1, pp. 350–358, Jan. 2011.

[39] T. Liu, I. Husain, and M. Elbuluk, “Torque ripple minimization with on-
line parameter estimation using neural networks in permanent magnet
synchronous motors,” in Proc. 33rd Annu. Meeting IEEE Ind. Appl. Soc.,
Oct. 1998, vol. 1, pp. 35–40.

[40] Z. Lin, D. S. Reay, B. W. Williams, and X. He, “Online modeling for
switched reluctance motors using B-spline neural networks,” IEEE Trans.
Ind. Electron., vol. 54, no. 6, pp. 3317–3322, Dec. 2007.

[41] W. Xu and R. D. Lorenz, “High-frequency injection-based stator flux
linkage and torque estimation for DB-DTFC implementation on IPMSMs
considering cross-saturation effects,” IEEE Trans. Ind. Appl., vol. 50, no. 6,
pp. 3805–3815, Nov. 2014.

[42] B. Hafez, A. Abdel-Khalik, A. M. Massoud, S. Ahmed, and R. D. Lorenz,
“Single sensor three-phase permanent magnet synchronous motor drive
based on luenberger style-observers,” in Proc. 15th IEEE Int. Conf. Elect.
Mach. Syst., Oct. 2012, pp. 1–6.

[43] M. Martinez, D. Reigosa, D. Fernández, J. M. Guerrero, and F. Briz, “En-
hancement of permanent-magnet synchronous machines torque estimation
using pulsating high-frequency current injection,” IEEE Trans. Ind. Appl.,
vol. 56, no. 1, pp. 358–366, Jan. 2020.

[44] D. Reigosa, D. Fernandez, T. Tanimoto, T. Kato, and F. Briz, “Comparative
analysis of BEMF and pulsating high-frequency current injection methods
for PM temperature estimation in PMSMs,” IEEE Trans. Power Electron.,
vol. 32, no. 5, pp. 3691–3699, May 2017.

[45] Y. G. Kang, D. Reigosa, B. Sarlioglu, and R. D. Lorenz, “D- and q-axis
inductance estimation and self-sensing condition monitoring using 45◦

angle high-frequency injection,” IEEE Trans. Ind. Appl., vol. 57, no. 1,
pp. 506–515, 2021.

[46] M. Martinez, D. F. Laborda, D. Reigosa, D. Fernández, J. M. Guerrero,
and F. Briz, “SynRM sensorless torque estimation using high frequency
signal injection,” in Proc. IEEE 10th Int. Symp. Sensorless Control Elect.
Drives, Sep. 2019, pp. 1–5.

[47] M. Martinez et al., “Comparative analysis of high frequency signal injec-
tion based torque estimation methods for SPMSM, IPMSM and SynRM,”
Energies, vol. 13, no. 3, Jan. 2020, Art. no. 592. [Online]. Available:
https://www.mdpi.com/1996-1073/13/3/592

[48] W. J. Croisant, C. A. Feickert, and M. K. McInerney, “A differential
magnetic permeability model for pulsed magnetic field calculations,” IEEE
Trans. Magn., vol. 32, no. 5, pp. 4326–4328, Sep. 1996.

[49] M. S. Perdigao, M. F. Menke. R. R. A. SeidelPinto, and J. M. Alonso,
“A review on variable inductors and variable transformers: Applications
to lighting drivers,” IEEE Trans. Ind. Appl., vol. 52, no. 1, pp. 531–547,
Jan./Feb. 2016.

[50] A. Ganji, P. Guillaume, R. Pintelon, and P. Lataire, “Induction motor
dynamic and static inductance identification using a broadband excitation
technique,” IEEE Trans. Energy Convers., vol. 13, no. 1, pp. 15–20,
Mar. 1998.

[51] D. D. Reigosa, D. Fernandez, H. Yoshida, T. Kato, and F. Briz, “Permanent-
magnet temperature estimation in PMSMs using pulsating high-frequency
current injection,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp. 3159–3168,
Jul. 2015.

[52] H. Jung, D. Park, H. Kim, S. Sul, and D. J. Berry, “Non-invasive magnet
temperature estimation of IPMSM based on high-frequency inductance
with a pulsating high-frequency voltage signal injection,” IEEE Trans.
Ind. Appl., vol. 55, no. 3, pp. 3076–3086, May 2019.

[53] ABB. ABB products: 3GAL092007-ASB. [Online]. Available: https:
//new.abb.com/products/es/3GAL092007-ASB. Accessed: Dec. 15, 2019.

[54] V. Bobek, “PMSM electrical parameters measurement,” Freescale Semi-
conductor, vol. 7, no. 8, p. 16, 2013.

[55] ABB. ABB products: 3GAA092003-ASE, pp. 1–16. [Online]. Avail-
able: https://new.abb.com/products/3GAA092003-ASE. Accessed: Dec.
15, 2019.

[56] DELTA REGIS, Serie DRTX: DRTX-3138-50 C. [Online]. Available:
https://deltaregis.com/. Accessed: Dec. 15, 2019.

Maria Martinez (Member, IEEE) received the M.S.
and Ph.D. degrees in electrical engineering from the
University of Oviedo, Gijón, Spain, in 2017 and 2020,
respectively.

She is currently an Assistant Professor with the
Electrical Engineering Department, University of
Oviedo. She was an Intern with the Nissan Advanced
Technology Center, Japan, in 2019, and a Visiting
Student with Aalborg University, Denmark, in 2015.
Her research interests include machine diagnostics,
wireless measurement systems, sensorless control,

and digital signal processing.
Dr. Martinez was the recipient of the IEEE Power Electronics Society Ph.D.

Thesis Talk Award in 2020.

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on December 13,2021 at 08:30:59 UTC from IEEE Xplore.  Restrictions apply. 



B.1 Peer-reviewed journal publications 129

6092 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 57, NO. 6, NOVEMBER/DECEMBER 2021

Diego F. Laborda received the B.S. degree in
industrial electronic engineering in 2016 and the M.S.
degree in electric energy conversion and power elec-
tronics engineering in 2018, from the University of
Oviedo, Gijon, Spain, where he is currently working
toward the Ph.D. degree in electrical engineering.

He has been a Researcher with the Department
of Electrical, Electronic, Computers and Systems
Engineering, University of Oviedo, since 2018. His
research interests include electric machines and
power electronics for electric vehicles, wireless

measurement systems, and digital signal processing.

David Reigosa was born in Spain, in 1979. He re-
ceived the M.E. and Ph.D. degrees in electrical engi-
neering from the University of Oviedo, Gijon, Spain,
in 2003 and 2007, respectively.

He is currently a Full Professor with the Electri-
cal Engineering Department, University of Oviedo.
From 2004 to 2008, he was awarded with fellowship
of the Personnel Research Training Program funded
by the Regional Ministry of Education and Science of
the Principality of Asturias. He was a Visitor Scholar
with the Wisconsin Electric Machines and Power

Electronics Consortium, University of Wisconsin, Madison, WI, USA, in 2007.
He was a Visitor Professor with the Electrical Machines and Drives Group,
University of Sheffield, Sheffield, U.K., in 2016. His research interests include
sensorless control of induction motors, permanent-magnet synchronous motors,
and digital signal processing.

Dr. Reigosa was the recipient of nine IEEE Industry Applications Society
Conference and IEEE Energy Conversion Congress and Exposition Prize Paper
Awards.

Daniel Fernandez (Member, IEEE) received the
M.S. and Ph.D. degrees in electrical engineering from
the University of Oviedo, Spain, in 2013 and 2017
respectively.

He is currently an Assistant Professor with the
Department of Electrical, Computer and Systems En-
gineering, University of Oviedo. From July to Decem-
ber 2013, he was an Intern with the Nissan Advanced
Technology Center, Japan. From August to November
2015, he was a Visiting Student with the University
of Sheffield, and from May to July 2019, he was a

Visiting Professor with the University of Padova. His research interests include
design, control, and diagnostics of electric machines and drives.

Dr. Fernandez was the recipient of four IEEE Industry Applications Society
Conference Prize Paper Awards and the University of Oviedo Outstanding Ph.D.
Thesis Award in 2018.

Juan M. Guerrero (Senior Member, IEEE) received
the M.E. degree in industrial engineering and the
Ph.D. degree in electrical and electronic engineering
from the University of Oviedo, Gijón, Spain, in 1998
and 2003, respectively.

Since 1999, he has been in different teaching and
research positions with the Department of Electrical,
Computer and Systems Engineering, University of
Oviedo, where he is currently an Associate Professor.
From February to October 2002, he was a Visiting
Scholar with the University of Wisconsin, Madison,

WI, USA. From June to December 2007, he was a Visiting Professor with the
Tennessee Technological University, Cookeville. His research interests include
control of electric drives and power converters, electric traction, and renewable
energy generation.

Fernando Briz (Senior Member, IEEE) received the
M.S. and Ph.D. degrees in electrical engineering from
the University of Oviedo, Gijón, Spain, in 1990 and
1996, respectively.

He is currently a Full Professor with the Depart-
ment of Electrical, Computer and Systems Engineer-
ing, University of Oviedo. Dr. Briz received an IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS Award
and nine IEEE Industry Applications Society Con-
ference and IEEE Energy Conversion Congress and
Exposition (ECCE) prize paper awards. He is Past

Chair of the Industrial Drives Committee of the Industrial Power Conversion
System Department (IPCSD) of the IAS. Currently he is Vice Chair of IPCSD.
He has served in scientific committees and as Vice Chair or Technical Program
Chair of several conferences, including ECCE, IEEE International Electric
Machines & Drives (IEMDC), International Conference on Electrical Machines
(ICEM), International Conference on Electrical Machines and Systems (ICEMS)
and Symposium on Sensorless Control for Electrical Drives (SLED), and is a
Member of the Steering Committee of IEEE Journal of Emerging and Selected
Topics in Power Electronics (JESTPE) and Associate Editor of IAS and JESTPE
Transactions. His topics of interest include electronic power converters and ac
drives, power systems, machine monitoring and diagnostics and digital signal
processing.

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on December 13,2021 at 08:30:59 UTC from IEEE Xplore.  Restrictions apply. 



130 Publications

B.1.2 Permanent Magnet Synchronous Machine Torque Es-

timation Using Low Cost Hall-Effect Sensors



B.1 Peer-reviewed journal publications 131

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 57, NO. 4, JULY/AUGUST 2021 3735

Permanent Magnet Synchronous Machine Torque
Estimation Using Low Cost Hall-Effect Sensors

Daniel Fernández Alonso , YeGu Kang , Diego Fernández Laborda , María Martínez Gómez ,
David Díaz Reigosa , and Fernando Briz

Abstract—Torque measurement/estimation in permanent mag-
net synchronous machines (PMSMs) is required in a large variety
of applications. Direct torque measurement by means of torque
transducers is typically limited to laboratory applications due to
cost, reliability, and room concerns. Alternatively, torque can be
estimated. Torque estimation methods require accurate knowledge
of machine parameters. Injection of a high frequency (HF) signal
in the stator via inverter has been shown to be a viable option for
online machine parameters identification in PMSMs. However, this
introduces concerns on the performance of the machine due to the
noise, vibration, and additional losses produced by the HF signal.
This article proposes a torque estimation method for PMSMs using
low cost Hall-effect sensors. The method is based on the dependency
of the leakage flux complex vector due to interaction between
permanent magnet flux and stator coil flux and does not interfere
with the drive operation of the machine.

Index Terms—Hall-effect sensors, leakage flux complex vector,
permanent magnet synchronous machines (PMSM) leakage flux,
torque estimation.

I. INTRODUCTION

P ERMANENT magnet synchronous machines (PMSMs)
are commonly used in industrial automation for traction,

robotics, wind energy, or aerospace applications. The use of
PMSMs has been gradually increasing and replacing other
machine types due to their power density, torque capabilities,
dynamics, and efficiency [1], [2]. Accurate control, diagnostics
and monitoring of PMSM drives, are required in industrial ap-
plications. Machine torque is a variable required to e.g., enhance
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controllability [3], find the maximum torque per ampere (MTPA)
trajectory [4], early fault detection [5], or as a redundant parame-
ter for improving safety [6]. In electric vehicles or hybrid-electric
vehicles, accurate torque measurement/estimation is required
for the implementation of torque vectoring [7], antilock braking
system (ABS), vehicle stability control or antislip regulator
controller [8].

PMSMs torque can be measured or estimated. Torque mea-
surement systems can be roughly classified according to the
measured variable: torsional strain between shafts or torsional
displacement of a shaft. Torque transducers measure torsional
strain between two rotating shafts, typically using strain gauges
[9],[10], while torsional displacement is measured using optical
sensors [11], [12]. Measured signals can be transmitted to the
stationary part using slip rings, optical grating, or wirelessly.
However, all torque measurement systems are typically expen-
sive and bulky. Also, they lower the robustness of the drive
and their performance can be compromised by environmental
conditions e.g., due to electromagnetic interference. Torque
transducers also require well-balanced mechanical coupling
systems, which extend the shaft length, increasing the system
inertia and modifying mechanical resonances. For these rea-
sons, torque transducers are typically limited to laboratory and
test equipment. Torque estimation techniques are therefore the
preferred option for industrial applications.

A variety of PMSMs torque estimation methods have been
proposed, including those based on the general torque equation;
use of neural networks; use of flux observers; and use of high-
frequency signal injection. General torque equation-based meth-
ods require accurate knowledge of machine parameters, e.g.,
permanent magnet (PM) flux linkage or the inductances [14],
[15], which will vary with machine operating conditions. Torque
estimation algorithms based on neural networks require large
computational capability and are also parameter dependent [16].
Flux observers have been used for torque estimation purposes
[17], [18], their main disadvantage being the machine parame-
ters dependency. PMSMs parameters can also be estimated by
means of high-frequency signal injection-based methods [19],
[20], which are independent of machine working conditions. The
main drawbacks of these techniques are the additional losses,
noise, and vibration induced due to the injected HF signal.
Table I summarizes advantages and disadvantages of the torque
estimation methods discussed abovementioned.

This article proposes a method for torque estimation using
the flux measurements provided by linear Hall-effect sensors

0093-9994 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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TABLE I
TORQUE MEASUREMENT/ESTIMATION METHODS

*Cost of the proposed system will be null in case the PMSM is equipped with linear
Hall sensors.

[21]–[25]. Hall-effect sensors are typically used in PMSM for
initial position estimation including polarity [21]–[25], but can
also be used for diagnostic and monitoring purposes e.g., PM
temperature estimation [26], rotor load defects detection [27], or
improve fault tolerant capability [28]. The proposed method is
based on the dependency of the flux measured by the Hall-effect
sensors on the PM flux and the stator coils currents. Hall-effect
sensors located in the stator provide stationary measurement of
PM leakage flux, which is affected by d- and q- axes currents in a
different manner: flux weakening current changes its amplitude,
whereas torque current shifts PM flux lines to induce torque
[26]. The proposed method is insensitive to magnet temperature
or flux-weakening current and can be applied to both surface per-
manent magnet synchronous machines (SPMSMs) and interior
permanent magnet synchronous machines (IPMSMs) [29].

This article is organized as follows: Hall-effect sensor-based
flux leakage measurement in PMSMs is presented in Section II,
torque estimation using leakage flux is presented in Section III,
experimental results are provided in Section IV, and conclusion
is finally presented in Section V.

II. HALL-EFFECT SENSOR-BASED LEAKAGE FLUX

MEASUREMENT IN PMSMS

This section describes the leakage flux measurement system
in PMSMs. Fig. 1 shows the IPMSM and the SPMSM designs
that will be used for the analysis of the proposed method. The
IPMSM is a prototype and the SPMSM is commercial machine
from ABB. Their main characteristics are shown in Table II.

Fig. 1 (a) and (c) show the location of the three Hall-effect
sensors (Ha, Hb, and Hc) in each machine. Fig. 1(b) and (d)
show the coordinate system, with x-axis being aligned with the
rotor tangential direction and y-axis being aligned with the radial
direction. Axial flux (z-axis) does not contain useful information
for torque estimation purposes at the current location and will
not be further referenced. The phase shift among sensors is 120
electrical degrees. This corresponds to 40 mechanical degrees
in the 6-pole IPMSM in Fig. 1(a), and 30 mechanical degrees in
the 8-pole SPMSM in Fig. 1(c).

Fig. 1. Schematic representation and sensors location. (a) Two-dimensional
(2-D). (b) 3-D for the IPMSM. (c) 2-D. (d) 3-D for the SPMSM; x and y
correspond to the tangential and radial directions, respectively.

TABLE II
ELECTRIC AND GEOMETRIC MACHINE PARAMETERS

Fig. 2 shows flux lines distribution on y-z plane of the IPMSM
obtained by means of finite element analysis (FEA). It can be
observed that the maximum concentration of leakage flux lines
occurs at the edge of the PM. Therefore, this is considered the
most suitable location for the Hall-effect sensors.

An example of the FEA calculated magnetic leakage flux den-
sity along the x-axis direction (tangential) and y-axis direction
(radial) seen by the sensors during a rotor revolution is shown
in Fig. 3. It can be observed that the flux at the sensors’ location
consist of quasi-sinusoidal fundamental wave plus harmonics,
the phase shift of the fundamental wave among sensors being
120°. It is observed that the magnitude in the radial direction is
around twice of that in the tangential direction. Therefore, radial
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Fig. 2. FEA results. Leakage flux on y-z plane under no load conditions and
Hall sensor location.

Fig. 3. FEA results. Flux density at sensors location for the IPMSM case.
(a) Tangential (x-axis). (b) Radial direction (y-axis).

flux measurements (i.e., y-axis) will be used in this article for
torque estimation purposes.

III. TORQUE ESTIMATION USING THE MEASURED LEAKAGE

FLUX BY HALL-EFFECT SENSORS

A. Torque Estimation

The total torque induced in a PMSM is defined by (1), where
p is the number of pole pairs of the machine, λr

ds and λr
qs are

the d- and q- axes stator flux linkages, and irds and irqsare the d-
and q- axes currents in a reference frame synchronous with the
rotor, respectively. Assuming a similar behavior of λr

ds and λr
qsin

the stator and rotor cores, as it will be shown later, radial and
tangential leakage flux components, λr

ldsand λr
lqsare given by

the interaction of the coil flux and PM flux and can be measured
using Hall-effect sensors. The leakage flux measured by the
Hall-effect sensors will be labeled as BHam, BHbm, and BHcm,
where subindex m stands for x or y component. From the three
measurements a leakage flux complex vector �Bs

ldqs(2) in the
stator reference frame is defined considering (3). The leakage
flux complex vector in the stator reference frame �Bs

ldqs can be

transformed to a rotor synchronous reference frame �Br
ldqs (4).

Fig. 4. FEA results of the relationship between stator flux linkage and
leakage flux measured by the Hall-effect sensors for the IPMSM. (a) d-axis (kd).
(b) q-axis (kq).

Fig. 5. Torque estimation for mounting errors in one sensor. (a) Radial dis-
placement. (b) Axial displacement. (c) Axial displacement (i.e., phase shift).
n = 500 rpm.
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Fig. 6. Block diagram for torque estimation using leakage flux components.

Fig. 7. Test machines. (a) IPMSM end-shield with the Hall-effect sensors. (b)
SPMSM end-shield with the Hall-effect sensors. (c) Test bench for the IPMSM.
(d) Test bench for the SPMSM.

The relationship between the stator flux linkage,
−→
λ r

ldqs , and

the leakage flux density, �Br
ldqs , measured by the Hall-effect

sensors is given by the coefficients kd and kq as shown by (5) and
(6), respectively; kd and kq as a function of irds and irqs are shown
in Fig. 4. It can be observed that kd is highly dependent on d-axis
current but is barely affected by q-axis current [see Fig. 4(a)]. kq
in Fig. 4(b) presents similar trends but is nearly constant in the
second and third quadrants of the dq plane. It is concluded from
(5) to (6) and Fig. 4 that machine torque could be modeled as (7).
kd and kq depend on the machine geometry, materials and sensor
active area. In this work, they will be estimated experimentally
from the measured leakage flux maps and torque.

For operating conditions with low or no flux weakening oper-
ation, (i.e., negative d-axis current), the term kdB

r
ldsi

r
qs is dom-

inant; kd can be considered as a constant under these working
conditions, see Fig. 4(a). For high flux weakening operation, the
term kqB

r
lqsi

r
dsbecomes dominant, kq can be assumed constant

under these working conditions, see Fig. 4(b).

T =
3p
2
(λr

dsi
r
qs − λr

qsi
r
ds) (1)

Fig. 8. – IPMSM experimental results. (a) d-axis leakage flux measured in the
Idq plane. (b) q-axis leakage flux measured in the Idq plane. n = 500 rpm and
Idq step = 5A.

�Bs
ldqs =

2
3
(BHam + aBHbm + a2BHcm) (2)

a = ej2π/3 (3)

�Br
ldqs =

�Bs
ldqse

jθr (4)

kd =
λr
ds

Br
lds

(5)

kq =
λr
qs

Br
lqs

(6)
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Fig. 9. – SPMSM experimental results. (a) d-axis leakage flux measured in
the Idq plane. (b) q-axis leakage flux measured in the Idq plane. n = 500 rpm
and Idq step = 5A.

T̂ =
3p
2
(kdB

r
ldsi

r
qs − kqB

r
lqsi

r
ds) (7)

ε =
T − T̂

T
× 100 (8)

The block diagram of the proposed torque estimation method
is shown in Fig. 6. The inputs of the control block diagram are the
measured leakage flux signals (BHam, BHbm, and BHcm), which
are low-pass filtered to remove high-frequency induced noise.
This filter is analog to prevent aliasing, with a cutoff frequency
of 5 kHz. The flux leakage complex vector (2) is obtained
afterwards and transformed to a rotor synchronous reference
frame. The resulting d- and q-axes leakage flux components
are multiplied by the corresponding scaling factors and stator
currents to provide the estimated torque (7).

B. Implementation Issues

Mounting errors can be due to axial displacement, radial
displacement, or angular displacement [21].

Axial and radial displacement induces a variation of the
magnetic flux density measured by the sensor both in x- and
y-axes directions, where the measured magnetic flux densities
decrease as the sensor is moved further away from the magnet.

Fig. 10. IPMSM torque. (a) Measurement using a torque transducer.
(b) Estimated using the proposed method. Dotted lines delimit constant torque
regions. n = 500 rpm and Idq step = 5A.

This variation can be modeled as a variation of the gain of the
sensor, which adds a positive and a negative sequence at ±ωr to
the fundamental component of the leakage flux complex vector,
�Bs
ldqs. Angular displacement among sensors also adds a positive

and a negative sequence at ±ωr to the fundamental component
of the leakage flux complex vector, �Bs

ldqs, but shifted π/2 [21].
The positive and negative sequence will produce oscillations in
both the d, Bs

lds and q, Bs
ldsleakage flux components that will be

reflected on the torque estimation. Fig. 5 shows the oscillations
produced in the estimated torque when one sensor is shifted in
the radial an axial direction up to 5 mm and when the sensor is
shifted up to 15 electrical degrees.

Different magnetization state of the magnets due to assem-
bling tolerances or partial (local) demagnetization may also
affect the developed torque of the machine. When uniform
demagnetization occurs, the output torque of the machine will be
reduced (for a given current). The proposed method will detect
this variation, i.e., a uniform demagnetization does not affect
to the method applicability. When nonuniform demagnetization
occurs, the mean output torque of the machine will be slightly
reduced (for a given current). The proposed method will detect
this variation since the leakage flux will be reduced accordingly,
i.e., a nonuniform demagnetization does not affect to the method
applicability.
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Fig. 11. IPMSM torque error. n = 500 rpm and Idq step = 5A.

Fig. 12. SPMSM torque. (a) Measurement using a torque transducer.
(b) Estimated using the proposed method. Dotted lines delimit constant torque
regions. n = 500 rpm and Idq step = 5A.

IV. EXPERIMENTAL RESULTS

As discussed in Fig. 1, Hall-effect sensors [30] are attached
to the end shield of the IPMSM and SPMSM as shown in
Fig. 7(a) and Fig. (b), respectively. The test machines are fed by
an inverter, the switching frequency is set to 10 kHz. A torque
transducer (T25 from Interface) of ±100 Nm with a combined

Fig. 13. SPMSM torque error. n = 500 rpm and irdqs step = 5A.

error (i.e., due to nonrepeatability and temperature) of ±0.1%
is used for torque measurement in both cases. The machines
are mechanically coupled to a motion-controlled PMSM that
will operate as a load. These machines will be experimentally
evaluated using the test benches shown in Fig. 7(c) and (d), their
main design parameters being shown in Table II.

Conventional linear Hall-effect sensors typically used in com-
mercial PMSMs will be used in this work [30]. Although prac-
tical implementation of the method proposed can be achieved
using only radial and tangential flux, an arrangement of two sets
of three flux sensors capable of measuring both tangential and
radial leakage flux has been installed in the motor end-shields as
shown in Fig. 7(a) and b). Experimental results will be conducted
at a constant rotational speed, n, of 500 rpm; experimental
results at different speeds are not included because the flux
measurement is speed independent [26]. Magnet temperature
variation has not been included in the study because it has
been extensively studied in [26]. As shown in [26], as the PM
temperature raise, both PM flux linkage and PM leakage flux
decrease. The proposed method will estimate a lower torque
as the PM temperature increases according to (7) and [26], so
estimated torque will not be affected.

A. Magnetic Flux Density Measurement

Figs. 8 and 9 show the variation of Br
lds and Br

lqswithin the
Idq plane for the IPMSM and the SPMSM shown in Fig. 1,
respectively. As expected, Br

ldsdecreases when flux weakening
current is applied (i.e., negative irds), whereas increases when
flux intensifying current (i.e., positive irds) is applied. Figs. 8(a)
and 9(a) also show a slight dependency of Br

lds and irqs , due
to the cross coupling between the d- and q- axes. Figs. 8(b) and
9(b) show thatBr

lqs is highly dependent on irqs in both machines,
which was expected since Br

lqs is mainly due to irqs. Br
lqs is

slightly affected by d-axis flux due to cross coupling between
axis as shown in Figs. 8(b) and 9(b).
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B. Experimental Results for the IPMSM

The proposed torque estimation method is experimentally val-
idated in the IPMSM shown in Figs. 1 and 7. For the experimental
results shown in this section, the rotor speed is kept constant at
500 rpm and d- and q-axes currents are varied from −1 to 1pu
in steps of 0.33 pu. Under these conditions, torque is measured
using the torque transducer and estimated using the Hall-effect
signals (BHa, BHb, and BHc). Color map in Fig. 10(a) shows the
measured torque on the Idq plane; a discontinuous line shows
the limit for the current complex vector, the figure also shows
machine’s MTPA and Maximum Torque Per Voltage (MTPV)
trajectories.

Fig. 10(b) shows the estimated torque using (7) on the Idq
plane. Fig. 11 shows the absolute torque error, i.e., difference
between Fig. 9(a) and (b). A maximum error of ±3 Nm is
observed, which is limited to −2.5 to 3.3 Nm in the second
and third quadrants of the Idq plane (i.e., machine can either
operate as a motor or as a generator). In any case, estimation
error is affected by both irds It can be observed that the absolute
error increases as the operating point moves along the MTPA
curve and reaches its maximum at high flux weakening levels. If
second or fourth quadrant are considered, the absolute estimation
error ±3 Nm. Fig. 11 also shows that the estimation error is
affected by both irds and irqs currents.

C. Experimental Results for the SPMSM

The proposed torque estimation method is experimentally
validated in an SPMSM equipped with the same Hall-effect
sensors as the IPMSM and under the same working conditions.
Fig. 12(a) shows the resulting measured torque on the Idq plane
using the torque transducer; a discontinuous line shows the limit
for the current complex vector, the figure also shows machine’s
MTPA and MTPV trajectories. Fig. 12(b) shows the resulting
estimated torque on the Idq plane using (7). Fig. 13 shows the
absolute error, the error varying from ±3.2 Nm. Fig. 12 also
shows that the maximum error was obtain when the machine is
operating along the MTPA line (i.e., typical operating region of
SPMSMs) is ±0.5 Nm. The estimation error is barely affected
by both irds and irqs currents for the SPMSM.

D. Online Torque Estimation

The control block diagram shown in Fig. 6 is used for online
torque estimation, which has been performed on the IPMSM
shown in Fig. 1. Fig. 14 shows online toque estimation ex-
perimental results when Id current is set to zero and Iq varies
with time. Fig. 14(a) shows the d and q-axis currents, the mea-
sured leakage flux densities, BHa, BHb, and BHc, are shown in
Fig. 14(b), whereas the leakage flux complex vector components
are shown in Fig. 14(c). The resulting measured and estimated
torque based on (7) are shown in Fig. 14(d), with kq = 1.993 and
kd = 31.323. These values have been set to minimize the peak
error when the machine is being operated in the second quadrant
of the Idq plane, according to Fig. 4. The absolute estimation
error is shown in Fig. 14(e), which is seen to be within ±2 Nm.
Fig. 14 (f) shows the relative error (8). As expected, the relative

Fig. 14. Online torque estimation in an IPMSM for Iq current variation. (a)
Current commands. (b) Measured flux signals. (c) Leakage flux complex vector
components. (d) Measured and estimated torque. (e) Estimation error (absolute).
(f) Estimation error (relative). n = 500 rpm.

error tends to infinity when the actual torque is zero. It can also
be observed that when the actual torque is different from zero,
the estimated error remains within ±10%; according to Fig. 5,
oscillations in Fig. 14 are due to assembling tolerances of the
sensors in test bench.
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Fig. 15. Online torque estimation in an IPMSM for Id current variation. (a)
Current commands. (b) Measured flux signals. (c) Leakage flux complex vector
components. (d) Measured and estimated torque. (e) Estimation error (absolute).
(f) Estimation error (relative). n = 500 rpm.

Fig. 15 shows online toque estimation experimental results
when Iq current is set to 10 A and Id varies with time. Fig. 15(a)
shows the d and q-axis currents, the measured leakage flux den-
sities, BHa, BHb, and BHc, are shown in Fig. 15(b), whereas the
leakage flux complex vector components are shown in Fig. 15(c).
The resulting measured and estimated torque based on (7) are
shown in Fig. 15(d), with kq = 1.993 and kd = 31.323 as in
Fig. 14. The absolute estimation error is shown in Fig. 15(e),

which is seen to be within ±3 Nm. Fig. 15(f) shows the relative
error (8). It can be observed that the estimated error remains in
the ±10% range. However, the average value is near zero, and
according to Fig. 5, oscillations in Fig. 15 are due to assembling
tolerances of the sensors in the machine.

V. CONCLUSION

Torque estimation in PMSMs using Hall-effect sensors has
been analyzed in this work. The proposed method relies on the
measurements provided by linear Hall-effect sensors typically
used in commercial PMSM drives for motion control. The flux
measured by the Hall-effect sensors is used to define a leakage
flux complex vector, which is used for torque estimation pur-
poses. Experimental results have been presented for a SPMSM
and an IPMSM to demonstrate the viability of the proposed
method.
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Abstract—Battery management systems (BMSs) are key compo-
nents in battery storage systems in order to guarantee their safe op-
eration and improve their performance, reliability, and efficiency.
BMSs monitor critical parameters in the battery as state of charge
(SOC), state of health (SOH), or temperature. Direct measure of
SOC or SOH is not possible, while temperature, on the other hand,
can be measured with different types of sensors. These sensors,
although cost-effective, raise concerns regarding cabling, signal
conditioning and acquisition systems, increasing cost, complexity,
and decreasing reliability. The internal resistor of the battery has
already been successfully used to estimate these parameters. BMS
can also include the function of balancing (equalizing) cells of a
battery pack. Among all available equalizing systems, those based
on switched capacitors are interesting due to their simplicity and
easy scalability. This article proposes an internal resistance (IR)
estimation method for LiFePO4 batteries using signals naturally
produced by a switched-capacitor equalizer (SCE). The IR will be
used to estimate the battery temperature. It will be shown that the
method can operate online and without interfering with the regular
operation of the SCE.

Index Terms—Internal resistance (IR) estimation, LFP/LiFePO4

batteries, switched-capacitor equalizer (SCE), temperature
estimation.

I. INTRODUCTION

THE use of battery-based energy storage systems (ESS) has
highly increased in the last decades [1]. They can be found
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in a broad range of applications, such as electric vehicles [2],
smart grids [3], aerospace applications [4], and all kinds of small
appliances applications as mobile devices [5].

There is a wide variety of rechargeable battery (secondary
batteries) technologies that could be used for ESS, as nickel-
cadmium (NiCd), Pb-acid, or lithium-ion (Li-ion). Among these,
Li-ion batteries (LIBs) are one of the most appealing batteries
for high-capacity ESS due to their high energy density, good
temperature operation range, low self-discharge, high efficiency,
and high cell voltage compared with NiCd or Pb-acid [5], [6].

Since the cell voltage and/or current in any of these cases
is low compared with typical industrial requirements, bat-
tery packs are built stacking cells in series and/or parallel
configurations [2], [6]. Manufacturing tolerances, temperature
differences, cell distribution inside the pack (which affects
the battery temperature), among other reasons, result in volt-
age imbalances among cells during normal pack operation.
These imbalances accelerate the aging of cells and result in
an increase of the internal battery resistance and a decrease in
its capacity. Mismatches in voltage among cells also increase
the internal battery temperature, decreasing, therefore, operation
safety [7], [8]. Thermal behavior is also heavily affected by how
the battery is employed in terms of current demand and sudden
load changes [9]. Active materials in the LIBs can be potentially
damaged in the case of overvoltage or undervoltage [10], [11].
For all these reasons, battery management systems (BMS) are
needed to increase the overall safety of the system: monitor
critical parameters as temperature, state of charge (SOC) or
state of health (SOH) [3]–[13], control operational conditions
and cell balancing, extend the life of the battery and ensure
a safe range of operation for all the cells forming the pack
[6], [12].

One of the main features of BMSs is the equalizing of cells,
which allows us to maximize the energy extracted from the bat-
tery pack without compromising safety [11]. Among proposed
equalizers in the literature, the SCEs [11], [14]–[18] are one of
the most appealing techniques to equalize single cells due to its
low cost and simplicity. They can be used to balance all kinds of
battery chemistries, as Pb-acid or nickel-based [14] or LIBs [11],
[17], [18]. Unlike other equalizers, SCEs can work effectively
both during battery charging or discharging [7]. SCEs equalize
cells in terms of voltage, which means that there will be energy
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transfer between the cells while there is a voltage difference
among them.

Another important feature of a BMS is battery temperature
knowledge. Batteries’ temperature can be directly measured
using temperature sensors [19]. These sensors, although cheap,
raise concerns regarding cabling, signal conditioning and ac-
quisition systems, increasing cost, system complexity, and the
number of elements susceptible to failure [20], [21]. As an
alternative, the batteries’ temperature can be estimated. Temper-
ature estimation methods based on the dependency of a battery
parameter with its temperature are the most popular [19]–[23].
On the other hand, since SOC and SOH cannot be directly
measured, estimation methods must be implemented [12].

Several methods to estimate battery parameters can be found
in the literature: the real part [19], [21], the imaginary part
[20], the magnitude [21], and the phase shift [23] of the bat-
tery impedance being the most relevant. This kind of meth-
ods estimate the battery impedance from the battery terminal
voltages and currents when the battery is being connected to
a power converter that has the capability of injecting some
high-frequency signal superimposed on top of the fundamental
dc component, i.e., these methods work in an analogous way
to the electrochemical impedance spectroscopy (EIS) analysis
[20] but only for a single frequency.

This article, which is the extended version of the conference
paper [1], proposes an online battery internal resistance (IR)
[24] estimation method, i.e., during cell balancing, for SCEs.
The IR of the battery is estimated using signals produced by the
SCE regular operation; the IR will be used for cell temperature
estimation, therefore this method cannot be directly compared
to [19]–[23]. Nevertheless, and since battery packs can be
connected to the rest of the system using a power converter,
both estimation methods could be employed simultaneously,
thus increasing the reliability of the temperature estimation.
Besides, and as it will further explained in Section IV, once the
cells are equalized, there is no voltage difference among them,
nor equalization current, meaning that the IR can no longer be
estimated with the proposed method. Due to this, combining
the proposed method in this article with the ones proposed in
[19]–[23], in those cases where a power converter is employed
to connect the battery pack to the rest of the system, could be a
way of expanding the cell temperature estimation. The current
level and SOC could also affect the proposed method, this will
be analyzed in Section IV.

The article is organized as follows: the basis of SCEs is pre-
sented in Section II; electrical modeling of batteries is discussed
in Section III; the proposed method for battery IR estimation is
presented in Section IV; simulations and experimental results
are shown in Sections V and VI, respectively; conclusions are
finally presented in Section VII.

II. SWITCHED-CAPACITOR EQUALIZER

This section presents a brief review of different equalizing
methodologies, focusing on switched-capacitor equalizers
(SCEs). Battery/cell equalizers extract energy from the most
charged cell of a battery pack and either dissipate or transfer
it to a less-charged cell. The first method is known as passive

balancing and the second as active balancing. Passive balancing
is relatively inexpensive and easy to implement, although
dissipating excessive energy makes it inefficient. Due to this,
recent research efforts are focused on active balancing methods.
Methods for active balancing can be classified according
to different criteria, as the connections between the cells
(cell-to-cell, pack-to-cell, cell-to-pack …) or according to the
circuit topology (shunting, shuttling, or energy conversion
methods) [7], [12]. Shunting methods transfer the energy from
one cell to another without any external energy storage device,
unlike shuttling methods that use external energy storage
devices, e.g., capacitors, inductors, or other batteries. The
so-called energy conversion methods [7] use isolated converters
for equalizing the cells. This solution is the most expensive
among them and often used to balance packs of cells, while the
other two are more suitable to equalize single cells.

Among shuttling active balancing methods, one of the most
appealing methods to equalize single cells is the switched
capacitor equalizer [14], due to its low cost and simplicity.
This cell-to-cell equalizer balances the voltage of N cells with
N-1 capacitors and 2N switches, see Fig. 1(a). The switches
continuously work during regular operation of the battery with a
fixed duty cycle of 50% but the corresponding dead time to avoid
shortcircuit, alternating ON/OFF states between switches “a” and
“b.” This results in a very easy system that can work without any
control strategy: there will be energy transfer between the cells
if there is a voltage difference among them. This can be seen
in Fig. 1(b), where Ts is the switching period and dt is the dead
time. This way, each capacitor is connected half of the switching
period in parallel with one cell and the second half with an
adjacent cell, transferring energy from the one with the highest
voltage to the one with the lowest voltage. This is schematically
shown in Fig. 1(c) assuming VB1 > VB2 > VB3. In the state
1 (in red), B1 charges C12 and B2 charges C23, i.e., they are
connected in parallel, and in state 2 (blue), C12 discharges over
B2 and C23 discharges over B3.

The main advantages of this equalizer are that it does not
require control, it is fully scalable, cost-effective, and easy to
implement. In addition, and unlike other methods, it can work
effectively both in charge and discharge [7]. As a drawback,
cells only transfer energy effectively to their adjacent ones,
so the energy might need to flow through a large number of
cells, which increases the losses and the equalization time [11].
Another drawback is that the equalization speed depends on
the voltage difference, so the process becomes slower as the
voltage difference decreases. Note that this equalizer may induce
losses if the switching is maintained once the cells are voltage
balanced. To avoid this, a voltage threshold to start and stop
the equalization may be selected. Since SCEs can be used with
different types of battery chemistry [14], the selection of this
threshold will depend both on the application and the cells that
are being balanced. For example, when equalizing lead-acid
cells, the threshold can be higher than when equalizing LiFePO4,

since the latter has a much flatter SOC-OCV curve [12]. This
threshold will also be related to the resolution of the acquisition
system, as will be explained in Section VI. It can be concluded
that it is not straightforward to give a threshold figure valid for
any battery chemistry/application.
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Fig. 1. Switched capacitor equalizer with three cells. (a) Schematic with three
cells. (b) Switching function. (c) Paths for the energy at both switching states.
(d) Prototype for balancing up to four cells.

Fig. 2. Double-tiered SCE.

A prototype for an SCE to balance four cells is shown in
Fig. 1(d). This prototype will be used for the experimental
verification of the proposed battery IR estimation method.

The SCE from Fig. 1(a) can have large equalization time,
especially if the capacity of the cells is high or they are extremely
unbalanced. However, it is expected that this time is reduced
if the SCE is permanently connected since it will not allow
large unbalances among cells. To reduce this time, different
SCE topologies have been proposed. These equalizers improve
the equalization time at the price of increasing the number of
components used or the loss of modularity. These alternative
SCE topologies are briefly analyzed in the following paragraphs
[11], [14]–[18].

A. SCE Topologies

1) Basic SCE [14]: Fig. 1. Explained earlier in this section.
2) Double-tiered SCE [11], [15], [16]: Fig. 2. An extra capac-

itor bridges the capacitors in the first row, so batteries have two
paths to exchange charge, reducing the equalization time. As a
drawback, there is a need for adding an extra capacitor to the
system, which must withstand the combined voltage of all the
capacitors, compromising the scalability of the topology.

3) Chain structure using additional switches or capacitors
[11]: Fig. 3. Requires four additional switches compared to
the double-tiered SCE, top and bottom cells become, therefore,
adjacent, forcing them to exchange energy between them and
their adjacent cells only, and not with all the cells in the pack
as in the previous case. The scalability of this topology is
compromised as in the previous case since the voltage that the
new switches must withstand is the same as the whole battery
pack.

4) Star-structured SCE [15]: Fig. 4 left. It requires one addi-
tional capacitor respect to the classic proposal and connects the
capacitors in a star-structure that allows the interconnection of
all the cells at the same time, which decreases the equalization
time (making it independent of the initial imbalance status of
the string) and efficiency. As a drawback, the scalability is
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Fig. 3. Chain structure using additional switches or capacitors.

Fig. 4. Star-structured SCE (left) and star-structured SCE with one less
capacitor (right).

again compromised because the voltage that each capacitor must
withstand is different. A variation of this equalizer with one less
capacitor can be seen in Fig. 4 right, [15], [17].

5) Delta-structured SCE [18]: Fig. 5. This equalizer adds
capacitors in such a way that there is always one capacitor
connecting any two cells, allowing the interconnection of all the
cells at the same time. As the double-tiered SCE, it maintains
the number of switches but increases the number of capacitors
(in a higher number) while reducing the equalization time. The
voltage that each capacitor must hold is different and dependent
on the cells they are bridging.

A summary of the SCEs presented in this section is given in
Table I, which shows a comparison among SCEs based on the
number of switches and capacitors depending on the number of
series-connected cells (N), if the equalization time varies with

Fig. 5. Delta-structured SCE.

TABLE I
COMPARATIVE OF DIFFERENT SWITCHED-CAPACITOR METHODS

a change in the position of the cells and if the capacitors can
be all equal or not depending on the voltage that they should
withstand.

The previous discussion considered only balancing systems
based on switched capacitors. They all have, in common, the
same working principle, being cost-effective solutions easy to
implement, thanks to the absence of control. The main difference
among them is the number of components and their connection,
which changes the equalization time. There are more complex
systems based on the same principle that combine inductors and
capacitors to improve the performance in terms of speed and
losses, such as achieving zero-current switching [25]. However,
the increased difficulty in the design and number of components
makes them impractical for low-cost applications.

III. ELECTRICAL EQUIVALENT BATTERY MODEL

There are several ways of modeling the battery behavior: elec-
trochemically (complex and difficult to obtain), mathematically
(abstract and application-focused), and electrically (electrical
equivalent models based on a combination of electrical passive
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Fig. 6. Randles equivalent model derived from the EIS analysis. (a) Circuit.
(b) Nyquist plot.

Fig. 7. (a) Thèvenin equivalent model of a battery. (b) Response of a battery
to a current step.

elements). The latter are the most appealing due to their intu-
itiveness and computational burden [9], [26]. Among electrical
models, the Randles [20], [26]–[28], see Fig. 6, and the Thèvenin
[9], [26], [29], [30], see Fig. 7, models are the most commonly
used.

The Randles model [Fig. 6(a)] is obtained from the EIS, a
standard methodology for battery characterization. It consists of
applying ac voltage to the battery and measures the resulting cur-
rent to estimate the impedance at different frequencies [Fig. 6(b)]
[27], [28]. Each range of frequencies is dominated by different
phenomena in the battery [diffusion effect, solid-electrolyte
interface (SEI) resistance, metal collectors, etc.] [20].

TABLE II
BATTERY MODEL PARAMETERS

In Fig. 6(a), Zw represents the Warburg impedance, which
accounts for the diffusion phenomena (low frequencies). The
RC circuit corresponds to the electrolyte and SEI resistance on
the anode. Finally,Ri is the IR, point in Fig. 6(b) when the battery
impedance changes from capacitive to inductive [20], [27].
Fig. 6(b) shows the EIS analysis (Nyquist plot) of the LiFePO4

cell used in this article; the x-axis represents the resistance and
the y-axis represents the reactance (sign reversed), while each
point in the graph corresponds to a different frequency. The
frequency increases following the arrow direction where the red
point indicates the smallest analyzed frequency.

On the other hand, the Thèvenin model, see Fig. 7(a), can be
obtained from the battery response to a current step; parameter
identification is obtained from the voltage transient response,
see Fig. 7(b) [29]. In Fig. 7(b), Ri is the cell IR, accounting for
the resistance of the contacts, terminals, collectors, electrodes,
and electrolyte, while RD and CD model the dynamic response,
resulting from the effect of diffusion and charge transportation.
Finally, CSOC models the battery capacity, CSOC voltage repre-
senting the battery open-circuit voltage (OCV) [26], [30].

The transfer function of this model is shown in (1). The first
term on the right-hand side of (1) corresponds to the IR, Ri,
and is obtained from the initial response to the current step,
see Fig. 7(b). The second term on the right-hand side of (1) is
the dynamic RC circuit, a first-order system corresponding to
the exponential part of the voltage variation, see Fig. 7(b). The
last term on the right-hand side of (1) is CSOC, a pole at the
origin, which accounts for the continuously increasing slope in
the voltage in Fig. 7(b) due to a constant current.

G(s) =
Vbat(s)

Ibat(s)
= Ri +

RD

1 +RDCDs
+

1
s
CSOC (1)

Among these models, the Thèvenin one is the most appropri-
ate for battery parameter identification using an SC equalizer,
since the process for extracting the parameters involved in (1)
(i.e., step response) is similar to the steps produced in the battery
as a result of the SC switching.

IV. BATTERY PARAMETER IDENTIFICATION

BASED ON SC EQUALIZERS

This section presents the proposed method for battery IR
estimation using signals produced by the SCE operation. A
simplified scheme of an SCE is presented in Fig. 8(a), where
the battery and SCE parameters are shown in Table II. The
circuit is connected at the instant ti, and the waveforms resulting
from this connection are shown in Fig. 8(b), which resemble
SCE waveforms. Note that applying an impulse in the voltage is
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Fig. 8. (a) Simplification of the SCE, modeling the battery as a first-order
Thèvenin model. (b) Resulting voltage and current waveforms.

analogous to applying an impulse in the current from the point
of view of battery parameter estimation [29].

Before the switch connection, there is no current circulation,
so the voltage measured [Vbat in Fig. 8(a)] is the OCV (the
voltage in the capacitor CSOC). After the switch connection,
there is a current flowing from/to the battery and consequently
a voltage drop in the battery IR, Ri, exists. Therefore, Ri can
be obtained from (2). Vbat(ti+) and Ibat(ti+) are the voltage
and current right after the connection instant (ti), see Fig. 8(b),
while Vbat(ti−) is the OCV [see Fig. 8(b)].

Ri =
|Vbat(ti−)− Vbat(ti+)|

|Ibat(ti+)| (2)

When using this SCE, two different currents may be super-
imposed, the current through the series-connected cells due to
the charge/discharge of the battery and the transient current due
to the switching of the SCE. The first current, which will be
dc, can be controlled provided that the battery is connected
to a power converter. The second current cannot be controlled
since it depends on the voltage difference between the cells
been equalized. As seen in [21], the current level may affect
slightly the IR estimation. This effect can be compensated using
an analogous procedure as shown in [21], using a look-up table
to decouple the current level effect on the estimation.

The IR measured in batteries can change depending on the
frequency of the signal used for measurement. The IR measured
using the proposed procedure is a high-frequency resistance
since the transient response of the battery is used for the es-
timation. At high frequencies, the IR is dominated by the leads
and metal collectors of the battery [30]. Due to this, SOC is
not expected to affect the estimation, since it does not affect the
high-frequency impedance on LIBs [21], [23].

Fig. 9. Resulting waveform from the simplified circuit in Fig. 8(a) comparing
the ideal case (blue waveforms) with the case with a series inductor (orange
waveforms).

SCEs can effectively work both during the charge and dis-
charge of the cell [7]. In case the battery is being charged or
discharged, the method is similarly applied with the exception
of the current in Fig. 8(b) will include this charging/discharging
current. In this case, a more general equation, (3) should be
used. Ibat(ti) is the current before the commutation, in this case,
the current been charging/discharging the battery. The absolute
value allows, as in (2), the equation to be used for both charging
and discharging. The results remain unchanged.

Ri =
|Vbat(ti−)− Vbat(ti+)|
|Ibat(ti+)− Ibat(ti−)| (3)

The limitations of the method can be extracted directly from
(3): once the batteries are equalized, there is no voltage differ-
ence among them, nor equalization current, meaning that Ri

cannot be estimated this way. The SCE used in this article (see
Fig. 1) equalizes based on voltage differences among cells, how-
ever, LiFePO4 cells can have a rather flat OCV-SOC curve [12],
so it may not achieve a perfect balance in terms of SOC. This is
a limitation of the SCE employed in this article. Nevertheless,
this SCE can be used with any LIB technology with less flatness
OCV-SOC [12]. Besides, and as stated in the introduction, this
method can be combined with signal-injection based battery
resistance estimation methods to estimate temperature. This
would increase the reliability of the estimation, allowing to
estimate the desired parameters even when the method proposed
in this article cannot be employed.

A. Effect of Inductive Parasitic Components

As will be seen in Section V, the circuitry has some unavoid-
able parasitic inductances due to, e.g., cabling that affect the
waveforms shown in Fig. 8(b). This effect can be simulated
by adding a small inductor (an inductor of 0.1 nH has been
used to emulate this effect) in series with CEQ in Fig. 8(a). The
resulting waveforms are shown in Fig. 9. The orange waveform
represents the response of the battery’s voltage and current when
the inductor is added to the circuit, in comparison with the blue
waveforms that show the ideal case.

Since Vbat is measured at the battery terminals, the existence
of this parasitic inductor does not affect the estimation of the IR.
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Any combination of voltage and current from the graph would
result in the IR estimation. However, peak values are preferred
since they provide a high signal-to-noise ratio. Equation (3) can
be rewritten as (4), where Vbatpeak and Ibatpeak correspond to
the peak values for current and voltage, respectively, right after
ti.

Vbatpeak and Ibatpeak can be obtained from the derivatives of
Vbat and Ibat, respectively, which can be approximated by (5)
using the Euler approximation, where Xbat represents either the
current or the voltage, X´bat represents either the discrete-time
derivative of the current or the voltage, k represents the current
time instant, and Ts is the sampling time. Vbatpeak and Ibatpeak
are theoretically acquired when X´bat is zero; in practice, when
there is a change in the sign of X´bat.

Ri =
|Vbat(ti−)− Vbatpeak|
|Ibatpeak − Ibat(ti−)| (4)

X ′
bat =

Xbat(k)−Xbat(k − 1)
Ts

(5)

B. Battery Temperature Estimation

It is generally expected [13], [20], [23] that the battery resis-
tance decreases as temperature increases at low frequencies. In
this region, the electrolyte and SEI dominate the behavior of the
battery and follows the Arrhenius law [20]. However, it must be
noted that the proposed method estimates the IR, Ri in Fig. 8,
which is dominated by the metal collectors and leads [30], which
resistances increase as the temperature does [13], [23]. Hence,
IR can be modeled as a linear function of the battery temperature
(6), provided that the metallic part of the battery dominates
the response. Rbat0 is the battery resistance (Ri) at the room
temperature (To), Tbat is the battery temperature and αbat is
the temperature coefficient; Rbatn0 and αbat can be measured
during a commissioning process. The battery temperature is
finally estimated from (7).

It is finally noted that although the method proposed in this
article is evaluated for the classical topology, see Fig. 1(a), it
can be extended to any other switched-capacitor topology, see
Section II–A.

Rbat = Rbat0(1 + αbat(Tbat − T0)) (6)

Tbat =
Rbat −Rbat0

Rbat0αbat
+ T0 (7)

V. SIMULATIONS

An SCE with two cells was implemented in MAT-
LAB/Simulink, see Fig. 10.

The equalizer main parameters are shown in Table III. Cells
are implemented using the battery model from Simscape Electri-
cal toolbox, with LiFePO4 battery equivalent parameters. A 30%
difference in SOC between cells is set as the initial condition:
the most charged battery has an OCV of 3.312 V and the less
charged one has an OCV of 3.284 V.

Fig. 11(a) shows the voltage and current of the most charged
cell (B1 in Fig. 10) when it is connected in parallel to the
balancing capacitor at t = 5 μs. Voltage and current waveforms

Fig. 10. SCE with two batteries and one capacitor.

TABLE III
EQUALIZER AND BATTERY CHARACTERISTIC PARAMETERS

are seen to be in good agreement with the ones obtained
with the Thèvenin model, see Fig. 8(b). The estimated IR (2)
is ≈50 mΩ, which matches Ri defined in Table III and included
in the cell model for the simulation. The same results are
obtained if the parasitic inductor is added in series with Ceq

[Fig. 11(b)], as it was explained in Section IV-A.
Simulation results with more than two cells have also been

carried out. A simulation scenario with three cells (ideal case),
see Fig. 1(a), has been used, voltage and current are measured
for B2, since this cell will share energy with both the upper (B1)
and lower (B3) cells. SOCs of B1, B2, and B3 are 80%, 50%
and 20% respectively. The resulting waveforms for a switching
cycle (voltage ad current) can be seen in Fig. 12.

As expected, in the first half of the switching cycle B2 charges
the bottom capacitor (C23) since its voltage is higher than the one
from B3. In the second half of the switching cycle, B2 receives
energy from the upper capacitor (C12), since B1 has a higher
voltage than B2. The cell IR can be calculated from any of these
two transient responses with identical results. Different SOCs
and arrangement of the cells would not interfere with the method
either.

VI. EXPERIMENTAL RESULTS

The SCE shown in Fig. 1(c) was used to carry out the ex-
perimental results. A two-cell arrangement has been used to
be consistent with the simulation results shown in Section V.
Current and voltage waveforms were measured with a Yokogawa
701932 current probe and with a Yokogawa 701938 voltage
probe, respectively. Signals were captured with a Yokogawa
720250 12-bit 2-channel module plugged into a Yokogawa
DL850 ScopeCoder. Parameters of the cell and SCE are shown
in Table II.
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Fig. 11. Resulting waveform from the equalizer. (a) Simulink, ideal case. (b)
Simulink, case with the parasitic inductor (fs = 20 kHz, SOC differences =
30%).

Fig. 12. Voltage and current in one cycle for B2 cell in an SCE with three
series-connected cells [see Fig. 1(a)].

In addition to the parameters shown in Table III, the equivalent
series resistance of the equalization capacitor is 0.7 Ω [31]. This
resistance will affect several aspects of the system: 1) it affects
the equalization time and the efficiency of the equalization [11];
2) it will affect the sensitivity of the method, i.e., the bigger this
resistance, the smaller will be the current peak and the highest
the accuracy needed in the measurement system. It is also noted
that the ON resistance of the MOSFETs will affect in a similar
way; the ON resistance of the selected MOSFET is 2.4 mΩ [32].
In general, when designing an SCE, and since they are intended
for low-cost applications, a good compromise among parasitic
resistances, the overall performance of the components and cost
must be achieved.

Fig. 13. (a) LiFePO4 cell and (b) OCV-SOC curve of the cell.

Fig. 14. Experimental results (fs = 20 kHz, T = 20 °C, SOC differences =
30%).

The LiFePO4 cell used in this article is shown in Fig. 13(a).
Voltage measurement is performed at cell terminals. Cell voltage
and current in one switching cycle are shown in Fig. 14. It can
be seen that the current has a smoother response than in the
ideal simulation [Fig. 11(a)], and similar to Fig. 11(b), due to
inductive parasitic components present in the actual system, as
it was previously explained in Section IV-A, hence (4) is used
to estimate the IR.

The OCV-SOC curve of LiFePO4 batteries is rather flat [see
Fig. 13(b)] [12], meaning that the accuracy of the measurement
system should be carefully analyzed. As stated in [12], a good
target for SOC and IR estimation in these batteries would be in
the range of 1–2 mV. The least significant bit (LSB) indicates the
resolution of an acquisition system and is the result of dividing
the full-scale range of the acquisition system by the number
of discrete values obtained with n bits (8) [33]. With a 12-bits
resolution acquisition system, which is a common resolution in
digital processors nowadays (e.g., DSPs), the LSB would be <
1 mV, which is in the recommended range in [12].

LSB =
FSR

2n
(8)

Besides, the method does not work when the cells are equal-
ized within the LSB limit, see Section IV. The LSB would be,
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Fig. 15. Cell 1 IR estimation using the experimental data collected from the
equalizer (blue) and mean value of the estimated resistance (red). (a) 10 kHz.
(b) 20 kHz. (c) 30 kHz.

then, the minimum threshold below where the proposed method
would not work. In practice, this value will increases due to
unavoidable noise in the real signals, as can be appreciated
in Fig. 14. This methodology could be used with any LIB
chemistries (not only in LiFePO4 batteries which have the flattest
profile among LIBs) [14]. It is finally noted that the voltage
variation is expected to be always smaller than the current
variation, so the current variation will not be a problem before
the voltage variation is.

A. Resistance Variation With Switching Frequency

Switching frequency in an SCE can be optimized for a given
capacity of the equalizing capacitors [34], in such a way that the
capacitor can be fully charged/discharged during its switching
cycle without staying charged/discharged for long before the
next commutation. The maximum equalization frequency is re-
lated to the driver (driving the MOSFETs). In addition, increasing
the switching frequency allows for a capacitor size reduction,
but it also increases the switching losses in the MOSFETs, thus
reducing the efficiency. In the case of the setup used in this article
[see Fig. 1(d)], the maximum switching frequency is ≈ 50 kHz.

Fig. 15 shows the estimated cell resistance for a set of ex-
perimental data captured with the SCE working at 10, 20 , and
30 kHz; the mean value of the estimated cell resistance is shown
in red.

The mean value at all the frequencies of the estimated resis-
tances shown in Fig. 15 is similar at all the frequencies since

Fig. 16. Cell 2 IR estimation using the experimental data collected from the
equalizer (blue) and mean value of the estimated resistance (red). (a) 10 kHz.
(b) 20 kHz. (c) 30 kHz.

Fig. 17. Cell resistance versus cell temperature for different cells.

Fig. 18. Temperature evolution of the cell with time.

the resistance being estimated is Ri, which depends on the
voltage/current at the switching instant, which is independent
of the SCE switching frequency. It is also noted that SOC,
SOH, or temperature-time constants are significantly larger than
battery resistance estimation time [35], meaning that averaging
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TABLE IV
THERMAL COEFFICIENTS FOR THE DIFFERENT CELLS EVALUATED

Fig. 19. Measured and estimated temperatures for three different cells. (a)–(c)
B1–B3.

the measurements for a certain period could be an acceptable
and easy solution to reject measurement noise. Experimental
results are repeated with another cell (see Fig. 16) with the same
characteristics, to show the replicability of the methodology. It
is shown that the Ri mean value is independent of the switching
frequency. However, the absolute value ofRi is different: for the
first cell the mean value of Ri is ≈ 40 mΩ, while for the second
one is ≈ 30 mΩ. This was expected due to differences among
cells existing in practice [7], [8].

B. Resistance Variation With Temperature

Fig. 17 shows the estimated IR for three different cells as the
temperature increases. The cells are slowly heated (for around
45 min, see Fig. 18) up to 65 °C while capturing current, voltage,
and temperature. The temperature of the cells is monitored using
LM35 temperature sensors [36], placed on the surface of the cell.

Fig. 20. Error between measured and estimated temperature.

It can be observed from Fig. 17 how the cell resistance increases
almost linearly with temperature for all tested cells.

It can be observed from Fig. 17 that, although there is an
offset among IRs, the rate of variation of IR with temperature is
similar for all cells under test. Offsets present among cells will
not affect the accuracy of the proposed method because the cell
temperature will be estimated from variations of the resistance
with temperature respect to the room temperature resistance
(Rbat0) as seen in (7).

Fig. 19 shows the measured and estimated temperature using
(7). First, the slope that best fits the temperature variation for
each of the three cells was obtained (see Table IV), then, the
average value of this slope (αbat = 16.72 1/°C) is used to
estimate the temperature for all cells under test. The temperature
estimation error for the three cells analyzed is shown in Fig. 20;
the temperature estimation error is seen to be less than ≈ 12 °C
for any point, with a mean value of 4 °C and a standard deviation
of 4.11 °C. Due to this difference, it is important to analyze more
than one point every time, as seen in Figs. 15 and 16, so the
conclusions in terms of temperature are valid.

VII. CONCLUSION

This article proposes the use of signals naturally produced by
SCEs to estimate the battery IR. The method operates without
interfering with the regular operation of both the equalizer and
battery and is valid for a wide range of switching frequencies.
The IR estimate can be used to obtain the battery’s temperature.
However, its main limitation is that once the cells are equalized
the IR cannot be estimated. Experimental results have been
provided to demonstrate the viability of the proposed method.
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Abstract—Control of permanent magnet synchronous ma-
chines (PMSMs) requires absolute rotor position measure-
ment/estimation, as well as the magnet polarity detection for the
machine start-up, encoders/resolvers being normally used for this
purpose. However, these sensors can account for a large portion
of the overall drive cost, and require additional room and cabling,
therefore penalizing the size and reliability of the drive. This article
proposes a method to emulate a resolver in machines using low cost
Hall-effect sensors. The proposed Hall-effect resolver system is a
new type of angular position sensor for PMSMs. This allows to
control machines which do not include a resolver from inverters
which require a resolver signal to operate.

Index Terms—Hall-effect sensors, permanent magnet synchro-
nous machines (PMSMs), resolver emulation, rotor speed and
position measurement.

I. INTRODUCTION

P ERMANENT magnet synchronous machines (PMSMs)
have become very popular during the last decades due to

their high efficiency, high power density, and superior dynamic
response compared with other types of machines, e.g., induction,
wound field, or synchronous reluctance machines. Control of
PMSMs requires the absolute position of the rotor, i.e., including
magnet polarity prior to startup of the machine [1], [2]. Both
absolute encoders [3]–[6] and resolvers [16]–[22] comply with
this requirement. On the contrary, incremental encoders will
require some additional mechanism to obtain the rotor initial
position. Combined use of incremental encoder and Hall-effect
sensors [3]–[10] provides the absolute position.

Table I shows a comparative analysis of position sensors nor-
mally used in industry applications. Optical encoders are likely
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TABLE I
POSITION SENSORS

the preferred option in general purpose applications; however,
they are less robust than magnetic encoders and resolvers, the
last being the preferred option for, e.g., hybrid-electric vehicles
and electric vehicles motors [13]–[15], aircrafts, satellite anten-
nas, or robots [11]–[13]. Although resolvers provide absolute
position, its use always implies additional hardware (a resolver
to digital converter is needed [12], [17], [18]), room and cabling,
therefore penalizing cost, size, and reliability of the drive.

In addition of conventional position sensors, a number of al-
ternative solutions have been reported in the literature. A planar
angular position sensor is proposed in [23], with a similar work-
ing principle as a variable reluctance (VR) resolver. However,
this sensor is highly sensitive to electromagnetic interference due
to its construction and requires and additional electronic circuit
to operate. The sensor proposed in [24] provides angular position
output that is not compatible with standard encoder or resolver
signals. In [25], a contactless capacitive angular position sensor
is proposed, but it is characterized for presenting a nonlinear
behavior. Other noncontact angular positions sensors based on
Hall-effect devices for automotive applications (e.g., throttle
position detection, shaft position, etc.) are also commercially
available [26], [27]. The main drawbacks of these methods are
the robustness decrease, inertia increase, and extra room.

This article proposes a method to emulate resolvers using
the signals provided by low-cost Hall-effect sensors, Hall-effect
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resolver (HER), which is an extension of [28]. Stability of the
HER system is evaluated and compared with standard sensors.
Uses of the HER system could be twofold: first, it would enable
the use of machines that do not include a resolver, with electric
drives that require a resolver signal to operate and second, a new
type of position sensor for PMSM. Appealing properties of the
HER system are reduced cost as well as simple, light, and robust
construction, as there are no moving parts or couplings.

This article is organized as follows: design and operation
principles of resolvers are presented in Section II, emulation of
a resolver using Hall-effect sensors is presented in Section III,
machine and Hall-effect sensors placement is presented in Sec-
tion IV, experimental results are presented in Section V, and
conclusions are presented in Section VI.

II. RESOLVER DESIGN AND PRINCIPLES OF OPERATION

This section briefly reviews the design and operating princi-
ples of resolvers. Commercial resolvers can be classified into
wound field (WF) [16]–[19] and VR [20], [21]. WF resolvers
include an excitation winding in the rotor, which is magnetically
coupled with two identical stator windings having 90° mutual
electrical phase shift [16]–[19]. A sinusoidal voltage, typically
called carrier, is applied to the rotor windings, via brushes and
rings or alternatively by means of a magnetic coupling (i.e.,
rotating transformer) [16]–[19]. The resulting voltages in the
two-stator windings are a sine and cosine signal whose angle
is modulated by the rotor angle. WF resolvers have a wide
temperature range of operation, are small and light, and with
a simple and robust construction; in addition they are highly
insensitive to noise and tolerate long transmission cables length
[16]–[19]. On the other hand, VR resolvers have both the output
and the excitation windings in the stator; no brushes or rotating
transformer being therefore required. In general, VR resolvers
are even less expensive and more robust than WF resolvers [13],
[14], [20], [21].

Resolvers can be seen as a special type of rotary transformer
that couples a primary winding [Input, see Fig. 1(a)] with two
secondary windings [Output 1 and 2, see Fig. 1(a)] that are
90 electrical degrees phase shifted; note that Fig. 1(a) shows
a schematic representation of a VR resolver. Excitation signal,
i.e., Vsource in Fig. 1(a), is typically a sinusoidal signal (1), see
Fig. 1(b), where V0 andωsource are the magnitude and frequency
of the excitation signal, respectively. The excitation frequency
depends on the resolver type. Brushless resolvers typically op-
erate in the range of 1 to 10 kHz, while VR resolvers operate
around 10 kHz. For the sake of compatibility with conventional
resolvers, frequencies of 2 and 10 kHz will be used in this article.

The output signals of the resolver are (2) and (3), Vout_1

and Vout_2, respectively, see Fig. 1(c) and (d), where k is the
transformation ratio of the resolver, θr is the position of the
resolver, ωr is the rotating frequency of the resolver, and X is a
multiplication factor for the angle [13]

Vsource = V0 sin (ωsourcet) (1)

Vout_1 = V0 sin (ωsourcet) ∗ k ∗ sin (Xθr) (2)

Vout_2 = V0 sin (ωsourcet) ∗ k ∗ cos (Xθr) . (3)

Fig. 1. Basic operation of a VR resolver. (a) Schematic representation of VR
resolver and motor drive. (b) Excitation of the resolver, Vsource. (c) Output 1 of
the resolver, Vout_1 (i.e., sine). (d) Output 2 of the resolver, Vout_2 (i.e., cosine).
ωsource = 2· π · 500 rad/s, ωr = 2· π · 50 rad/s.

Vout_1 and Vout_2 fed a resolver-to-digital (R/D) converter
[11]–[22], which typically includes a demodulation stage [12],
[17]–[19], [32], [33]; Vout_1 and Vout_2 after the demodulation
being expressed by (4) and (5). A large variety of methods have
been proposed to obtain the rotor position, θr, from (4) and (5)
[12], [17]–[19], [32], [33]

V
′
out_1 = k ∗ sin (Xθr) (4)

V
′
out_2 = k ∗ cos (Xθr) . (5)

III. EMULATION OF A RESOLVER USING HALL-EFFECT

SENSORS

This section presents the proposed system to emulate a re-
solver using Hall-effect sensors.

Hall-effect sensors are typically used to convert a magnetic
flux density signal into a voltage signal (i.e., Hall voltage). It
consists on a semiconductor element (i.e., Hall element), see
Fig. 2, which fed with a current Iz. In the presence of a magnetic
field (By in Fig. 2), the induced Hall voltage (VH) is proportional
to both the current applied, Iz, and the magnetic flux density, By,
(6), where hw is the cross-sectional area of the element, e is the
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Fig. 2. Schematic representation of the Hall-effect phenomenon.

charge of the electron, and n stands for the charge carrier density.
Since e, hw, and n are constants, VH, will be proportional to By

and Iz.

VH =
IZB̄y

nhwe
(6)

VH = k(IZB̄y). (7)

Fig. 3 shows and schematic representation of the test machine
that will be used for the experimental verification of the proposed
HER system. The HER system consists of two Hall-effect sen-
sors, 90 electrical degrees phase shifted, HALL-1 and HALL-2
in Fig. 3(a). The sensors will be mounted on the end frame of
the machine, measuring field in the radial direction; i.e., the
sensors will measure the leakage flux in y-axis direction (By),
see Fig. 3(b) and (c), which will vary as the rotor rotates [29]. The
output of HALL-1 and HALL-2 will consist of a sine and cosine
waveforms containing the position information [28]–[30].

Hall sensors are normally fed using a dc current. The resulting
output signals of the two Hall-effect sensors are shifted by 90°
as shown in Fig. 4(a).

However, it is possible to feed the sensors using a sinusoidal
signal (either voltage or current), i.e., same as WF and VR
resolvers [16]–[21]. The output signals from the two Hall-effect
sensors are shown in Fig. 4(b). The peak value of the resulting
signals will be proportional to the magnet leakage flux density
seen by the sensor and to the current feeding the sensor (7).
Similarities between the signals in Fig. 4(b) are those produced
by traditional resolvers in Fig. 1(c) and (d) evident, what strongly
support the idea that the same signal processing used with
the resolver signals could be applied to the signals produced
by the Hall sensors. It is noted that in this case, there is no
element attached to the rotor, the solution being therefore simple,
compact, and robust.

It must be noted that the proposed method assumes a linear
response of the sensor with the excitation signal. To validate this
assumption, a sensor was placed on top of a PM [see Fig. 5(a)],
being subjected therefore to a constant field. The sensor was fed
with a sinusoidal voltage Vin shown in Fig. 5(b) [see Fig. 5(a)].
Fig. 5(c) and (d) shows the output of the sensor, Vout, and
excitation signal Vin versus output of the sensor [Vin − Vout,
see Fig. 5(d)]. The results in Fig. 5 confirm the linear response
of the sensor with respect its sinusoidal excitation.

Fig. 3. (a) Two-dimensional (2-D) schematic representation of the machine
and sensors location on the cross section (x–y). (b) FEA result of a leakage
flux and sensor location, y–z plane. (c) Sensor location and leakage flux vector
components.

IV. EXPERIMENTAL TEST BENCH

The HER system has been implemented in an IPMSM, its
design being shown in Fig. 3. Table II shows the ratings and
dimensions of the machine. Hall-effect sensors [31] have been
attached to the end shield to the machine, see Fig. 3(c); i.e., the
sensors are placed between the rotor and end shield.

Assembly of the sensors does not differ from standard Hall-
effect sensors already available in some machines [34], [35],
while cabling between sensors and drive is the same as for
standard resolvers [16]–[21]. The phase shift among sensors
is 90 electrical degrees, which corresponds to 30 mechanical
degrees in a 6-pole machine, see Fig. 6(a); the output of the
two Hall-effect sensors will be therefore two sinusoidal signals,
90° phase shifted (i.e., sine and cosine waveforms). Hall-effect
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Fig. 4. Schematic representations of the Hall-effect sensors supply system and
resulting signals as the machine rotates at ω = 10 Hz for: (a) dc excitation and
(b) ac excitation.

TABLE II
MACHINE PARAMETERS

sensors that have been used, [31], are standard sensors typically
used for motion control in PMSMs [28]–[30]. Standard Hall-
effect sensors used in PMSM drives measure the magnetic flux
density along one direction, i.e., they are 1-D sensors; Hall-effect
sensors used in this work are oriented in the radial direction, i.e.,
y-axis direction [see Fig. 6(a)], which is expected to provide high
sensitivity to PM leakage flux and low sensitivity to stator current
[28]–[30].

Stator of the machine is shown in Fig. 6(b). Fig. 6(c) shows the
test bench consisting of the test machine and a load machine [36].
Fig. 6(d) shows a schematic representation of the test bench,
including load machine, test machine, and connection between
the test machine and drive. It can be observed from Fig. 6(d) that
the Hall-effect sensors are mounted on the end shield of the non-
drive end of the machine; Hall-effect sensors being connected
to the “Resolver to digital” control board of the drive [37].

Fig. 5. (a) Schematic representation of the setup for testing Hall-effect sensor
linearity. (b) Excitation of the Hall-effect sensor, Vin. (c) Output of the Hall-
effect sensor, Vout. (d) Vsource versus Vout. ωsource = 2· π · 2000 rad/s,
Vsource = 2.3 V.

V. EXPERIMENTAL RESULTS

Experimental results of the HER system are presented in this
section for different working conditions of the machine.

A 2 kHz, 5 Vpeak signal was used to feed the sensor in Figs. 7
and 8, 10 kHz 10 V was used in Figs. 10 to 13. These signals are
similar to those used by conventional resolvers, meaning that
they can feed directly any existing circuitry designed for the
signal processing of conventional resolvers.

It is finally noted that the input impedance of the Hall sensor
is ∼725 Ω [31], the total power consumption of the HER
sensor (RMS) being ∼34.5 mW (∼17.2 mW per sensor). Input
impedance of conventional resolvers (VR and Brushless) varies
from ∼50 Ω to ∼150 Ω, leading to power consumptions in the
range of 250 to 500 mW.

Fig. 7(b) and (c) shows the output signals of the two Hall-
effect sensors, Vout_1 (sine) and Vout_2 (cosine) when the ma-
chine is rotating at 40 Hz and with no fundamental current.
Fig. 8(a) and (b) shows the speed and position measured using
the HER sensor, an encoder with 4096 pulses per revolution is
also shown for comparison purposes. Fig. 8(c) shows position
error. It is observed that under no load condition the peak error
in the estimated position is <0.07 rad.

Fig. 9 shows the signal processing used for speed and position
estimation. Measured flux densities H1 and H2 are multiplied by
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Fig. 6. Machine desing and experimental setup. (a) Machine end shield
with the Hall-effect sensors. (b) Machine stator. (c) Test bench. (d) Schematic
representation of the test bench and drive.

the carrier signal at the demodulation. A second-order low pass
filter with a cutoff frequency of 1 kHz is used to remove high
frequency noise. The angle of the resulting Vα and Vβ signals (8)
is obtained using a synchronous reference frame phase-locked
loop, which provides the estimated rotor speed and position [38]

�V s
αβ = Vα + jVβ (8)

�V r
dq = �V s

αβe
−jθr . (9)

The bandwidth of the proposed HER will depend primarily
on the bandwidth of the PLL, which has been set to 230 Hz.

Fig. 7. (a) Excitation of the Hall-effect sensors, Vsource. (b) Output of Hall-
effect sensor 1, Vout_1. (c) Output of Hall-effect sensor 2, Vout_2. ωsource =
2· π · 2000 rad/s, Vsource = 5 V, ωr = 2· π · 40 rad/s, Id = Iq = 0 pu.

Fig. 8. Experimental results using the HER system (blue) and a conventional
encoder (red). (a) Measured speed. (b) Measured position. (c) Position error.
ωsource = 2· π · 2000 rad/s, Vsource = 5 V, ωr = 2· π · 40 rad/s, Id = Iq =
0 pu.

The bandwidth of the Hall sensor 250 kHz, and can be therefore
safely neglected [31].

A. Influence of dq Axes Currents

Both d- and q-axis stator currents [29] are expected to interfere
with the leakage flux due to the magnets measured by the
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Fig. 9. Schematic representation of the signal processing used for speed and position estimation.

Fig. 10. Angular position error (a) when Id is varied (flux weakening), (b)
when Iq is varied (torque current), with and without compensation. ωsource =
2· π · 10000 rad/s, Vsource = 10 V, ωr = 200 rpm.

Fig. 11. Response to a d-axis current step (a) d- and q-axis current, (b) mea-
sured position using the HER without and with q-axis current compensation, as
from the encoder, and (c) estimated position error. ωsource = 2· π · 10000 rad/s,
Vsource = 10 V, ωr = 200 rpm.

Fig. 12. Response to a q-axis current step (a) d- and q-axis current, (b)
estimated position using the HER without and with q-axis current compensation.
Position provided by the encoder is also shown, and (c) estimation error.
ωsource = 2· π · 10000 rad/s, Vsource = 10 V, ωr = 200 rpm.

Hall-effect sensors. d-axis current will affect only to the am-
plitude of the measured signals, but with no effect on the angles,
as it is aligned with the magnet. q-axis current affects the phase
of the leakage flux waveform, resulting therefore in a position
error.

Fig. 10(a) shows the estimated position error when d-axis
current is varied from 0 to –1 pu (i.e., flux weakening) in steps
of 0.25 pu. As expected, d-axis currents do not affect to the ac-
curacy. Similarly Fig. 9(b) shows the results when q-axis current
is varied from 0 to 1 pu in steps of 0.25 pu. As expected, the
error increases almost linearly with the q-axis current. However,
this error can be compensated, two different options have been
evaluated.

1) Linear compensation using (10): the compensation angle,
Δθ being proportional to the q-axis current

Δθ = aIq. (10)
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Fig. 13. Response to a speed ramp (a) estimated and measured speed, (b) measured leakage flux after demodulation, (c) estimated position, and (d) estimated
position error. ωsource = 2· π · 10000 rad/s, Vsource = 10 V.

2) Trigonometric compensation using (11); the compensa-
tion angle that relies on two constants, a and b

Δθ = tan−1

(
aIq
b

)
. (11)

Compensation constants are experimentally approximated.
Fig. 10(b) shows the position error using these two compensation
methods, both leading to similar results (i.e., error <0.1 rad).

Performance of the proposed HER during transient operation
has been also analyzed. Fig. 11 shows the experimental results
when a d-axis current step of –0.5 pu is applied at t = 0.35 s
with the machine operating at constant speed. Fig. 11(a) shows
the measured d- and q-axis currents. Fig. 11(b) shows the rotor
position measured with the proposed system without and with
compensation of q-axis current effects as well as the rotor
position measured with the encoder. It is noted that the error
does not increase due to transients in the d-axis current.

Similarly, Fig. 12 shows the case when a q-axis current step
of –0.5 pu is applied (at t = 0.35 s for the case of without and
with linear compensation, in the second case the error remaining
<0.1 rad.

B. Operation at Variable Speed

Performance of the HER is expected to be independent of
speed. Fig. 13 shows the sensor signals and the estimated speed
and position when the speed varies as shown in Fig. 13(a). Re-
sults in Fig. 13(d) show a maximum position error of ±0.05 rad
in steady state, which slightly increases during transients. Maxi-
mum error of commercially available VR resolvers ranges from

±0.01 rad for four-pole variable resolvers to ±0.018 rad for
two-pole variable resolvers. Maximum error of commercially
available brushless resolvers is in the range of ±0.006 rad.

VI. CONCLUSION

This article proposes a method to emulate a resolver using
low cost Hall-effect sensors. The proposed HER device consists
of two Hall-effect sensors, mounted on the end shield of the
machine, 90 electrical degrees phase shifted, which measure the
magnetic flux leakage of the PMSM.

Compared to commercial resolvers, the proposed HER sensor
has higher error, but in turn it provides several advantages.

1) Very low cost.
2) Reduced size, which eases its integration in the drive, its

impact on system inertia being negligible.
3) Increased robustness, as there are no moving parts or

coupling.
4) Lower power consumption than conventional resolvers

and full compatibility with resolver circuitry.
5) Experimental results have been provided to demonstrate

the viability of the proposed HER system.
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Abstract—Permanent magnet synchronous machines 

(PMSMs) performance is highly dependent on the Permanent 

Magnets (PMs) temperature. Knowledge of the PMs temperature 

is therefore of great importance both for control and monitoring 

purposes. An increase in the PM temperature during motor 

operation, decreases PMs magnetic flux strength and consequently 

the PMSM torque production capability, eventually causing 

irreversible demagnetization of the PMs; for the case of variable 

leakage flux PMSMs (VLF- PMSMs), it will affect the variable 

leakage property of the machine, which will place additional 

concerns on the machine control. This paper proposes a PM 

temperature estimation method for VLF-PMSMs from the PM 

flux linkage. PM flux linkage is obtained from the response of the 

machine to a small-amplitude, low frequency, square-wave signal 

(either voltage or current). The signal is injected on top of the 

fundamental excitation, allowing on-line temperature estimation 

without interfering with the operation of the machine 

Keywords— Permanent magnet, temperature estimation, 

Variable leakage flux machine, VLF- PMSMs, magnet flux linkage. 

I. INTRODUCTION 

 Permanent Magnet Synchronous Motors (PMSMs) are the 

preferred option for electric and hybrid-electric vehicles (EV & 

HEV) due to their high torque density, wide speed capability, 

and higher efficiency. A concern for this type of machine is the 

need to inject negative d-axis current to counteract permanent 

magnet (PM) flux linkage when the drive operates at high 

speeds, to match the back electromotive force (Back-EMF) with 

the available DC voltage [1]. This operating mode is known as 

flux-weakening and is characterized by an inherent copper and 

core loss increase due to the continuous application of negative 

d-axis current and the extra harmonics produced in the airgap 

field [1]. Extra losses will reduce the efficiency, the associated 

temperature increase eventually affecting the life expectancy of 

the machine. Variable flux PMSMs (VF-PMSMs) [2] and 

variable leakage flux PMSMs (VLF-PMSMs) machine designs 

[3] are aimed to reduce or even avoid the injection of flux 

weakening current and its subsequent adverse effects. 

Independent of the PMSM design, magnet thermal 

monitoring is a major concern since an increase in the PM 

temperature results in a decrease of the PM strength which 

negatively impacts the torque production capability. 

Furthermore, excessive temperature can lead to irreversible 

demagnetization. The variation of the PM strength with 

temperature places additional concerns both in VF-PMSMs and 

VLF-PMSMs. In VF-PMSMs a variation of the PM strength will 

affect the magnetization/demagnetization process and torque 

control. In VLF-PMSMs a variation of the PM strength will 

affect the variable leakage property of the machine, eventually 

reducing the accuracy controlling torque. Knowledge of PM 

temperature can be useful for monitoring or torque control 

purposes, the accuracy requirements for the second being 

typically higher [4]. 

Direct measurement of PM temperature requires the use of 

rotor mounted sensors and slip rings or wireless transmission 

which penalizes the robustness and cost of the system. 

Alternatively, PM temperature can be estimated. PM 

temperature estimation methods can be roughly classified into 

thermal models [5][6], back-EMF based methods [6], and signal 

injection methods [7]–[9]. Thermal models require knowledge 

of stator and rotor geometry, materials and cooling system, 

which makes them highly dependent on the machine design. On 

the contrary, BEMF and signal injection methods do not require 

previous knowledge of the geometry and cooling system of the 

machine [6]–[9]. Both methods require the stator temperature to 

compensate for the stator resistance variation with temperature 

[6]–[9]. However, this is not a major drawback in principle, as 

the stator winding temperature is normally measured in standard 

machines by means of contact type sensors [6]–[9]. While signal 

injection methods can work in the whole speed range, back-
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EMF based methods are not suitable for low speeds or standstill 

as the back-EMF is proportional to speed. 

Already published signal injection methods [7]–[9] estimate 

the PM temperature from the variation of the machine high 

frequency resistance/inductance with PM temperature; these 

methods are sensitive to saturation and magnetoresistive effect 

[10]. On the contrary, the method proposed in this paper uses 

PM flux linkage variation with temperature. PM flux linkage can 

be obtained from the stator flux linkage, a small-amplitude, low 

frequency, square-wave voltage or current signal is injected in 

the stator windings for this purpose. The main advantage of the 

proposed method compared to [7]–[9] is that it does not rely on 

stator resistance or inductance changes with temperature, not 

being therefore affected by saturation nor magnetoresistive 

effect. 

This paper is organized as follows: the proposed temperature 

estimation method based on PM flux linkage variation is 

presented in Section II; simulation results are shown in Section 

III; the test bench that will be used for experimental verification 

of the method is shown in IV; conclusions are finally provided 

in Section V. 

II. TEMPERATURE ESTIMATION BASED ON PM FLUX LINKAGE 

VARIATION 

This section describes the principles and implementation of 

the proposed temperature estimation method. PM flux linkage 

decreases as PM temperature increases [7]–[9],[11], meaning 

that PM flux linkage is a reliable metric for PM temperature. 

While this is an undesirable behavior since a decrease of the PM 

flux linkage reduces the machine torque production capability, 

it can be potentially used for PM temperature estimation 

purposes. PM flux linkage is the only responsible for back-EMF 

at no load, but it is hardly decoupled from stator flux linkage 

created by stator currents at loaded condition. In order to 

estimate the PM flux linkage, the method proposed in [12] is 

used. Fig. 1 shows both the torque/current control block diagram 

of a VLF-PMSMs and the proposed temperature estimation 

control block diagram, the main blocks being: 

• Flux observer: estimates the stator flux linkage ( ˆr

sdq ) from 

the measured stator current (
r

sdqi ) and the commanded stator 

voltage (i.e. the output of the current regulator, 
*r

sdqv ). 

• PM flux linkage estimator: it is estimated from the stator 

flux linkage provided by the flux observer, ˆr

sdq , in 

combination with the response of the machine to a small-

amplitude, low frequency, squarewave current that will be 

injected on top of the fundamental current (
*r

sdqi ) [12]. 

• A look-up table (LUT) that links the estimated PM flux 

linkage and the PM temperature [13]. 

All these blocks are described in detail following: 

 
Fig. 1 – Temperature estimation system scheme. 

A. Flux observer 

Different stator flux observers have been proposed in the 

literature, the main types being voltage model [14][15], current 

model based [16] and Gopinath type [14]. Eq. (1) and (2) show 

the d and q-axis stator flux linkages as a function of stator d and 

q-axis voltages, currents and stator resistance, i.e. voltage model 

of a PMSM, where 
s

sd  and  
s

sq  are d and q-axis flux linkages 

in the stator reference frame,  
s

sdV  and  
s

sqV  are the d and q-axis 

stator voltages in the stator reference frame,  s

sdI  and 
s

sqI   are 

the d and q-axis stator currents in the stator reference frame, and 

sR  is the stator resistance. Equations (3) and (4) show the d and 

q-axis stator flux linkages as a function of stator currents, 

inductances and magnet flux linkage, typically known as current 

model, where 
r

sd  and 
r

sq  are d and q-axis flux linkages in the 

rotor reference frame, r

sdI  and 
r

sqI  are the d and q-axis stator 

currents in the rotor reference frame, Ld and Lq are the d and q-

axis inductances, and pm  is the magnet flux linkage. Finally, 

the voltage and current model can be combined in a Gopinath 

type flux observer [14]. The advantages and drawbacks of these 

three models can be seen in Table I. 

( ) ( ( ) · ( ))·s s s

sd sd s sdt V t R I t dt = −  
(1) 

( ) ( ( ) · ( ))·s s s

sq sq s sqt V t R I t dt = −  
(2) 

r r

sd sd d pmI L = +
 

(3) 

r r

sq sq qI L =
 

(4) 

TABLE I. ADVANTAGES AND DRAWBACKS OF FLUX MODELS 

 
CURRENT 

MODEL 

VOLTAGE 

MODEL 
GOPINATH 

Parameter independency    

No initial state error ✓  ✓ 

Estimation in the whole speed range, 

including standstill 
✓  ✓ 

The current model can be used to estimate stator flux in the 

whole speed range of the machine, but parameters, such as 

magnet flux linkage and inductances, must be previously 

known. On the other hand, voltage model can be used to estimate 

machine flux at high speeds [15], at low speeds it becomes 

inaccurate due to the diminishing magnitude of the Back-EMF 

with the speed and it cannot be used at standstill. In addition, as 

a pure integrator is required to estimate the flux, there is an initial 
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estimation error (integration constant) which needs to be 

compensated. 

Gopinath type flux observers combine voltage (at high 

speed) and the current models (at low speed including 

standstill), a PI controller being used to make a smooth transition 

between models. The controller bandwidth will set the transition 

frequency from current to voltage model. This type of flux 

observer provides reliable estimation in the whole speed range 

of the machine, including standstill, being more sensitive to 

machine parameters at low speeds. 

From the previous discussion, it is concluded that, although 

the current model and Gopinath type flux observers can be used 

in the whole speed range of the machine, the only model that 

contains information about the PM flux linkage is the voltage 

model (1)-(2). Therefore, a voltage model flux observer in stator 

reference frame will be used for PM temperature estimation in 

this paper.  

Fig. 2 shows the implementation of the flux observed based 

on the voltage model (1)-(2). The estimated stator flux linkage 

in the stator reference frame, 
s

sdq , is obtained from the (1)-(2) 

after applying a high pass filter (HPF) to avoid the infinite DC 

gain of the pure integrator. Adaptive phase and magnitude 

compensation of HPF effects have been implemented. The 

estimated stator flux linkage in the rotor reference frame, 
r

sdq , 

is obtained by applying Park’s transformation to the estimated 

stator flux linkage; a low pass filter (LPF) is finally used to 

eliminate high frequency harmonics of the stator flux linkage; 

i.e. only the fundamental component of the stator flux linkage 

will be used for temperature estimation. 

 
Fig. 2 – Voltage model flux observer in stationary reference frame. 

B. PM flux linkage estimator 

PM flux linkage is estimated from the stator flux linkage 

when a small-amplitude, low frequency, quasi-square wave 

current is added to the fundamental current [12][13]. The stator 

d-axis flux linkage response from the injected d-axis current will 

be used to estimate the PM flux linkage, as shown in Fig. 3. 

The d-axis stator flux linkage, 
r

sd , is represented by (5), 
r

sd +
 is the d-axis flux linkage when positive d-axis current step, 

i.e.  
r

sdI , is applied (6), while 
r

sd −
 is the d-axis flux linkage 

when negative d-axis current step, i.e. -
r

sdI  , is applied (7). The 

stator flux linkages,  sd , 
r

sd +
 and 

r

sd −
 are estimated using the 

flux observer discussed in the previous subsection. ˆ
pm+   

(estimated PM flux linkage when applying positive 
r

sdI  ) and 
ˆ

pm−  (estimated PM flux linkage when applying negative 
r

sdI ) 

are estimated from (8) and (9) respectively. Finally ˆ
pm  is 

obtained as the average value of  ˆ
pm+  and ˆ

pm−  in (10). 

·r r

sd pm d sdL I = +
 

(5) 

·( )r r r

sd pm d sd sdL I I + + += + + 
 

(6) 

·( )r r r

sd pm d sd sdL I I − − −= + −
 

(7) 

1ˆ ˆ ˆ( )r r r

pm sd sd sd sd sd

sd

I I I
I

  + + = − + 
 

 

(8) 

( )
1ˆ ˆ ˆr r r

pm sd sd sd sd sd

sd

I I I
I

  − − = − −
 

 

(9) 

ˆ ˆ
ˆ

2

pm pm

pm

 


+ −+
=

 

(10) 

 
Fig. 3 – Schematic representation of the injected stator d-axis current, 

fundamental and small-amplitude, low frequency, squarewave currents,            

(
r

sdi ) and resulting stator d-axis flux (
r

sd ). 

C. Temperature estimation 

PM temperature estimation using PM flux linkage is 

especially challenging in VLF-PMSMs due to the variation of 

PM flux linkage with the stator current. Look-up tables (LUTs) 

will be used to compensate for this effect [13]. LUTs are built 

storing the estimated PM flux linkage ( ˆ
pm ) values for different 

currents and PM temperatures. Linear interpolation is used to 

calculate PM temperature when the actual current or estimated 

PM value differs from stored values. 

Fig. 4 shows an example of LUT which provides the PM flux 

linkage vs. stator current and PM temperature for the VLF-

PMSMs test machine that will be used for the experimental 

verification of the method. It can be observed from Fig. 4 that 

the PM flux linkage decreases as the PM temperature (Tr) 

increases; this variation will be used for temperature estimation. 

It can be also observed that the PM flux linkage is heavily 

affected by stator current, which was an expected result due to 

the inherent variable leakage flux property of VLF-PMSMs. 

Fig. 5 shows an example of the linear interpolation that has 

been performed to estimate the PM temperature when the d-axis 

is 0 A and the q-axis current is 400 A. The black dots in Fig. 5 

are obtained from Fig. 4 at 0r

sdI A=  and 400r

sqI A= , a linear 

interpolation (blue line) being performed in this case. 
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■Tr=20ºC, ■ Tr =50ºC, ■ Tr =80ºC, ■ Tr=110ºC, ■ Tr=140ºC

 
Fig. 4 – FEA results. PM flux linkage vs. stator current and PM temperature 

LUTs. wr=3750 rpm, Tr=20, 50, 80, 110 and 140ºC. 

 
Fig. 5 – FEA results. Estimated PM flux linkage ( ˆ

pm ) and linear 

interpolation for 0r

sdI A= , 400r

sqI A= and Tr=20, 50, 80 and 110ºC. 

III. SIMULATION RESULTS 

Fig. 6 shows the schematic representation of the VLF-

PMSMs that will be used both for simulation and experimental 

verification of the proposed method, the parameters being 

shown in Table II. The machine is a 110kW, 8 poles VLF-

PMSM. Fig. 7a and 7b show the commanded d and q-axis 

currents, respectively, a square-wave current of |
r

sdI |=6.4 A 

(0.01 pu) being superposed to the fundamental d-axis current. 

Fig. 7c and 7d show the estimated stator d and q-axis flux 

linkage for different PM temperatures with the response to the 

currents shown in Fig. 7a and 7b; the stator flux linkages have 

been obtained using the flux observer described in Section II. 

Fig. 8 shows the estimated PM flux linkage, which is obtained 

from (6)-(10) after injecting a square-wave current signal, see 

Fig. 7a, at each fundamental dq-axis current level.  

After the PM flux linkage is estimated, it is introduced in the 

stored LUTs to estimate temperature. During normal operation 

of the machine, the current operating point does not necessarily 

match with the stored values, in that case, interpolation of stored 

values must be performed. Linear and cubic spline interpolation 

methods are evaluated in this paper. Additionally, in order to 

relate PM flux to temperature, the PM flux vs. temperature 

points must be interpolated in the stored LUTs. Linear and cubic 

spline interpolation methods are examined, and their 

performance is compared. It was found that quadratic regression 

of the PM flux vs. temperature provides accurate estimation, 

therefore it is also compared with interpolation methods. 

 
Fig. 6 – Schematic representation of the test machine. 

a) 

■Tr=20ºC, ■ Tr=50ºC, ■ Tr=80ºC, ■ Tr=110ºC, ■ Tr=140ºC 

 

b)  

c)  

d)  
Fig. 7 – FEA results. a) d-axis and b) q-axis current c) estimated d-axis stator 

flux linkage and d) estimated q-axis stator flux linkage. 127r

sdI A= − , 

382r

sqI A= , r=3750 rpm, Tr=20, 50, 80, 110 and 140ºC. 

■Tr=20ºC, ■ Tr=50ºC, ■ Tr=80ºC, ■ Tr=110ºC, ■ Tr=140ºC 

 
Fig. 8 – FEA results. Estimated PM flux linkage. r =3750 rpm, Tr=20, 50, 

80, 110 and 140ºC. 

TABLE II. MACHINE PARAMETERS 

PRated [kW] IRated [A] r [rpm] TRated [Nm] Poles 

110 640 10000 250 8 
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For operating point interpolation evaluation, new FEA 

simulations are performed at current levels different from the 

stored in the LUTs. Using the stored LUTs values, the PM flux 

at new simulated current levels is calculated through 

interpolations and compared with actual PM flux from FEA 

results at different temperatures (Tr=20, 50, 80, 110 and 140ºC). 

Fig. 9a and 9b show linear interpolation and cubic spline 

interpolation error, respectively.  It is observed that, for this 

VLF-PMSM, the interpolation error is similar in both cases, 

therefore linear interpolation is preferred because it is 

computationally faster. 

a) 

■Tr=20ºC, ■ Tr=50ºC, ■ Tr=80ºC, ■ Tr=110ºC, ■ Tr=140ºC 

 

b)  
Fig. 9 – FEA results. a) introduced error by linear interpolation vs. stator 

current and b) introduced error by cubic spline interpolation vs. stator current. 

r =3750 rpm, Tr=20, 50, 80, 110 and 140ºC 

For PM flux vs. temperature interpolation, it is not possible 

to perform additional FEA simulations at other temperatures 

because the PM material behavior is only defined at 20, 50, 80, 

110 and 140ºC, therefore Tr=80ºC is removed from interpolation 

and selected as test point.  Fig. 10 shows linear, cubic spline 

interpolations and quadratic regression performed at zero stator 

current operating point. Their performance is compared using 

the actual PM flux linkage from FEA results at 80ºC, and PM 

temperature is obtained using proposed interpolations and 

regression. Fig. 11 shows the temperature estimation error that 

these interpolations introduce in the temperature estimation 

method at 80ºC. It is observed that cubic spline interpolation has 

very good accuracy, while the linear interpolation method 

exhibits larger error. Quadratic regression shows slightly worse 

accuracy than cubic spline interpolation but at a lower 

computational cost. For final temperature estimation results, the 

linear interpolation accuracy is considered acceptable. 

 
Fig. 10 – FEA results. Actual PM flux linkage ( ˆ

pm ) vs. PM temperature 

and interpolations for 0r

sdI A= , 0r

sqI A= and Tr=20, 50, 80, 110 and 140ºC. 

■Linear Interpolation,    ■Spline Interpolation,     ■Quadratic Regression 

 
Fig. 11 – FEA results. Introduced temperature estimation error by PM flux 

interpolations vs. stator current at Tr=80ºC and r =3750 rpm 

Finally, using the estimated PM flux linkage and stored 

LUTs, the PM temperature is estimated. Fig. 12 shows the 

estimated temperature and the estimation error, which is seen to 

be within 10ºC. This error can be considered adequate for 

demagnetization prevention purposes but might be excessive for 

precise torque control purposes. 

■Tr=20ºC, ■ Tr=50ºC, ■ Tr=80ºC, ■ Tr=110ºC, ■ Tr=140ºC 

 
Fig. 12 – FEA results. Temperature estimation error. r =3750 rpm, Tr=20, 

50, 80, 110 and 140ºC. 
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IV. EXPERIMENTAL SETUP AND RESULTS 

A. Experimental setup 

The test bench used for the experimental verification of the 

method can be seen in Fig. 13. The test bench is composed of a 

conventional IPMSM used as a load, the VLF-PMSM under test 

(parameters shown in Table II). Fig. 14 shows a schematic 

representation of the power system setup, where each machine 

is driven by a three-phase inverter with shared DC-link. The 

inverters are controlled using a TMS320F28335 

microcontroller. Fig. 15 shows the control box with the control 

PCB and auxiliary systems. 

 
Fig. 13 – Test bench. 

 
Fig. 14 – Experimental setup power system scheme. 

 
Fig. 15 – Control box with the control card and auxiliary systems. 

In order to verify the accuracy of the proposed PM 

estimation method, the rotor PMs temperature is measured by 

means of thermocouples. A wireless PM temperature 

measurement system has been developed and implemented to 

transmit the measured PM temperature to a PC that will collect 

the PMs temperatures. Fig. 16 shows a picture of the wireless 

PM temperature measurement system along with the aluminum 

case attached to the rear part of the rotor. The temperature 

measurement system includes all analog signal conditioning, 

anti-aliasing filters, a microcontroller with a 10-bit analog to 

digital converters and a Wi-Fi transmission module. One single-

cell LiPo battery is used to deliver power to the whole 

measurement system. 

 
Fig. 16 – Wireless PM temperature measurement system along with the 

aluminum case attached to the rear part of the rotor. 

B. Experimental results 

First, the PM flux linkage of test machine is obtained with 

the stator flux observer and PM flux linkage estimation method 

presented in Section II at different temperatures (Tr=20, 50, 80 

and 110ºC). Fig. 17 shows the online estimated PM flux linkage 

along with the FEA results at 20ºC for comparison. 

Experimental results exhibit lower PM flux linkage than FEA 

results, this is due to slightly lower magnetization of the PMs in 

the actual test machine. Despite this offset in the experimental 

results, the variable leakage flux capability can be observed, 

where the PM flux linkage increases at high load conditions 

(high q-axis current). It can be observed from Fig. 17 that 

experimental results have been performed up to 450 A, this was 

due to stator temperature limitations. The results shown in Fig. 

17 will be stored in the microcontroller memory for PM 

temperature estimation during machine normal operation. 

Fig. 18 shows the experimental results of the proposed PM 

temperature estimation method. Fig. 18a shows the d and q-axis 

currents that have been injected, Fig. 18b shows the estimated 

and measured temperatures and Fig. 18c shows the temperature 

estimation error. It can be observed that the temperature 

estimation error is <5ºC, what can be considered adequate for 

PM temperature monitoring applications. 

Conventional IPMSM

(load)

VLF-PMSM

(test)

Torque sensor
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Fig. 17 – Experimental results. Estimated PM flux linkage and FEA results vs. 

q-axis stator current. 100r

sdI A= − , r =3000 rpm, Tr=20, 50, 80 and 110ºC. 

a) 

▬ r

sqI    ▬ r

sdI

 

b) 

▬ estimation    ▬ measurement

 

c)  
Fig. 18 – Experimental results. a) d and q-axis current used during the 

experiment, b) Estimated and measured rotor PM temperature, c) estimation 

error. 

V. CONCLUSIONS 

This paper proposes a method for PM temperature 

estimation in VLF-PMSMs based on the PM flux linkage 

variation with temperature. PM flux linkage is obtained from the 

stator flux linkage of the machine after applying a small-

amplitude, low frequency, square wave current signal, which is 

superposed on top of the fundamental current excitation. The 

method requires LUTs linking the PM flux linkage vs. stator 

current and PM temperature. Simulation and experimental 

results have been provided to demonstrate the validity of the 

proposed technique. The accuracy of the proposed method has 

been verified by using a wireless PM temperature measurement 

system.  
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Abstract— Torque measurement/estimation in Variable 

Leakage Flux Permanent Magnet Synchronous Motors (VLF-

PMSMs) is required in many applications. Torque measurement 

systems are expensive, require extra room, add weight, can 

introduce resonances into the system and can be sensitive to 

electromagnetic interference. Alternatively, torque can be 

estimated, accurate knowledge of machine parameters being often 

required in this case, which for the case of VLF-PMSMs can be a 

serious drawback due to the large variation of machine 

parameters with the operating condition. This paper proposes a 

torque estimation method for VLF-PMSMs based on stator flux 

linkage estimation. Machine parameters involved in stator flux 

linkage estimation are obtained from the response of the machine 

to a pulsating high frequency current signal and a low frequency 

and small magnitude, square-wave current signal. Both signals are 

injected on top of the fundamental excitation and without 

interfering therefore with the normal operation of the machine. 

Keywords— Torque estimation, VLF-PMSMs, variable leakage 

flux machine, high frequency signal injection, HF signal injection, 

low frequency signal injection, LF signal injection. 

I. INTRODUCTION 

 Permanent Magnet Synchronous Motors (PMSMs) have 

been the preferred option for electric and hybrid-electric 

vehicles (EV & HEV) due to their high torque density, wide 

speed capability and higher efficiency. Variable flux PMSMs 

(VF-PMSMs) [1] and variable leakage flux PMSMs (VLF- 

PMSMs) [2]–[3] have recently been proposed as an alternative 

to traditional PMSMs in EV & HEV. Their main advantage over 

traditional PMSMs is that flux-weakening current required in 

traditional PMSMs to match the back electromotive force with 

the available voltage in the DC link [4], is highly reduced or 

even eliminated [1]–[3]. 

EV & HEV require precise control of the torque produced 

by the machine [5]–[7], torque measurement/estimation being 

therefore needed. If torque is to be measured, torque transducers 

based on strain gauges are likely the preferred option. Less 

popular alternatives are systems based on torsional displacement 

methods [8]. Regardless of the method being used, precise 

torque measurement is expensive, requires room and extra 

cables, and introduces reliability concerns, torque estimation 

being therefore preferred [9]–[20]. Torque estimation methods 

can be roughly classified into torque equation-based methods 

[9]–[11] and indirect estimation methods [12]–[20]. All these 

methods [9]–[20] require precise knowledge of machine 

parameters (resistances, inductances or magnet flux) which can 

vary with the operating conditions of the machine (e.g. 

temperature or saturation). 

This paper proposes a method to improve the accuracy of 

torque estimation in VLF-PMSMs. Torque equation requires 

knowledge of stator flux linkage. Machine parameters needed 

for stator flux linkage estimation are d and q-axis inductances, 

stator resistance and permanent magnets (PMs) flux. d and q-

axes inductances and stator resistance will be estimated from the 

response of the machine to a pulsating high frequency (HF) 

current signal, while the PM flux linkage will be estimated from 

the response of the machine to a low frequency square-wave 

current signal. Both signals are low magnitude and are injected 

on top of the fundamental excitation. 

The paper is organized as follows: Section II shows the 

fundamental model of a VLF-PMSM; Section III presents the 

proposed torque estimation method; Section IV provides FEA 

evaluation of the method. Finally, conclusions are provided in 

Section V.  

II. FUNDAMENTAL MODEL OF A VLF-PMSM 

The fundamental model of a VLF-PMSM in a reference 

frame synchronous with the rotor is given by (1) where p stands 

for the derivative respect to time, Rd, Rq, Ld and Lq are the d and 

q-axes resistances and inductances respectively, ωr is the rotor 
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speed and λpm is the PM flux linkage; d-axis being aligned with 

PMs flux. The output torque can be expressed as (2) [21], where 

P is the number of poles, and r

sd  and 
r

sq  are the stator dq-axis 

flux linkages, (3) and (4) respectively. 

0 0

0 0

0 0

0

r r r

sd d sd d sd
r r r

q qsq sq sq

r
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R Lv i i

L i

L i
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r r

sq sq qi L =
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III. TORQUE ESTIMATION BASED ON FLUX OBSERVER ENHANCED 

WITH ON-LINE PARAMETERS ESTIMATION 

This section presents the proposed torque estimation method 

based on a flux observer enhanced with on-line parameters 

estimation. It is observed from (2)-(4) that the output torque of 

a VLF-PMSM is a function of dq-axes stator flux linkages, 

which depend on the dq-axes inductances, dq-axes resistances 

and PM flux [21]. These parameters vary during normal 

machine operation e.g. due to temperature or saturation. Fig. 2a-

d shows the dq-axes inductances, stator resistance and PM flux 

linkage vs. dq-axes currents of the VLF-PMSMs that will be 

used for the experimental verification of the proposed method, 

obtained through FEA. It is observed from this figure that the 

variation of these parameters with the machine operating 

condition cannot be ignored, machine parameters estimation 

being therefore needed. Fig. 1 shows the proposed torque 

estimation method as well as its integration with machine 

control.  

Torque estimation will require a) stator resistance and 

inductances estimation, b) stator flux linkage estimation and c) 

PM flux linkage estimation, this is described in the following 

sections. 

 
Fig. 1 – Integration of torque estimation and torque control. 

a)  

b)  

c)  

d)  
Fig. 2 – a) d-axis inductance vs. stator current, b) q-axis inductance vs. stator 

current, c) stator resistance vs. stator current and d) PM flux linkage vs. stator 

current. IHF=0.05 pu, ωHF=2**500 rad/s, Isd=0.02 pu, ωr=500 rpm and 

Tr=20ºC. 
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A. Resistance and inductances estimation using high 

frequency signal injection 

Injection of a high frequency signal has been shown to be a 

reliable method for resistance and inductance estimation 

[11],[22],[23]. In this paper, the injection of a pulsating high 

frequency current will be used to estimate stator resistance and 

inductances needed by the flux observer. The method has some 

similarities with the proposal in [11]. However, the method in 

[11] required two pulsating HF currents while only one HF 

signal is required in the method proposed in this paper. This 

reduces the adverse effects of the HF signal and simplifies the 

implementation.  

If the PMSM is fed with a HF voltage/current, the magnet 

flux dependent term in (1) can be safely neglected, as it does not 

contain any HF component, the HF model shown in (5) is 

obtained, where RdHF, RqHF, LdHF and LqHF are the d and q-axes 

high frequency resistances and inductances, respectively; r

sdHFi  

and 
r

sqHFi  are the d and q-axes high frequency currents; r

sdHFv  and 
r

sqHFv  are the d and q-axes high frequency voltages; d and q-axis 

HF inductances and resistances can be obtained by injecting a 

pulsating HF at 45º from the d axis, (6) of magnitude *

HFI  and 

frequency 
HF  (see Fig. 1). A resonant controller can be used 

for this purpose [11]. The HF voltages that will be commanded 

by the resonant controller will be of the form shown in (7). 

0 0

0 0

0

0

r r r
sdHF dHF dHFsdHF sdHF

r rr
sqHF sqHFqHF qHFsqHF

r

r qHF sdHF
r

r dHF sqHF

v R Li i
p

i iR Lv

L i

L i





        
= + +        

         

 − 
+   
     

(5) 

( )

( )

* *

*

* *

cos

cos

r

sdHF HF HFr

sdqHF r

sqHF HF HF

I I t
i

I I t





   
= =   
      

(6) 

( )

( )

*

*

*

r rr
dHF HF dHF sdHF r qHF sqHFsdHFr

sdqHF r r r
sqHF qHF HF qHF sqHF r dHF sdHF

R j L I L IV
v

V R j L I L I

 

 

 + − 
= =   

+ +        

(7) 

LdHF can be estimated from the measured d-axis HF current, 
'r

sdqHFi  (8), and the commanded d-axis HF voltage,
'r

sdqHFv (9). 

Both (8) and (9) can be separated into positive sequence (
'r

sdqHFpci
 

and 
'r

sdqHFpcv ) and negative sequence (
'r

sdqHFnci and 
'r

sdqHFncv ) 

components, (10) and (11). The d-axis HF impedance, (12) can 

be obtained either from the positive or negative sequence 

component, the d-axis HF inductance being its imaginary part 

(13). 
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LqHF can be estimated from the measured q-axis HF current, 
''r

sdqHFi (14), and the commanded q-axis HF voltage,
''r

sdqHFv  (15), 

using (16)-(19) similarly as for d-axis HF inductance estimation. 
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dq-axes HF resistance can be obtained from (20) and (21), 

the stator HF resistance 
sHFR  (22) being the average of the d and 

q-axis resistances. 
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B. Stator flux linkage estimation 

Different stator flux observers have been proposed in the 

literature, the voltage model (23)-(24) and the current model (3)-

(4) based being the preferred options [24]–[25]. Gopinath type 

flux observer was proposed in [25], combining the voltage and 

current models. The advantages and drawbacks of both models 

can be seen in Table I. 

( ) ( ( ) · ( ))·s s s

sd sd s sdt V t R I t dt = −  
(23) 

( ) ( ( ) · ( ))·s s s

sq sq s sqt V t R I t dt = −  
(24) 

 The current model can be used to estimate stator flux in the 

whole speed range of the machine but parameters, such as 

magnet flux linkage and inductances, must be previously 

known. On the other hand, voltage model can be used to estimate 

machine flux at high speeds [24], at low speeds it becomes 

inaccurate due to the diminishing magnitude of the Back-EMF 
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with speed and it cannot be used at standstill. In addition, as a 

pure integrator is required to estimate the flux, there is an initial 

estimation error (integration constant) which needs to be 

compensated. 

Gopinath type flux observers combine voltage at high speed 

and the current model at low speed including standstill, a PI 

controller being used to make a smooth transition between 

models. The controller bandwidth will set the transition 

frequency from current to voltage model. This type of flux 

observer provides reliable estimation in the whole speed range 

of the machine, including standstill, being more sensitive to 

machine parameters at low speeds. 

TABLE I. ADVANTAGES AND DRAWBACKS OF FLUX MODELS 

 
CURRENT 

MODEL 

VOLTAGE 

MODEL 
GOPINATH 

Parameter independency    

No initial state error ✓  ✓ 

Estimation in the whole speed range, 
including standstill 

✓  ✓ 

The Gopinath type flux observer shown in Fig. 3 will be used 

in this paper to estimate the stator flux linkage [25]. Observer 

parameters are estimated using HF signal injection. PM flux 

linkage estimation discussed in the next section will be used to 

further enhance the stator flux linkage estimation. 

 
Fig. 3 – Gopinath type flux observer scheme. 

C. PM flux linkage estimation 

PM flux linkage is relatively easy to estimate from the back-

EMF at no load but is difficult to estimate when the machine is 

loaded. The method proposed in [26] is used, in which λpm is 

estimated from the stator flux linkage in combination with the 

response of the machine to the injection of a quasi-square-wave, 

small-amplitude and low frequency, current signal (
*r

sdqi ). Both 

signals are injected on top of the fundamental current [26]. 

The PM flux linkage is estimated from the response of the 

machine to a low frequency, small magnitude, quasi-square-

wave current signal of magnitude r

sdI injected on top of the 

fundamental current [26], this is schematically represented in 

Fig. 4. The d-axis stator flux linkage, r

sd  is represented by (25), 
r

sd + is the d-axis flux linkage when positive d-axis current step, 
r

sdI , is applied (26), while r

sd − is the d-axis flux linkage when 

negative d-axis current step, r

sdI− , is applied (27). The stator 

flux linkages, r

sd , r

sd +  and r

sd −  are not obtained using (25)-

(27), instead, they are estimated by the Gopinath type flux 

observer shown in the previous subsection. ˆ
pm+  and ˆ

pm−  are 

estimated from (28) and (29), respectively. ̂pm
(PM flux 

linkage when no applying r

sdI ) is finally obtained as the 

average of ˆ
pm+  and ˆ

pm− , (30).  
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Fig. 4 – Schematic representation of the injected stator d-axis current, 

fundamental and small-amplitude, low frequency, squarewave currents,            

( r

sdi ) and resulting stator d-axis flux ( r

sd ). 

IV. FEA ANALYSIS OF THE METHOD 

Simulation results of the proposed method by means of FEA 

are provided in this section. Fig. 5 shows the schematic 

representation of the test machine that will be used for 

simulation verification. The parameters of the VLF-PMSM test 

machine are shown in Table II. 

 
Fig. 5 – Schematic representation of the test machine. 

 
TABLE II. MACHINE PARAMETERS 

PRated [kW] 110 

IRated [A] 640 

r [rpm] 10000 

TRated [Nm] 250 

Poles 8 
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Simulations are performed at 500 rpm (low speed) in order 

to test the proposed method performance in the speed region 

where the current model dominates the flux observer estimation 

and the parameter sensitivity is higher. A pulsating HF current 

signal with HFI = 0.05pu is injected to estimate HF inductances 

and resistance following the method described in Section IV.  

A. Cross-coupling inductance effect 

The obtained d and q-axes HF inductances are compared 

with the DC inductances in Fig. 6a and 6b, respectively. The 

obtained HF and DC values are not matching, this is produced 

by the relatively high cross-coupling inductance present in VLF-

PMSMs. In Section III, the cross-coupling inductance effect is 

not taken into account. Modifying the HF model (5) to include 

this effect, the new HF model is shown in (31). 

0

0

r r r
qdHFsdHF dHFdHF sdHF sdHF

r rr
sqHF sqHFqHF dqHF qHFsqHF

r
r dqHF r qHF sdHF

r
r dHF r qdHF sqHF

Lv LR i i
p

i iR L Lv

L L i

L L i

 

 

        
= + +        

          

− −   
+   
   

 (31) 

a) 

■ DC inductance  ■ FEA HF inductance 

 

b)  
Fig. 6 - a) d-axis HF and DC inductance vs. stator current and b) q-axis HF 

and DC inductance vs. stator current. IHF=0.05 pu, ωHF=2**500 rad/s, ωr=500 

rpm and Tr=20ºC. 

Following the procedure described in Section III with the 

new HF model, the estimated HF inductances in (13) and (19) 

becomes (32) and (33), respectively. It is observed from (32) and 

(33) that actual d and q-axis HF inductances can be obtained by 

subtracting the cross-coupling ( qdHFL  and dqHFL ) inductances 

from estimated values. The cross-coupling inductances are 

defined in (34) and (35), being qdHF dqHFL L= . 

 ˆ /dHF dHF HF dHF qdHFL Z L L=  = +  (32) 

ˆ /qHF qHF HF qHF dqHFL Z L L =  = +   (33) 

sd

qdHF r

sq

L
i


=

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sq

dqHF r

sd

L
i


=


 (35) 

In order to compensate for the cross-coupling inductance 

effect, cross-coupling inductance value must be known. It is 

possible to estimate the cross-coupling inductance using the q-

axis stator flux response to the squarewave, small-amplitude, 

low frequency current signal already used in Section III. In 

Section III, only d-axis stator flux estimation from flux observer 

was used to estimate PM flux linkage; for cross-coupling 

inductance estimation, only q-axis stator flux estimation from 

flux observer will be used. The cross-coupling inductance is 

obtained in (36), being 
r

sq +
 the q-axis flux linkage when 

positive d-axis current step, 
r

sdI , is applied, while 
r

sq −
is the q-

axis flux linkage when negative d-axis current step, 
r

sdI− , is 

applied. 

2

r r

sq sq sq sq

qdHF dqHF r r r

sd sd sd

L L
i i I

   + −  −
= =  =

  
 (36) 

B. DC inductance estimation from HF inductance 

Another reason for the mismatch between estimated HF 

inductance and DC inductance is the magnetic saturation of the 

machine. While the DC inductance is defined as the linearized 

or apparent inductance from the origin to the operating point, the 

HF (or dynamic) inductance is defined as the variation of the 

flux respect the current (37) i.e. the slope of the flux-current 

curve around the operating point [27]. This is schematically 

shown in Fig. 7. 

DynL
i


=


 (37) 

 
Fig. 7 – Schematic representation of DC or linearized inductance and HF or 

incremental inductance. 

In order to obtain the DC inductances from the HF results, 

the HF inductance can be integrated along the current trajectory 

of the machine. This technique will provide instantaneous DC 

I

λ

LDC

LHF

Operation point
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inductance estimation in d and q-axis using the estimated HF 

inductance, as shown in (38) and (39). 

( , ) ( , )r r r r r

dDyn sd sq sd pm sd sq

dDC r

sd

L I I i I I
L

I

 −
=


 (38) 

( , )r r r

qDyn sd sq sq

qDC r

sq

L I I i
L

I


=


 (39) 

C. Simulation results 

HF inductances are calculated using (32) and (33) to take 

into account the cross-coupling inductance. The cross-coupling 

inductance is obtained from (36) using the q-axis flux observer 

output estimation. Fig. 8a and 8b show the estimated d and q-

axis HF inductances considering the cross-coupling inductance, 

respectively. For the sake of comparison, Fig. 8a and 8b, also 

show the dynamic inductances theoretically calculated from 

FEA data using (37) for both d and q-axis. It is observed that HF 

and dynamic inductances are matching as it was expected. 

a) 

■ Dyn inductance  ■ FEA HF inductance 

 

b)  
Fig. 8 - a) d-axis HF and Dynamic inductance vs. stator current and b) q-axis HF 

and Dynamic inductance vs. stator current. IHF=0.05 pu, ωHF=2**500 rad/s, 

ωr=500 rpm and Tr=20ºC. 

In order to further enhance the stator flux observer 

estimation, instead of introducing the HF inductances into the 

flux observer, the DC inductance values are estimated using (38) 

and (39). Fig. 9a and 9b show the estimated d and q-axis DC 

inductances, respectively, and actual d and q-axis DC 

inductances are also shown for comparison. It is observed that 

estimated and actual DC inductances are matching as it was 

expected. 

a) 

■ DC inductance  ■ FEA estimated DC inductance 

 

b)  
Fig. 9 - a) d-axis estimated and actual DC inductance vs. stator current and b) q-

axis estimated and actual DC inductance vs. stator current. IHF=0.05 pu, 

ωHF=2**500 rad/s, ωr=500 rpm and Tr=20ºC. 

After the stator inductances are estimated, using the 

procedure described in Section III, the stator resistance is 

estimated and represented in Fig. 2c. 

The last parameter to be estimated is the PM flux linkage, it 

is estimated using a square-wave current signal with ±
r

sdI =0, 

as described in Section III. Fig. 2d shows the estimated PM flux 

linkage using this procedure.  

The estimated parameters and PM flux linkage are used in 

the Gopinath type flux observer. Estimated d and q-axis stator 

flux are shown in Fig. 10a and 10b, respectively, and actual 

machine flux from FEA data is also represented for comparison. 

The stator flux observer provides an accurate estimation as it 

was expected. Finally, the torque is estimated using (2) and it is 

represented vs. stator current in Fig. 11a and the estimation error 

is calculated as (40) and shown in Fig. 11b, being T̂  the torque 

estimated by proposed method and TFEA the actually produced 

torque extracted from FEA results. It is observed from Fig. 10 

that the method provides good accuracy in the whole stator 

current region. The largest error is produced at high load and 

deep flux weakening current region, where the machine is not 

likely to be operated. Furthermore, the maximum error 

magnitude is around 1 Nm, which is 0.4% of rated torque. 

ˆ
FEAerror T T= −  (40) 
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V. CONCLUSIONS 

This paper proposes a torque estimation method for VLF-

PMSMs based on the stator flux linkage. Stator flux linkage is 

estimated using a flux observer. d and q-axis inductances and 

stator resistance are estimated online from the response of the 

machine to a pulsating HF current signal which is injected on 

top of the fundamental excitation. PM flux linkage is estimated 

from the response to a low-frequency, low-magnitude square-

wave current which is also injected on top of the fundamental 

excitation. Cross-coupling inductance effect is compensated and 

DC inductance is obtained from HF values and used in the stator 

flux observer. Accurate stator flux estimation is obtained from 

flux observer using estimated parameters, leading to accurate 

torque estimation. Simulation results have been provided to 

demonstrate the validity of the proposed technique. 
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Abstract— Synchronous PI current regulators are the 

preferred option for the current control of ac electric drives. The 

controller tuning requires knowledge of machine parameters that 

can change during normal operation, e.g. due to saturation and 

temperature variations, leading to changes in the current 

regulator dynamic response. This paper proposes the use of high-

frequency signal injection (HFI) for parameter identification. This 

will enable online adaptation of the current regulator gains, 

eventually making their response robust against parameter 

variations.   

Keywords— PI Current Regulator, PI Current Controller, 

Tuning, High-Frequency Injection, HFI, Online Parameter 

Adaptation. 

I. INTRODUCTION 

Field-oriented control (FOC) normally uses Proportional 

Integral (PI) current controllers, as they guarantee zero steady-

state error at the fundamental excitation frequency as well as a 

good dynamic response [1]. Controller tuning requires 

knowledge of the machine parameters [2], which are subjected 

to variations due to temperature and saturation. This can result 

in a degradation of the control performance. This can be avoided 

through robust control designs, e.g. sliding mode control [3], 

linear parameter varying [4], or internal mode control [5]. 

Alternatively, machine parameters can be estimated to adapt the 

controller gains. High-frequency injection (HFI) [6]–[12], 

 
   This work was supported in part by the Research, Technological Development 

and Innovation Programs of the Spanish Ministry of Science and Innovation, 
under grant PID2019-106057RB-I00 

extended Kalman filter (EKF) [13], model reference adaptive 

systems (MRAS) [14], neural networks (NNs) [15] or recursive 

least square (RLS) [16] have been reported in the literature. 

Table I summarizes their main characteristics. 

HFI is a reliable method to estimate machine parameters [6]–

[12]. The use of an HF signal for machine parameter estimation 

and PI controller tuning has been proposed in [10]; the method 

relies on spatial inductance mapping and does not allow online 

tuning (i.e. during normal operation of the machine) of the PI 

controllers. 

This paper proposes an online tuning method for 

synchronous PI current controllers using a pulsating HF current 

signal superimposed to the fundamental excitation at 45º 

between d- and q-axes. Machine parameters will be estimated 

from its response to the HF signal. The proposed method can be 

used with any synchronous machine design, including interior 

permanent magnet synchronous machines (IPMSMs) and 

surface permanent magnet synchronous machines (SPMSMs), 

wound-rotor synchronous machines (WRSMs), and 

synchronous reluctance machines (SynRMs). This paper will 

focus on the IPMSMs case. 

The paper is organized as follows: in Section II the 

fundamental model of PMSMs is shown; in Section III the PI 

current controller tuning method is explained; in Section IV the 

 

 

TABLE I – ADVANTAGES AND DISADVANTAGES OF PARAMETER ESTIMATION METHODS 

 Need of additional signals Parameter sensitivity No commissioning Computational burden 

HFI [6]–[12]  ✓ ✓ ✓ 

EKF [13] ✓ ✓   

MRAS [14] ✓  ✓ ✓ 

NNs [15] ✓ ✓   

RLS [16] ✓ ✓   
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HF inductance and resistance estimation are shown; in Sections 

V and VI simulation and experimental results are provided, 

respectively. Finally, conclusions are provided in Section VII. 

II. FUNDAMENTAL MODEL OF PMSMS 

The fundamental model of a PMSM in a reference frame 

synchronous with the rotor is given by (1) [17], where p stands 

for the time derivative, Rd, Rq, Ld, and Lq are the d- and q-axis 

resistances and apparent (dc) d- and q-axis inductances 

respectively, ωr is the rotor speed and λpm is the PM flux linkage. 

The d-axis is aligned with the PM flux. 

0 0
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(1) 

Inductances in (1) are commonly considered as constant 

values, therefore not being affected by the derivative operator 

[17]. However, in practice machine inductances vary due to 

saturation and temperature. Saturation can be modeled as shown 

in (2), which can be further reorganized as (3) by applying the 

chain rule for derivatives to (2). Finally, (4) is obtained, dynamic 

inductances being defined in (5). It is concluded that dynamic 

inductance should be used for current controller tuning if the 

magnetic saturation effect is to be considered. Temperature 

effects are not explicitly shown in the model, but its effects will 

be compensated by means of the parameter estimation method. 
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 (5) 

III. PI CURRENT CONTROLLER TUNING 

A. Synchronous PI current controller with cross-coupling 

decoupling 

This section discusses PI current controller tuning using 

dynamic inductance and resistance. Zero-pole cancellation 

(ZPC) will be used. Fig. 1 schematically shows the current 

control scheme in the rotor synchronous reference frame. It is 

assumed that the back-EMF and cross-coupling terms of (1) are 

perfectly canceled [18]. 

The plant becomes (6) where the subscript x stands for d- or 

q-axis. (7) shows the PI current controller transfer function. PI 

controller parameters kp and ki are obtained from (8) and (9), 

where ωbw is the desired bandwidth.  

Fig. 2a shows the root locus of the control system shown in 

Fig. 1 in the case of an ideal ZPC. In the case of q-axis saturation 

due to q-axis current (positive or negative) injection, q-axis 

inductance will decrease; the resulting root locus being shown 

in Fig. 2b. An analogous effect will result from a stator 

resistance increase due to a stator temperature increase. In both 

cases, the resulting system settling time will be increased. In the 

case of negative d-axis current injection (i.e. flux weakening 

current), d-axis inductance will increase, the resulting root locus 

being shown in Fig. 2c. In this case, the resulting system settling 

time could be increased or create an undamped response, 

depending on the current controller gains. 

 
Fig. 1 - IPMSM control system scheme. 
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Additionally, inductance variations affect the cross-coupling 

decoupling performance typically used with synchronous PI 

controllers, leading to larger settling time and undamped 

responses when the machine speed approaches to the current 

control bandwidth. To overcome this issue an improved 

synchronous PI controller structure for machines with magnetic 

reluctance (Ld ≠ Lq), generalized from the complex-vector PI 

current regulators [18] is described in this paper along with the 

tuning procedure.  
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a)  

b)  

c)  

 
Fig. 2 - Root locus obtained by zero-pole cancellation. a) ideal, b) inductance 

decreased or resistance increased, and c) inductance increased. 

B. Matrix synchronous PI current controller 

A similar controller structure to that of (7) can be used with 

kp and ki being matrices defined in (10) and (11), where ωbw is 

the desired bandwidth. This gain selection achieves ZPC in the 

cross-coupled system, similarly to the complex vector PI current 

controller for machines without reluctance (Ld = Lq) machines 

[18] and being analogous to the internal mode control (IMC) 

regulator presented in [19]. 

The block diagram of this controller is shown in Fig. 3. It is 

observed that the implementation is similar to the synchronous 

PI current controller with the addition of the cross-coupling 

branches. 
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Fig. 3 – Matrix synchronous PI current controller structure. 

Regardless of the structure or tuning technique used, 

accurate parameter (dynamic inductance and resistance) 

estimation is needed to guarantee both precise cross-coupling 

decoupling and the desired dynamic performance during 

machine normal operation. 

IV. DYNAMIC INDUCTANCE AND RESISTANCE ESTIMATION 

USING AN HF SIGNAL INJECTION 

A. Dynamic inductance and HF inductance 

The dynamic inductances are defined as the slope of the 

machine flux vs. current, around the operating point, and they 

can be obtained from (12) and (13). The injection of an HF 

current signal on top of the fundamental excitation creates small 

variations in machine flux, and voltages, around the operating 

point, HF inductances being possible to be calculated. If the HF 

current magnitude is small, the HF inductance values can be 

assumed to match with the dynamic inductances (5) [21], [22]. 

This is schematically shown in Fig. 4 for both d- and q-axes. 
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a)  

b)  
Fig. 4 - Schematic representation of dc (apparent) inductance and HF 

(dynamic) inductance for a) d-axis and b) q-axis. 
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B. HF inductance and resistance estimation 

The HF model of a PMSM in a reference frame synchronous 

with the rotor is given by (14) [6], [20], where RdHF, RqHF, LdHF,  

and LqHF are the d- and q-axis HF resistances and inductances, 

respectively, r

sdHFi  and 
r

sqHFi  are the d- and q-axis HF currents 

and r

sdHFv  and 
r

sqHFv  are the d- and q-axis HF voltages. 

0
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r r r
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(14) 

A pulsating HF current signal injected at 45º from the d-axis 

(15) can be used to estimate d- and q-axis HF stator resistances 

and inductances [6], where *

HFI  is the magnitude and ωHF is the 

frequency of the injected signal. To inject the pulsating HF 

current signal on top of the fundamental excitation, a resonant 

controller in the synchronous reference frame is used as shown 

in Fig. 5. The d- and q-axis HF impedance are obtained from 

(16) and (17), respectively. The d- and q-axis HF inductances 

are obtained from (18) and (19), while the d- and q-axis HF 

resistances are obtained from (20) and (21) [6]. These equations 

are computed in the parameter estimation block shown in Fig. 5. 

The PI gains are then obtained using (8) and (9). 

 
Fig. 5 - Proposed online PI current controller tuning based on HFI and current 

controller. 

( )

( )

* *

*

* *

cos

cos

r

sdHF HF HFr

sdqHF r

sqHF HF HF

I I t
i

I I t





   
= =   

      

(15) 

*r

sdHF

dHF dHF r qHF HF dHFr

sdHF

V
Z R L j L

I
 = = − +

 

(16) 

*r

sqHF

qHF qHF r dHF HF qHFr

sqHF

V
Z R L j L

I
 = = + +

 

(17) 

  /dHF dHF HFL Z = 
 

(18) 

/qHF qHF HFL Z  =    
(19) 

 dHF dHF r qHFR Z L=  +
 

(20) 

qHF qHF r dHFR Z L =  −   
(21) 

V. SIMULATION RESULTS 

Finite element analysis (FEA) model of the IPMSM under 

test is shown in Fig. 6. The motor parameters are shown in Table 

II. 

 
Fig. 6 - FEA model of tested IPMSM. 

TABLE II- IPMSM PARAMETERS 

Rated Current 14 A 

Rated Voltage 350 V 

Rated Power 4 kW 

Rated Speed 1000 r/min 

Pole Pairs 3 

Stator Resistance 1.2 Ω 

d-axis inductance 4.2 mH 

q-axis inductance 15 mH 

In this section, the proposed method to adapt the controller 

gains is used for both synchronous PI current controller with 

cross-coupling decoupling (see Section III.A) and matrix 

synchronous PI current controller (see Section III.B). Their 

performance is tested by means of step reference tracking 

capabilities in both d- and q- axes. Their dynamic responses are 

compared with non-adaptive controllers and an ideal first-order 

response. 

Non-adaptive current controllers are tuned with the nominal 

machine parameters (see Table II), while the adaptive current 

controllers obtain the machine parameters from HFI (see Section 

IV) at the operating point prior to the current step command. The 

HF current signal is injected at 45º between d- and q- axes with 

a magnitude of 0.05 p.u. and 1kHz of frequency. The selected 

bandwidth for tuning of all the tested controllers is 150 Hz. 

Relatively low bandwidths (150 Hz and 50 Hz) are used in this 

paper to emphasize the performance differences among current 

controller structures. 

The operating point for the d- axis current step response test 

is Isd
r  = -1 p.u., Isq

r  = 0 p.u. , and the d- axis inductance is 

increased to 9.4 mH (+124%) by the FEA results. In a similar 

way, the operating point for the q- axis current step response test 

is Isd
r  = 0 p.u., Isq

r  = 0.9 p.u. , with a decrease of the q- axis 

inductance to 14 mH (-7%) by the FEA results. In both tests, the 

current step command value is +0.1 p.u. 

Fig. 7 shows the d-axis current regulator response to a d-axis 

current step command. Fig. 7a shows the simulation results at 

zero speed condition providing an intrinsic decoupling between 

d- and q-axes, while Fig. 7b shows the simulation results at 300 

r/min.  Both non-adaptive controller responses are overlapped 
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and show larger settling time and overshot due to inductance 

variation, while both adaptive controllers maintain the desired 

settling time (also overlapping in the figure). There are no 

significant differences in the dynamic response between 

controller types or between different speed conditions exhibiting 

a correct decoupling between axes. 

▬Command--Ideal response (150Hz) ▬Adaptive matrix PI 

▬Adaptive synchronous PI ▬Matrix PI ▬Synchronous PI  

a)  

b)  
Fig. 7 - Simulation results. 0.1 p.u. d-axis step current response (Ld increased 

to 9.4mH ,+124%) a) at zero speed and b) at ωr = 300r/min. ωbw=2·π·150 

rad/s. HFI: IHF = 0.05 p.u., 1 kHz. Sampled at 10 kHz. 

Fig. 8 shows an analogous experiment to Fig. 7 but for a q-

axis current step command. In this case, the differences between 

the adaptive PI controllers and non-adaptive PI controllers are 

negligible (responses are overlapped in the figure) due to the 

smaller inductance variation in the q-axis at this operating point. 

From these simulation results, it can be concluded that the 

adaptation of controller gains based on HF estimated parameters 

allow to maintain the desired bandwidth even when the machine 

inductance or resistance vary due to magnetic saturation or 

temperature variations. 

The HF parameter estimation errors in simulations have 

shown to be around 3%, while the estimation error in 

experimental results is expected to be larger due to inverter non-

linearities and noise. The quantification of estimation errors in 

experimental results is still ongoing research.  

The estimation accuracy might affect the performance of 

adaptive controllers, therefore an estimation error of -20% in the 

d-axis inductance is artificially introduced in the next simulation 

results to test the impact of estimation errors in the performance 

of the method. Fig. 9 shows the d-axis current regulator response 

to a d-axis step command for adaptive matrix PI and adaptive 

synchronous PI current regulators when a -20% inductance 

estimation error is artificially introduced. The controller 

bandwidth has been lowered to 2π50 rad/s to amplify the effects 

of cross-coupling. It can be seen that inductance estimation 

errors have a larger effect when using the synchronous PI with 

cross-coupling decoupling (Section III.A) than matrix PI 

(Section III.B), as expected. 

▬Command --Ideal response (150Hz) ▬Adaptive matrix PI 

▬Adaptive synchronous PI ▬Matrix PI ▬Synchronous PI 

a)  

b)  
Fig. 8 - Simulation results. 0.1 p.u. q-axis step current response (Lq decreased 

to 14mH, -7%) a) at zero speed and b) at ωr = 300r/min. ωbw=2·π·150 rad/s. 

HFI: IHF = 0.05 p.u., 1 kHz. Sampled at 10 kHz. 

▬Command --Ideal response (50Hz) ▬Adaptive matrix PI 

▬Adaptive synchronous PI  

a)  

b)  
Fig. 9 - Simulation results. 0.1 p.u. d-axis step current response a) d-axis 

current response and b) q-axis current response with a -20% Ld estimation 

error, at ωr = 300r/min. ωbw=2·π·50 rad/s. HFI: IHF = 0.05 p.u., 1 kHz. 

Sampled at 10 kHz. 

VI. PRELIMINARY EXPERIMENTAL RESULTS 

This section shows some preliminary experimental results of 

the proposed method. The IPMSM shown in Fig. 10 will be used 
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for the experimental verification of the method, its parameters 

can be seen in Table II. 

 
Fig. 10 – IPMSM used for experimental verification of the method. 

Non-adaptive current controllers are tuned at the operating 

point: Isd
r  = -0.1 p.u., Isq

r  = 0 p.u.  with a bandwidth of 150 Hz 

and their current step dynamic response is shown in Fig. 11. At 

this operating point, non-adaptive controllers have the desired 

dynamic response and both matrix and synchronous PI have 

overlapped responses.  

▬Command --Ideal response (150Hz) ▬Matrix PI ▬Synchronous PI 

 
Fig. 11  – Experimental Results. -0.1 p.u. d-axis step current response, at zero 

speed. ωbw=2·π·150 rad/s. Sampled at 10 kHz by the DSP. 

The tuned non-adaptive controllers are used and compared 

with adaptive controllers at a different operating point 

(Isd
r  = -1 p.u., Isq

r  = 0 p.u.) where the magnetic saturation is lower 

(inductance is increased). First, an HF current signal of 0.05 p.u. 

and 1 kHz is injected between d- and q-axes to estimate both 

axis dynamic inductances and resistances at the operating point. 

After the machine parameters are estimated, a 0.1 p.u. step is 

applied to the d-axis current command. The results are compared 

in Fig. 12 with non-adaptive PI current controllers tuned at low 

current operating point (Isd
r  = -0.1 p.u., Isq

r = 0 p.u.) and the first-

order system ideal response. Both adaptive controllers meet the 

desired bandwidth and dynamic response, while non-adaptive 

controllers show a larger settling time and overshot, as expected. 

The non-adaptive controllers show faster dynamics compared 

with simulation results due to differences between FEA machine 

model and the actual machine parameters at the tested operating 

point. Nevertheless, the effect of the increased d-axis inductance 

is in good agreement with simulation results. 

VII. CONCLUSIONS 

A method for online tuning of PI current controllers based 

on HFI is proposed in this paper. It is demonstrated that dynamic 

inductances are responsible for machine dynamics. Simulation 

and preliminary experimental results have been presented to 

demonstrate the performance of the proposed method. 

▬Command --Ideal response (150Hz) ▬Adaptive matrix PI 

▬Adaptive synchronous PI ▬Matrix PI ▬Synchronous PI 

 
Fig. 12  – Experimental Results. 0.1 p.u. d-axis step current response, at zero 

speed. ωbw=2·π·150 rad/s. HFI: IHF = 0.05 p.u., 1 kHz. Sampled at 10 kHz by 

the DSP. 
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Abstract—Torque pulsations in permanent magnet syn-
chronous machines are a main concern in many applications.
Accurate measurement of torque pulsations can be needed for
different purposes, e.g. to validate the effectiveness of machine
designs or to develop control strategies for their mitigation.
This paper discusses the performance of three torque pulsations
measurement methods, using: torque transducers, rotor position
sensors, and shaft-mounted accelerometers. The analysis will
consider hardware complexity, accuracy, speed range and cost.
Simulation and experimental results are presented.

Index Terms—Permanent Magnet Synchronous Machines,
torque ripple measurement.

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) have re-
ceived much attention in high performance applications such
as automotive, robotics, military, aerospace, etc. due to their
inherent advantages such high efficiency, high-power density,
and high dynamic response [1], [2]. Depending on the ma-
chine design, smooth torque production (i.e. minimization
of torque pulsations) can be difficult to achieve [3]–[6].
Torque pulsations in PMSM can be due to several reasons,
including a) interaction between PMs and the stator slot
opening, i.e. cogging torque; b) non-sinusoidal distribution
of the stator windings, c) non-sinusoidal current waveform
or d) non-sinusoidal back-EMF [7]–[12], i.e. electromagnetic
torque ripple. Smooth torque production can be achieved by
proper machine design [8]–[11], by means of improved control
strategies [7], [12], or both. Independent of the approach being
followed, experimental validation is required. Torque measure-
ment methods can be roughly separated in three groups:

• Rotatory torque transducers strain gauges-based systems
are the most common option [13], [14]. However, they
are expensive, bulky, and introduce flexible elements in
the shaft, reducing the torsional resonant frequency and
eventually the measuring frequency range of the whole
system [15]. Additionally, they are scaled to measure the
average torque (i.e.: dc component of the torque) what
reduces the resolution for measuring torque pulsations
(i.e. torque pulsations are relatively small compared
to DC component of the torque). As an attempt to
eliminate the additional coupling required by traditional
rotary torque transducer, a wireless transmission of the

strain gauge sensor signals by means of telemetry and
wireless power supply was reported in [16], [17]. This
method is directly attached to the rotor shaft resulting
in lighter and smaller sensors. However, these sensors
are also scaled to measure the average torque and have
a reduced bandwidth, what compromises their capability
to measure the torque ripple at high rotational speeds.

• Accelerometer based systems proposed in [14], [18],
[19] are based on the relationship between torque
and angular acceleration, therefore knowledge of shaft
inertia is needed to estimate the torque pulsations
[18]. However, these methods are independent of
the average torque, increasing the accuracy of the
measurements and are independent of the rotational
speed. In [14], a piezoelectric accelerometer is mounted
in an aluminum disk attached to the rotor shaft. The
need of mechanical couplings has similar concerns as
the mentioned for the rotary torque transducer. However,
wireless accelerometer system proposed in [19] is
directly mounted on the shaft to measure the tangential
acceleration using one microelectromechanical system
(MEMs) accelerometer, eliminating therefore the need
of additional mechanical couplings.

• Rotatory encoders can be used to estimate the angular
acceleration as proposed in [14], [20]. This method
involves a double differentiation from the measured
angular position. However, as most of the PMSMs control
strategies require accurate rotor position measurement,
estimating torque ripple from position sensors would be
especially advantageous for commercial applications.

The first two sensors require the use of slip rings or contact-
less signal transmission from rotor to stator side. Slip rings in-
crease maintenance costs and decrease system lifetime. Piezo-
electric accelerometer system proposed in [14] use contactless
analog signal transmission what involves modulation at the
rotor and demodulation at stator side, furthermore, it is sup-
plied via contactless power transfer (e.g. rotary transformer).
This makes the implementation difficult. However, wireless

978-1-7281-5135-9/21/$31.00 ©2021 IEEE 5129

20
21

 IE
EE

 E
ne

rg
y 

C
on

ve
rs

io
n 

C
on

gr
es

s a
nd

 E
xp

os
iti

on
 (E

C
C

E)
 | 

97
8-

1-
72

81
-5

13
5-

9/
21

/$
31

.0
0 

©
20

21
 IE

EE
 | 

D
O

I: 
10

.1
10

9/
EC

C
E4

71
01

.2
02

1.
95

95
73

5

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on December 13,2021 at 08:26:07 UTC from IEEE Xplore.  Restrictions apply. 



190 Publications

accelerometer system proposed in [15] is supplied from a
battery and the acceleration signals are digitally transferred via
wireless communication, making the implementation simpler.

The main target of this paper is to perform a comprehensive
analysis of torque pulsation measurement based on rotary
torque transducers [15], rotor position sensors [14] and shaft
mounted accelerometers [19].

The paper is organized as follows: working principles of
the three methods being considered are presented in Section
II; simulation results are shown in Section III; the test rig to
be used for experimental verification is described in Section
IV; conclusions are finally provided in Section V.

II. TORQUE PULSATIONS MEASUREMENT SYSTEM

This section describes the methods being considered.
1) Rotary torque transducer.: They measure the torsion of

the shaft, which is assumed to be proportional to the applied
torque [14]. This type of sensors can achieve high accuracy,
with an error lower than 0.1% of the nominal torque [13].
However, some considerations must be made regarding their
use for torque pulsations measurement:

• The measurement range and the subsequent signal acqui-
sition system must be scaled according to the maximum
torque, which will be normally much higher than the
torque pulsations [15]. The quantization error, Q, (1)
in the discretization of the analog signal provided by
the sensor can be critical in this regard. From (1), it is
seen that quantization error is directly proportional to the
sensor measurement range and inversely proportional to
the number of bits of the discretization.

• High precision commercial sensors have a bandwidth
up to 1.2kHz [13], [16]. Since the torque harmonics in
PMSMs occur at multiples of the fundamental frequency,
torque pulsations at high speeds could be beyond the
bandwidth of the sensor.

• Torque transducer increases the shaft length and add
flexible couplings to machine’s shaft. This will decrease
the system resonant frequency and limit the frequency
range of the sensor due to the interference/overlap of the
torque pulsations and system resonances [15].

Q =
Range/2bin

2
(1)

2) Shaft-mounted accelerometers [19].: They rely on the
centripetal (2) and tangential accelerations (3) of the shaft
measured using accelerometers [19], where r is the radius from
the sensor to the center of the shaft, ωr is the mechanical an-
gular frequency, g is the Earth’s gravity, ach is the magnitude
of the hth harmonic component of the centripetal acceleration,
ath is the magnitude of the hth harmonic component of the
tangential acceleration, h is the harmonic order of the hth
harmonic component, ϕch is the phase of the hth harmonic
component of the centripetal acceleration and ϕth is the phase
of the hth harmonic component of the tangential acceleration.

The relationship between torque τ and angular acceleration αr

is given by (4), where J is the moment of inertia.

ac = rω2
r + g cos(ωrt) +

inf∑

h=1

ach cos(hωrt+ ϕch) (2)

at = g sin(ωrt) +

inf∑

h=1

ath cos(hωrt+ ϕth) (3)

τ = J αr = mr2αr = mrat (4)

It is observed from (2) that the centripetal acceleration
includes the effect of machine’s speed (rω2

r ), while tangential
acceleration (3) contains the gravity, g, effect. Estimation of
the torque pulsations from the measured tangential accelera-
tion requires knowledge of the rotational inertia (4).

The bandwidth of the system will depend on the sampling
frequency of the analog-to-digital converter, the sensor me-
chanical resonant frequency and filters used in the acquisition
system, values in the range of one full order of magnitude
above the rotary transducer can be achieved (up to 12.8 kHz
[19]). This method does not increase the shaft length and
does not require couplings either, still the response depends
on system inertia.

3) Rotor position sensor.: Use of encoder signals, often
present for position feedback, to measure torque pulsations
was proposed in [14], [20]. Since torque pulsations are pro-
portional to acceleration, obtaining torque pulsations from
encoder signals requires a double differentiation, which is
problematic due to noise. In addition, since the position cor-
responds to the second integral of acceleration, the magnitude
of the oscillation in the position is attenuated by a factor of
(hωr)2 as shown in (6), which places significant sensitivity
concerns if the frequency of the vibration is high.

ωr(t) =

∫
αr(t)dt =

∫
athsin(hωrt)

r
dt =

−athcos(hωrt)

rhωr

(5)

θr(t) =

∫
ωr(t)dt =

1

rhωr

∫
−athcos(hωrt)dt

=
−athsin(hωrt)

r(hωr)2
(6)

III. SIMULATION RESULTS

Fig. 1 shows a schematic representation of the simulation
model that will be used to evaluate the performance of the
three methods being considered. Its main blocks are:

• System model: A predefined torque pulsation (∆TeHF )
of frequency, ωHF , is applied to the shaft, from which
acceleration, speed and position are obtained using (4)
and (5)-(6).

• “Toque transducer” block emulates a rotary torque trans-
ducer. Torque is acquired using a sample and hold (SH)
and analogue to Digital Converter (ADC) circuit.

• “Accelerometer based-method” estimates the torque pul-
sations form the measured angular acceleration. It also
includes SH and ADC circuits.
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Fig. 1. Simulation model scheme.

• Encoder pulses feed an “Encoder register” block that
emulates the dedicated encoder; rotor speed (ω̂r) and
acceleration (α̂e

r) are obtained using Euler approach (7)-
(8); the estimated torque pulsations are obtained using
the estimated system inertia (Ĵ).

ω̂r =
θ̂r(k)− θ̂r(k − 1)

Ts
(7)

α̂r =
ω̂r(k)− ω̂r(k − 1)

Ts
(8)

Fig. 2(a) and Fig. 2(b) show the torque pulsation estimated
by the three methods and the corresponding frequency spec-
trum zoomed around the frequency of interest (ωHF =250
Hz), when the torque pulsation described in the caption of the
figure is applied. Torque transducer and accelerometer are seen
to produce an accurate measurement of torque ripple. On the
contrary, the torque pulsations estimated from encoder signals
shows a large amount of noise due to the combined effect of
quantization error and the double differentiation, which results
in undesired frequency components observed in Fig. 2(b).

Fig. 3 shows the error in the estimated torque (9) for the
three analyzed methods as a function of torque pulsation
magnitude and frequency. It can be seen from Fig. 3(a)
that the error using the torque transducer increases inversely
proportional to the magnitude of the torque pulsation, due
to the resolution of the acquisition system. For the shaft-
mounted accelerometer based-method, see Fig. 3(b), error is
independent of the load and injected frequency. It is noted
that a precise estimate of the inertia is needed, see Fig. 3(b).
Fig. 3(c) and 3(d) show the results for two different encoder
resolutions. Torque oscillations estimated from encoder are
seen to show a rather random behavior, which would be
explained by the random nature of quantization noise (1)
which is intrinsic to encoder pulses sampling. As expected,
the magnitude of the error decreases as the resolution of the
encoder increases.

e =| ∆TeHF
| − | ∆T̂ x

eHF
| (9)

0.285 0.29 0.295 0.3 0.305 0.31 0.315

time (s)

-0.1

-0.05

0

0.05

0.1

T
e
H

F
 (

N
m

)

(a)

(b)

Fig. 2. Estimated torque pulsations simulation results: (a) Estimated torque
pulsations. ωr = 600 rpm, ∆TeHF = 0.1Nm, ωHF = 250 Hz, fs=10 kHz,
encoder = 1024 ppr, accelerometer resolution = 14 bits and range = ±4g,
torque transducer resolution = 12 bits and range = 100 Nm. Superindex ‘t′ ,
‘e′ and ‘a′

stand for torque transducer, encoder and accelerometer respectively.

IV. EXPERIMENTAL VERIFICATION

A. Implementation and experimental setup

Experimental results have been conducted using a 7.5 kW
IPMSM shown in Fig. 5, its main characteristics being shown
in Table I. The IPMSM is equipped with a rotor acceleration
measurement system [15], see Table II, an encoder of 1024
ppr and a torque transducer [see Table III]. The speed of
the test machine is fixed using the load machine, which is
a commercial 40-kW PMSM [21]. The speed control loop
has a bandwidth of 5 Hz. The moment of inertia, J , of the
mechanical system has been estimated from the measured rotor
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(a)

(b)

(c)

(d)

Fig. 3. Simulations results: (a) Torque transducer pulsations measurement
error, Range=100 Nm, Resolution=11 bits; (b) Shaft-mounted accelerometer
based-method error. Range=8g, Resolution=11 bits; (c) Encoder based-method
error. Resolution=1024 ppr; (d) Encoder based-method error. kHz, Resolu-
tion=16384 ppr. fs=10 kHz in all cases

shaft acceleration when applying a step-like change in the q-
axis current. The moment of inertia of the mechanical system
was estimated to be 250 kgcm2.

As discussed in the previous section, performance of the
three sensors is analysed from the response to a predefined

TABLE I
IPMSM PARAMETERS

Rated power Prated 7.5 kW
Rated voltage Vrated 350 V
Rated speed nrated 1800 rpm
Rated current Irated 14 Arms

PM flux λPM 0.63 Wb
Poles pairs P 3

TABLE II
MAIN CHARACTERISTICS OF SHAFT MOUNTED ACCELEROMETER

LSB 0.488 mg
Measurement range ± 4g
Bandwdith 12.8 kHz
Sensors number 1 (3-axis)
Output noise 1.3 mm/s2/

√
Hz

Distance to the shaft center (r) 24.6 mm

TABLE III
MAIN CHARACTERISTICS OF TORQUE TRANSDUCER

Range 100 Nm
Resolution 12 bits
Bandwidth 1 kHz

torque pulsation (∆TeHF
). A pulsating q-axis HF current (10)

of magnitude IrsqHF and frequency ωHF has been injected
in the test machine using a resonant controller (11); Kp is
the proportional gain of the controller, Ti is the integral time
and ωHF is the resonant frequency. The PR controller has
been tuned to inject the torque ripple at different frequencies,
emulating torque ripple produced in an IPMSM. Fig. 4 shows
the implementation of the method.

ir∗sdqHF =

[
ir∗sdHF

ir∗sqHF

]
=

[
0

Ir∗sqHF sin (2πfHF t)

]
(10)

PR(s) = Kp
s2 + s/Ti + ω2

HF

s2 + ω2
HF

(11)

Overall electromagnetic torque of a IPMSM is represented
by (12), while torque ripple due to the HF signal injection can
be expressed as (13), where P is the number of pole pairs.

Te =
3

2
P (λPM irsq + (Ld − Lq) irsd i

r
sq) (12)

∆TeHF
=

3

2
P (λPM irsqHF ) (13)

B. Experimental results

Fig 6 shows experimental results when the magnitude of the
pulsating q-axis HF current, IrsqHF is equal to 5A and the HF
signal was injected at 50Hz. Fig. 6(a) and Fig. 6(b) shows the
injected dq-axes HF current and the corresponding FFT. No
fundamental current has been applied. Fig. 6(c), Fig. 6(e) and
6(g) show the torque pulsation measured by the three methods
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Fig. 5. Experimental set-up: Picture of the test bench.

and Fig. 6(d), 6(f) and 6(h) shows the corresponding frequency
spectrums. Consistently with the simulation results, torque
transducer and accelerometer are seen to provide a rather
clean signal, accurately estimating the magnitude of the torque
ripple. On the contrary, the torque pulsations estimated from
encoder signals shows large amount of undesired frequency
components.

Fig. 7 shows experimental results when the magnitude of
the q-axis HF pulsating current changes from 0 to 5A for
different values of the HF frequency, fHF , and with the
rotor speed command set to 0rpm. No fundamental current
was being injected in the machine. Fig. 7(a), Fig. 7(b) and
Fig. 7(c) show the torque pulsation measurement using the
accelerometer, torque sensor and encoder, respectively. The
expected torque pulsations (13), Test, is included for com-
parison purposes. It can be seen from Fig.7(a) that the torque
pulsations measurement using the accelerometer-based method
is independent of the load and the frequency of the torque
pulsations. On the contrary, it can be seen from Fig. 7(b)
that the error using the torque transducer is negligible for
low frequency torque pulsations, but becomes more relevant
as the frequency increases. Torque oscillations measured error
using the encoder (see Fig. 7(c)) are seen to be negligible for
larger torque pulsations and low frequency of injection but
becomes more relevant as the torque pulsations decrease and

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6. Experimental results: (a) Injected HF current, ir∗sdqHF ; (b) FFT
of ir∗sdqHF ; (c) measured tangential acceleration from the shaft-mounted
accelerometer, at; (d) FFT of at; (e) measured output torque, Te; (f) FFT of
Te; (g) measured angular acceleration from the encoder, αh; (h) FFT of αh.
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the frequency increases.

(a)

(b)

(c)

Fig. 7. Experimental results: (a) Measured tangential acceleration from
the shaft-mounted accelerometer, at. Range=4g, Resolution=14 bits; (b)
Measured output torque, Te. Range=± 100 Nm, Resolution=12 bits; (c)
measured angular acceleration from the encoder, αh, Resolution=1024 ppr.
ωr=0 rpm, fs=10 kHz in all cases

Similarly to Fig. 7, Fig. 8 shows the measured torque ripple
at a rotational speed of 100rpm. It can be observed comparing
Fig. 7(a) with Fig. 8(a) and Fig. 7(b) with Fig. 8(b) that the
torque pulsation measurement using the accelerometer-based
method and the torque transducer do not change significantly
with rotor speed. On the contrary, the encoder is able to
measure higher-order harmonics (see Fig. 8(c). This suggests
that encoder pulses generated due to low rotational speeds has
a similar effect as dithering the encoder signal, masking the
noisy harmonics generated from quantization distortion.

The increase of the torque pulsations error with the injected
frequency seen in Fig. 7(b) and Fig. 8(b) compared with the
simulation results in Fig. 3(a), suggests that the error using the
torque transducer could be caused due to the friction torque,
which was not considered in the simulation results. Non ideal
behaviour of mechanical couplings (e.g. vibration models) are
another likely source. A similar effect is observed in the torque
ripple measured from the encoder-based method when the

machine is rotating at low speeds (see Fig. 8(c)). This is a
subject of ongoing research.

(a)

(b)

(c)

Fig. 8. Experimental results: (a) Measured tangential acceleration from
the shaft-mounted accelerometer, at. fs=10 kHz, Range=4g, Resolution=14
bits; (b) Measured output torque, Te. fs=10 kHz, Range=± 100 Nm,
Resolution=12 bits; (c) measured angular acceleration from the encoder, αh

fs=10 kHz, Resolution=1024 ppr. ωr=100 rpm, fs=10 kHz in all cases

Frequency analysis has been used so far for the evaluation
of the methods. This analysis is useful for off-line implemen-
tations and under the assumption that the machine operates in
steady state, as it allows very precise isolation of the frequency
components of interest. However, its use for real time imple-
mentation is not advisable, simpler forms of filtering must be
used in this case, e.g. band-pass filters. Such filters will suffer
from a reduced capability to remove frequency components
close to the target frequency. The Total Harmonic Distortion
(THD) of the signals (see Fig. 9) is in this case an useful metric
to asses the accuracy for each measurement method that could
be expected in a real implementation. It is seen from Fig. 9(a)
and Fig. 9(b) that the THD of both signals is < 15%. However,
for the encoder-based method, inadmissible high values of
the THD are observed. This places serious concerns on the
effectiveness of on-line signal processing methods to extract
the acceleration ripple from the encoder signals.
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(a)

(b)

(c)

Fig. 9. Experimental results: (a) THD of the measured tangential accel-
eration from the shaft-mounted accelerometer, at. fs=10 kHz, Range=4g,
Resolution=14 bits; (b) THD of the measured output torque, Te. fs=10
kHz, Range=± 100 Nm, Resolution=12 bits; (c) THD of the measured
angular acceleration from the encoder, αh fs=10 kHz, Resolution=1024 ppr.
Ir∗sqHF =5A, fHF =50Hz, fs=10 kHz in all cases

V. CONCLUSIONS

Precise measurement of torque pulsations produced by
PMSM can be required in several scenarios, including due
to application requirements, or to validate the performance of
machine designs and/or control strategies. Torque pulsations
can be measured by using torque transducers or estimated
from encoder signals or shaft-mounted accelerometers. The
proposed paper discusses the performance of the three afore-
mentioned methods. Encoder based methods do not involve
additional hardware but provide the lowest performance. Shaft
mounted accelerometers have been shown to provide the most
accurate result. However, it requires knowledge of mechanical
inertia. Finally, torque transducers have been shown to have
an unexpected error dependency with the frequency of the
torque pulsations. Simulations results and experimental have
been provided to support the analysis presented in this paper.
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Abstract— Use of high frequency (HF) signal injection-

based methods with PMSMs has been widely investigated for 

several purposes including rotor angle/speed estimation, 

permanent magnet (PM) temperature estimation and torque 

estimation. This paper analyses the opportunities of multi-

estimation. The physics behind these methods are analyzed, 

from which the number and characteristics of the HF signals 

to be injected can be deduced. Based on this, injection of a 

pulsating HF current 45º shifted from the d- axis and a 

rotating HF current in the stationary reference frame is found 

to be a suitable solution for simultaneous rotor angle, torque 

and magnet temperature estimation.1 

Keywords— Permanent Magnet Synchronous Machine 

(PMSM), high frequency signal injection, sensorless control, 

torque estimation, temperature estimation 

I. INTRODUCTION 

The use of PMSMs has increased during the last decades in a 

large variety of applications thanks to their improved performance 

in terms of torque/power density, efficiency, and controllability 

compared to other types of electric machines. Torque and motion 

control of PMSMs drives requires knowledge of the rotor angle, 

which can be measured or estimated. In addition, knowledge of 

machine torque and magnet temperature can be highly desirable 

for control and reliability purposes. 

Optical encoders and resolvers, are the preferred solution in 

the industry for rotor angle feedback [1]-[2] , though other 

alternatives are available [3]-[5]. Cost of the position sensor and 

the associated cabling and interfaces can account for a significant 

portion of the overall drive cost, especially in low-power 

applications.  In addition, the sensor itself and the associated 

cabling and connectors can be a source of failures, reducing the 

drive reliability.  Elimination of the position/speed sensor is 

therefore desirable. Sensorless methods are an alternative to the 

use of position sensors [6]-[20]. Sensorless methods can be 

broadly classified into methods based on the fundamental 

excitation [6], and saliency tracking based techniques [7]-[20].  

Fundamental excitation-based methods are effective when 

the back electromotive force (BEMF) signal is sufficiently large, 

i.e., at medium and high speeds; operation at low speed or 

standstill not being possible. Saliency tracking based techniques 

were proposed to overcome the limitations of BEMF based 

methods in the low-speed range, since they allow rotor angle 

estimation at low and zero speed. 

Precise knowledge of the torque produced by the machine is 

also a highly appealing feature in many applications [21]. Torque 

measurement can be done using strain gauges [22], other methods 

like those based on torsional displacements being less extended 

[23]. Independently of the method, torque measurement is costly 

and requires additional cabling and room. Hence, torque 

estimation is preferred in most applications. Torque estimation 

methods include equation based methods [24]-[28], indirect 

estimation methods [29] and neural networks [30]. All these 

methods require knowledge of certain machine parameters (e.g., 

magnet flux, inductances, and resistances) which often can vary 

with machine operating conditions (e.g., temperature, saturation, 

or speed). Injection of a HF signal into the stator terminals of the 

machine has been reported as a viable option for real time 

adaption of machine parameters needed by torque estimation 

methods, eventually enhancing their accuracy [27]. 

Finally, the performance and reliability of the drive also 

depends on the PMSM temperature, especially PMs’ 

temperature. Magnet temperature can be measured by means of 

contact type sensors (e.g., PTC thermistors, thermocouples, etc.) 

or non-contact type sensors (e.g., IR sensors) [31]. However, PM 

temperature measurement is not easy in practice as it implies 

modifications of the machine design, which can affect to its 

Table I. Estimation information from the machine’s response to the HF 

 Rotor angle Estimation Temperature Estimation Torque Estimation 

 Asymmetric Symmetric Asymmetric Symmetric Asymmetric Symmetric 

Resistance  [20]    [35]   

Inductance  [7]    [37]  [24]  [27] 

means “already published”,means “not published” 

1 
This work was supported in part by the Research, Technological 

Development and Innovation Programs of the Spanish Ministry of 
Science and Innovation, under grant PID2019-106057RB-I00. 
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reliability and increase its cost. Hence, PM temperature 

estimation is preferred. PM temperature estimation methods 

include thermal model based [32], BEMF based [33], and HF 

signal injection based [34]-[37] methods. Thermal models require 

previous knowledge of the machine geometry, materials, and 

cooling system. BEMF based methods do not work at standstill 

or low speeds. Appealing properties of HF signal injection based 

methods include the capability of operating in the whole speed 

range and the reduced sensitivity with respect to machine’s 

geometry. 

The response of the machine to the injected HF signal can be 

modelled as an RL load, which in a general case will consist of an 

average value and a differential value. The information of interest 

can be embedded in the resistive and/or inductive part, of either 

the symmetric or asymmetric components, as shown in Table I.  

Main facts observed from Table I are:  

• Temperature estimation methods mostly rely on the 

symmetric behaviour of the machine, use of both inductive 

and resistive parts being feasible.   

• Torque estimation relies on either the symmetric or 

asymmetric behaviour of the inductive part. 

• Rotor angle estimation methods usually rely on the 

asymmetric part of the inductive component.  

A critical aspect in the implementation of HF signal injection 

methods is the selection of the frequency. Generally speaking, 

lower frequencies will be advantageous when the information of 

interest is embedded in a resistive component, while higher 

frequencies will be preferred when the information of interest is 

embedded in an inductive component.  

The following conclusions can be reached from the previous 

discussion and Table I: 

• Simultaneous estimation of position, temperature, and 

torque, from the machine response to a HF signal seems 

possible. 

• The fact that rotor angle estimation and temperature 

estimation rely on the asymmetric and symmetric parts 

respectively suggest that the challenges for simultaneous 

estimation of these two variables should be moderate. 

Table II: HF Signal Injection Possibilities for Rotor Angle Estimation 

Injection 

reference frame 

HF signal type (Periodic) 

Rotating Signal 

(Sinusoidal) 
Pulsating Signal (Sinusoidal) 

Rotating 

Signal 

(Square-

Wave) 

Pulsating Signal  

(Square-Wave) 

Voltage Current 
𝑑-axis 𝑞-axis 

Voltage 
𝑑-axis 𝑞-axis 

Voltage Current Voltage Current Voltage Voltage 

Stationary 

(d-axis aligned 

with phase A)  

 [7], [8]   [9]   [11]   [11]   [16]   [18]

Synchronous 

(d-axis aligned 

with PM) 

 [10]   [8]  [15]  [14]  [15]   [17]  [19]

Used signal 

Negative 

sequence 

HF current

Negative 

sequence 

HF 

voltage

q-axis 

HF 

current 

q-axis 

HF 

voltage 

d-axis 

HF 

current

d-axis 

HF 

voltage 

Recons-

tructed 

current

q-axis HF 

current 

Induced 

HF current 

Frequency 

Range  

250 – 

1000 Hz 

200 –  

910 Hz 

330 – 

2000 Hz 

500 – 

1000 Hz 

330 – 

2000 Hz 
1000 Hz 1500 Hz 

625 – 5000 

Hz 
800 Hz 

Table III: HF Injection Possibilities for Torque Estimation 

Injection 

Reference Frame 

HF signal type (Periodic) 

Rotating Signal Pulsating Signal 

Voltage 
Voltage Current 

𝑑- and 𝑞- axis 45º from 𝑑- axis 𝑑- and 𝑞- axis 45º from 𝑑- axis 

Stationary 

(d-axis aligned 

with phase A) 

 [24]  -  - 

Synchronous 

(d-axis aligned 

with PM) 

 [25]   [26]  [27]  [28] 

Injected signals 1  - 1  2 1

Used signal 
Positive and negative 

HF current 
- 

d- and q-axes HF 

current 

d- and q-axes HF 

voltage 

d- and q-axes HF 

voltage 

Estimated 

parameters 

𝐿𝑑, 𝐿𝑞, 𝜆𝑃𝑀 [24] 

𝐿𝑑, 𝐿𝑞 [25] 
- 𝐿𝑑, 𝐿𝑞 𝐿𝑑, 𝐿𝑞, 𝜆𝑃𝑀 𝐿𝑑, 𝐿𝑞, 𝜆𝑃𝑀 

Frequency Range 500 Hz - 250 Hz 500 – 1000Hz 500 Hz 

- means “not possible” or “no sense”     
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• The fact that torque estimation can be performed using either 

the symmetric or asymmetric parts of the machine reveals a 

well-known fact: load level can produce severe disturbances 

to both rotor angle estimation and temperature estimation 

methods.  

• Selection of the HF signals (number of signals, signals type 

and frequency) will be critical to minimize the risk of 

interference between rotor angle, temperature and torque 

estimations. 

This paper deals with the simultaneous estimation of rotor 

angle, temperature and torque in PMSM using HF signal 

injection. The paper is organized as follows. Section II reviews 

the existing literature on the estimation of these three quantities. 

Opportunities and challenges for simultaneous estimation are 

presented in Section III. Implementation of the proposed method 

for simultaneous estimation is presented in Section IV. 

Simulations results are provided in Section V. Finally, 

conclusions are presented in Section VI. 

II. REVIEW OF HF SIGNAL INJECTION BASED ROTOR 

ANGLE, TEMPERATURE AND TORQUE ESTIMATION 

In this section, the existing literature on the independent 

estimation of rotor angle, torque and PM temperature estimation 

will be reviewed. 

A. HF Signal Injection Based Rotor Angle Estimation 

Rotor angle of PMSMs can be estimated by injecting a HF 

signal superimposed on top of the fundamental excitation [7]. 

Different alternatives depending on the type of HF signal and 

injection reference frame have been proposed, see Table II. 

Although all these forms of HF excitation respond to the same 

physical principles and can potentially provide the same 

performance, some differences exist in their practical 

implementation. Existing methods can be classified following 

multiple criteria: rotating vs. pulsating; sine-wave or square-

wave; voltage vs. current; injection in the stationary reference 

frame vs, synchronous reference frame. Furthermore, pulsating 

HF signal injection in the synchronous reference frame allows 

selection of the angle of injection, e.g., 𝑑 -axis, 𝑞 -axis or in 

between 𝑑 - and 𝑞 -axis (45º from 𝑑 -axis); only 𝑑 - or 𝑞 - axis 

injection has been reported for rotor angle estimation. 

B. HF Signal Injection Based Torque Estimation 

On-line estimation of the machine parameters involved in the 

general torque equation (GTE) (1), i.e., 𝑑- and 𝑞-axes inductance 

(Ld and Lq) and the PM flux linkage (𝜆𝑃𝑀), through HF signal 

injection has been recently proposed [24]-[28]. Different 

alternatives can be distinguished depending on the number of 

injected signals, magnitude (voltage or current), shape (pulsating, 

rotating, etc.) and injection reference frame, see Table III. 

Injection of a rotating voltage (whether in synchronous or 

stationary reference frame) or pulsating current/voltage signal at 

45º from the 𝑑- axis allow both electromagnetic and reluctance 

torque estimation using a unique signal. Injection of a pulsating 

current in the 𝑑- axis of the synchronous reference frame does not 

allow reluctance torque estimation, as no information about the 𝑞- 

axis inductance is obtained. Hence, pulsating HF signal injection 

in both the 𝑑- and 𝑞-axes is required in saliency machines, e.g., 

IPMSMs, that produce reluctance torque. For SPMSMs, 

pulsating signal injection in the 𝑑- axis would be enough. 

C. HF Signal Injection Based PM Temperature 

Estimation 

HF signal injection based PM temperature estimation 

methods rely on the variation of the stator-reflected magnet HF 

electrical resistance [34]-[35] or the stator d-axis HF inductance 

[37] with PM temperature. Depending on the type of HF signal 

and the injection reference frame, different alternatives have been 

proposed, see Table IV. Estimation of the d- axis resistance 

through a rotating HF voltage requires the frequency of the 

injected signal to be considerably higher than the fundamental one 

(𝜔𝐻𝐹 ≫ 𝜔𝑟); this assumption is realistic for SPMSMs but not for 

IPMSMs. Injection of a pulsating voltage or current signal in the 

d- axis (synchronous reference frame) allows estimation of the d- 

axis HF resistance and inductance, and therefore temperature. 

III.  COMBINED ROTOR ANGLE, TORQUE AND 

TEMPERATURE ESTIMATION BASED ON THE INJECTION OF 

A HF SIGNAL 

This section analyses simultaneous estimation of rotor angle, 

torque, and rotor temperature using HF signal injection. Table V 

shows the available options, using a single HF signal (first 

column), or two HF signals (right column). Drawbacks of 

injecting more than one HF signals are the increased complexity 

of the signal processing as well as the increased losses. 

 

Table IV: HF Injection Possibilities for Rotor Temperature Estimation 

Injection Reference Frame 

HF signal type  

Periodic (Frequency-Based) Non-Periodic (Time-Based) 

Rotating Signal Pulsating Signal Pulse Signal 

Voltage 
Current  

(𝑑-axis) 

Voltage  

(𝑑-axis) 

Voltage 

(𝑑-axis) 

Stationary 

(d-axis aligned with phase A) 
 [34] *    

Synchronous 

(d-axis aligned with PM) 
  [35], [37]  [35]   [36] 

Used signal 
HF positive sequence 

current

d-axis HF 

voltage

d-axis HF 

current
d-axis transient current

Estimated parameters 𝑅𝑑𝑞𝐻𝐹   
𝑅𝑑𝐻𝐹  [35] 

𝐿𝑑𝐻𝐹  [37]
𝑅𝑑𝐻𝐹 𝐿𝑑𝐻𝐹

Frequency Range 250 Hz 250 – 2500 Hz 250 Hz - 
*Only valid for SPMSMs 

𝑇 =
3

2

𝑃

2
[𝜆𝑃𝑀𝑖𝑞𝑠

𝑟 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑠
𝑟 𝑖𝑞𝑠

𝑟 ] (1) 
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For each case, Table I shows which behaviour of the machine 

(symmetric/asymmetric, inductive/resistive) is to be used. 

Focusing on simultaneous rotor angle, torque, and magnet 

temperature estimation, it can be seen that the available 

possibilities injecting a single HF signal are limited to SPMSMs.  

The injection of two different HF signals opens more possibilities 

which are not limited to SPMSMs (i.e. can be used in any PMSM 

type): (i) injection of a pulsating voltage/current in the d-axis of 

the synchronous reference frame for rotor angle [8], [15] and 

temperature estimation [35], [37] which can be combined with a 

pulsating current in the q-axis for torque estimation [27]; (ii) 

injection of a rotating voltage in the stationary reference frame for 

rotor angle [7], [8] and torque estimation [24], which can be 

combined with a pulsating voltage/current in the d- axis for 

magnet temperature estimation [35], [37], (iii) injection of a 

pulsating HF current at 45º from the 𝑑-axis for temperature [35] 

and torque estimation [28] which can be combined with a rotating 

HF voltage/current in the stationary reference frame for rotor 

position estimation [7]-[9] and (iv) injection of a pulsating 

voltage/current in the d-axis of the synchronous reference frame 

for rotor angle estimation [8], [15]  which can be combined with 

Table V: HF Injection Options for Rotor Angle, Torque and Temperature Estimation 

Estimated 

parameter 

Number of injected HF signals 

Options injecting one HF signal Options injecting two HF signals 

Rotor angle 
1. Rotating Voltage/Current (Stationary) 

2. Pulsating Voltage/Current (𝑑- sync) 
- 

Torque 

1. Rotating Voltage (Stationary) 

2. Rotating Voltage (Sync) 

3. Pulsating Voltage/Current (𝑑- sync) * 

4. Pulsating Voltage/Current (45º from 𝑑- sync.) 

1. Pulsating Voltage/Current (𝑑- sync) + Pulsating 

Voltage/Current (𝑞- sync) 

Magnet 

temperature 

1. Rotating Voltage (Stationary) * 

2. Pulsating Voltage (𝑑- sync) 

3. Pulsating Voltage/Current (𝑑- sync) 

4. Pulsating Voltage/Current (45º from 𝑑- sync.) 

- 

Rotor angle 

and torque 

1. Rotating Voltage (Stationary) 

2. Pulsating Voltage/Current (𝑑- sync) * 

1. Pulsating Voltage/Current (𝑑- sync) + Pulsating 

Voltage/Current (𝑞- sync) 

Rotor angle 

and magnet 

temperature 

1. Rotating Voltage (Stationary) * 

2. Pulsating Voltage/Current (𝑑- sync) 

1. Pulsating Voltage/Current (𝑑- sync) + Rotating 

Voltage/Current (Stationary) 

Magnet 

temperature 

and torque 

1. Rotating Voltage (Stationary) * 

2. Pulsating Voltage/Current (𝑑- sync) * 

3. Pulsating Current (45º from 𝑑- sync) 

1. Pulsating Voltage/Current (𝑑- sync) + Pulsating 

Voltage/Current (𝑞- sync) 

Rotor angle, 

magnet 

temperature 

and torque 

1. Rotating Voltage (Stationary) * 

2. Pulsating Voltage/Current (𝑑- sync) * 

1. Pulsating Voltage/Current (𝑑- sync) + Pulsating Current 

(𝑞- sync) 

2. Pulsating Voltage/Current (𝑑- sync) + Rotating 

Voltage/Current (Stationary) 

3. Pulsating Voltage/Current (45º from 𝑑- sync) + Pulsating 

Voltage/Current (𝑑- sync) 

4. Pulsating Voltage/Current (45º from 𝑑- sync) + Rotating 

Voltage/Current (Stationary) 
*Only valid for SPMSMs 

 

Fig.  1: Control scheme for simultaneous rotor angle, torque and magnet temperature estimation combining a pulsating HF current 45ºshifted from the d-

axis (HF1) and a rotating HF current in the stationary reference frame (HF2). 

PI

reg.

PR

reg.

PMSM
dqr

dqs

abc

Power

Converter

PR

reg.

dqs

dqr

dqs
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the same signals as in (iii) for torque and magnet temperature 

estimation.  

Following the preceding discussion, the combined use of a 

pulsating HF current 45º shifted from the d-axis and a rotating HF 

current in the stationary reference frame has been chosen. This 

option is advantageous in terms of injection frequency selection: 

lower frequencies will be used for the pulsating current as it is 

preferable for 𝑑𝑞 -axes resistance, 𝑅𝑑𝑞𝐻𝐹
 (for magnet 

temperature estimation) and inductance, 𝐿𝑑𝑞𝐻𝐹
 (for torque 

estimation) estimation, while higher frequencies for the rotating 

HF current are preferable for rotor angle estimation. In addition, it 

can be observed that this option does not require to combine 

parameters estimated with different HF signals, i.e., both rotor 

angle, torque as well as magnet temperature are independently 

estimated through a single HF signal. 

IV. IMPLEMENTATION 

This section discusses the implementation of the selected 

method.  Fig. 1 shows the corresponding block diagram. A 

pulsating HF current 45º shifted from the d-axis (HF1) and a 

rotating HF current in the stationary reference frame (HF2) are 

injected. Two band-stop filters (BSF1 and BSF2) are used to 

remove both HF components ( 𝜔𝐻𝐹1  and 𝜔𝐻𝐹2 ) in the 

fundamental current feedback. Proportional resonant (PR) 

controllers are used to control the injected HF currents, band-pass 

filters (BPF1 and BPF2) being used to isolate each HF component 

in the corresponding HF current feedback, i.e., 𝜔𝐻𝐹1  for the 

pulsating HF current feedback, and 𝜔𝐻𝐹2  for the rotating HF 

current feedback. 

A. Rotor Angle Estimation Using Rotating HF Current 

Injection in the Stationary Reference Frame 

If a sinusoidal rotary HF current signal (2) is injected into the 

stator terminals of a PMSM, the resulting HF voltages are 

represented by (3) assuming a pure inductive behaviour of the 

PMSM, where ∑𝐿𝑠 (4) and Δ𝐿𝑠 (5) are the mean and differential 

inductances respectively. (3) can be also expressed as (6), where 

𝑉𝑝𝑐 (7) is the magnitude of the positive sequence component and 

𝑉𝑛𝑐 (8) the magnitude of the negative sequence component. It can 

be observed from (6) that the resulting stator HF voltage can be 

decomposed into a positive sequence component, that does not 

provide any information about the rotor position, and a negative 

sequence component, with rotor position information [7]. 

𝑖𝑑𝑞𝑠𝐻𝐹2

𝑠 = 𝐼𝐻𝐹2 [
cos(𝜔𝐻𝐹2𝑡)

sin(𝜔𝐻𝐹2𝑡)
] (2) 

𝑣𝑑𝑞𝑠𝐻𝐹2

𝑠 = 𝑗𝜔𝐻𝐹2𝑖𝑑𝑞𝑠𝐻𝐹2

𝑠 · 

· [
∑𝐿𝑠 + Δ𝐿𝑠 cos(2𝜃𝑟) −Δ𝐿𝑠 sin(2𝜃𝑟)

−Δ𝐿𝑠 sin(2𝜃𝑟) ∑𝐿𝑠 − Δ𝐿𝑠 cos(2𝜃𝑟)
] 

(3) 

∑𝐿𝑠 =
𝐿𝑑𝑠 + 𝐿𝑞𝑠

2
 (4) Δ𝐿𝑠 =

𝐿𝑞𝑠 − 𝐿𝑑𝑠

2
 (5) 

𝑣𝑑𝑞𝑠
𝑠

𝐻𝐹2
= 𝑣𝑑𝑞𝑠

𝑟

𝐻𝐹2𝑝𝑐
+ 𝑣𝑑𝑞𝑠

𝑟

𝐻𝐹2𝑛𝑐
= 𝑗𝑉𝑝𝑐𝑒𝑗𝜔𝐻𝐹2 + 

+𝑉𝑛𝑐𝑒−𝑗(𝜔𝐻𝐹2𝑡−2𝜃𝑟) 
(6) 

𝑉𝑝𝑐 = 𝜔𝐻𝐹2𝐼𝐻𝐹2∑𝐿𝑠 (7) 𝑉𝑛𝑐 = 𝜔𝐻𝐹2𝐼
𝐻𝐹2

Δ𝐿 (8) 

Fig. 2 shows the control block diagram for rotor 

position estimation when using a rotating HF current 

injection. The input of the control block diagram is the 

stator voltage in the stator reference frame, 𝑣𝑑𝑞𝑠
𝑠 which is 

first transformed to a reference frame synchronous with the 

estimated rotor position, 𝑣𝑑𝑞𝑠
𝑟 . 

Two high-pass filters (HPF) are used to remove the 

fundamental voltage (HPF1), 𝑣𝑑𝑞𝑠𝐻𝑃𝐹

𝑟  being obtained, and 

the positive sequence of the HF voltage (HPF2), 𝑣𝑑𝑞𝑠𝐻𝑃𝐹

𝑝𝑐
 

being obtained; the resulting voltage consisting therefore 

only of the negative sequence component, see 𝑣𝑑𝑞𝑠
𝑛𝑐 .  𝑣𝑑𝑞𝑠

𝑛𝑐  

will feed a PLL used to estimate the rotor position [9].  

B. Torque and Temperature Estimation through 

Pulsating HF Signal Injection at 45º from the d-axis 

Simultaneous rotor temperature, 𝑇𝑟  and torque, 𝑇 

estimation can be achieved through the injection of a 

pulsating HF signal at 45º from the d-axis.  A resonant 

controller can be used to inject the HF current, 𝑖𝑑𝑞𝑠
𝑟∗

𝐻𝐹1
 (9), 

the HF voltage, 𝑣𝑑𝑞𝑠
𝑟∗

𝐻𝐹1
, (10) being thus commanded. 

Estimation of the 𝑑 - axis HF resistance,  𝑅𝑑𝐻𝐹1
, and 

inductance, 𝐿𝑑𝐻𝐹1
, can be done through the measured 𝑑- 

axis HF current, 𝑖𝑑𝑞𝑠
𝑟′

𝐻𝐹1
, (11), and the commanded 𝑑- axis 

HF voltage, 𝑣𝑑𝑞𝑠
𝑟′

𝐻𝐹1
, (12). Both (11) and (12) can be 

decomposed into a positive (𝑖𝑑𝑞𝑠𝐻𝐹𝑝𝑐1

𝑟′  and 𝑣𝑑𝑞𝑠𝐻𝐹1𝑝𝑐

𝑟′ ) and 

negative sequence component (𝑖𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′  and 𝑣𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′ ), see 

(13) and (14). The 𝑑 - axis HF impedance, 𝑍𝑑  can be 

obtained either from the positive or the negative sequence 

component, as shown in (15). Taking the real part of (15) 

the 𝑑- axis HF resistance, 𝑅𝑑𝐻𝐹1
 is obtained (16). Taking 

the imaginary part of (15) the 𝑑- axis HF inductance, 𝐿𝑑𝐻𝐹1
 

is obtained (17). Following an analogous process, but using 

the 𝑞 -axis voltage and current (18)-(22), the 𝑞 -axis HF 

inductance, 𝐿𝑞𝐻𝐹1
 can be also obtained (23). 

 

𝑖𝑑𝑞𝑠
𝑟∗

𝐻𝐹1
= [

𝐼𝑑̅𝑠
𝑟∗

𝐻𝐹1

𝐼𝑞̅𝑠
𝑟∗

𝐻𝐹1

] = [
𝐼𝐻𝐹1

∗ cos (𝜔𝐻𝐹1𝑡)
𝐼𝐻𝐹1

∗ cos (𝜔𝐻𝐹1𝑡)
] (9) 

𝑣𝑑𝑞𝑠
𝑟∗

𝐻𝐹1
= [

𝑉̅𝑑𝑠
𝑟∗

𝐻𝐹1

𝑉̅𝑞𝑠
𝑟∗

𝐻𝐹1

]

= [
(𝑅𝑑𝐻𝐹1

+ 𝑗𝜔𝐻𝐹1𝐿𝑑𝐻𝐹1
)𝐼𝑑̅𝑠

𝑟
𝐻𝐹1

− 𝜔𝑟𝐿𝑞𝐻𝐹1
𝐼𝑞̅𝑠

𝑟
𝐻𝐹1

(𝑅𝑞𝐻𝐹1
+ 𝑗𝜔𝐻𝐹1𝐿𝑞𝐻𝐹1

)𝐼𝑞̅𝑠
𝑟

𝐻𝐹1
+ 𝜔𝑟𝐿𝑑𝐻𝐹1

𝐼𝑑̅𝑠
𝑟

𝐻𝐹1

] 

(10) 

𝑖𝑑𝑞𝑠
𝑟′

𝐻𝐹1
= [

𝐼𝑑̅𝑠
𝑟∗

𝐻𝐹1

0
] = [

𝐼𝐻𝐹1
∗ cos (𝜔𝐻𝐹1𝑡)

0
] (11) 

𝑣𝑑𝑞𝑠
𝑟′

𝐻𝐹1

= [
(𝑅𝑑𝐻𝐹1

+ 𝑗𝜔𝐻𝐹1𝐿𝑑𝐻𝐹1
)𝐼𝑑̅𝑠

𝑟
𝐻𝐹1

− 𝜔𝑟𝐿𝑞𝐻𝐹1
𝐼𝑞̅𝑠

𝑟
𝐻𝐹1

0
] 

(12) 

 

Fig.  2: Rotor position estimation control block diagram (PLL). 
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𝑖𝑑𝑞𝑠𝐻𝐹1

𝑟′ =
|𝑖𝑑𝑞𝑠

𝑟′

𝐻𝐹1
|

2
𝑒𝑗𝜔𝐻𝐹1𝑡 +

|𝑖𝑑𝑞𝑠
𝑟′

𝐻𝐹1
|

2
𝑒−𝑗𝜔𝐻𝐹1𝑡 =

= 𝑖𝑑𝑞𝑠𝐻𝐹1𝑝𝑐

𝑟′ + 𝑖𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′  

(13) 

𝑣𝑑𝑞𝑠𝐻𝐹1

𝑟′ =
|𝑣𝑑𝑞𝑠

𝑟′

𝐻𝐹1
|

2
𝑒

𝑗(𝜔𝐻𝐹1𝑡−𝜑𝑍𝑑
)
 

+
|𝑣𝑑𝑞𝑠

𝑟′

𝐻𝐹1
|

2
𝑒𝑗(−𝜔𝐻𝐹1𝑡+𝜑𝑍𝑑)

= 𝑣𝑑𝑞𝑠𝐻𝐹1𝑝𝑐

𝑟′ + 𝑣𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′  

 

(14) 

𝑍𝑑 = 𝑅𝑑𝐻𝐹1
− 𝜔𝑟𝐿𝑞𝐻𝐹1

+ 𝑗𝜔𝐻𝐹1𝐿𝑑𝐻𝐹1
= 

=
𝑣𝑑𝑞𝑠

𝑟′

𝐻𝐹1𝑝𝑐

𝑖𝑑𝑞𝑠
𝑟′

𝐻𝐹1𝑝𝑐

=
𝑣𝑑𝑞𝑠

𝑟′

𝐻𝐹1𝑛𝑐

𝑖𝑑𝑞𝑠
𝑟′

𝐻𝐹1𝑛𝑐

 
(15) 

𝑅𝑑𝐻𝐹1

=  [𝑍𝑑𝐻𝐹1
]/𝜔𝐻𝐹1 

(16) 
𝐿𝑑𝐻𝐹1

=  [𝑍𝑑𝐻𝐹1
]/𝜔𝐻𝐹1 

(17) 

𝑖𝑑𝑞𝑠
𝑟′′

𝐻𝐹1
= [

0
𝐼̅𝑞𝑠

∗

𝐻𝐹1

] = [
0

𝐼𝐻𝐹1cos (𝜔𝐻𝐹1𝑡)] 
(18) 

𝑣𝑑𝑞𝑠
𝑟′′

𝐻𝐹1

= [
0

(𝑅𝑞𝐻𝐹1
+ 𝑗𝜔𝐻𝐹1𝐿𝑞𝐻𝐹1

) 𝐼̅𝑞𝑠
𝑟

𝐻𝐹1
+ 𝜔𝑟𝐿𝑑𝐻𝐹1

𝐼̅𝑑𝑠
𝑟

𝐻𝐹1
] (19) 

𝑖𝑑𝑞𝑠𝐻𝐹1

𝑟∗ =
|𝑖𝑑𝑞𝑠

𝑟′′

𝐻𝐹1
|

2
𝑒𝑗𝜔𝐻𝐹1𝑡 +

|𝑖𝑑𝑞𝑠
𝑟′′

𝐻𝐹1
|

2
𝑒−𝑗𝜔𝐻𝐹1𝑡

= 𝑖𝑑𝑞𝑠𝐻𝐹1𝑝𝑐

𝑟′′ + 𝑖𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′′  

(20) 

𝑣𝑑𝑞𝑠𝐻𝐹1

𝑟′′ =
|𝑣𝑑𝑞𝑠

𝑟′′

𝐻𝐹1
|

2
𝑒𝑗(𝜔𝐻𝐹1𝑡−𝜑𝑍𝑑) 

+
|𝑣𝑑𝑞𝑠

𝑟′′

𝐻𝐹1
|

2
𝑒𝑗(−𝜔𝐻𝐹1𝑡+𝜑𝑍𝑑)

= 𝑣𝑑𝑞𝑠𝐻𝐹1𝑝𝑐

𝑟′′
+ 𝑣𝑑𝑞𝑠𝐻𝐹1𝑛𝑐

𝑟′′
 

 

(21) 

𝑍𝑞 = 𝑅𝑞𝐻𝐹1
− 𝜔𝑟𝐿𝑑𝐻𝐹1

+ 𝑗𝜔𝐻𝐹1𝐿𝑞𝐻𝐹1
= 

(22) 

𝑣𝑑𝑞𝑠
𝑟′′

𝐻𝐹1𝑝𝑐

𝑖𝑑𝑞𝑠
𝑟′′

𝐻𝐹1𝑝𝑐

=
𝑣𝑑𝑞𝑠

𝑟′′

𝐻𝐹1𝑛𝑐

𝑖𝑑𝑞𝑠
𝑟′′

𝐻𝐹1𝑛𝑐

 

𝐿𝑞𝐻𝐹1
=  [𝑍𝑞𝐻𝐹1

] /𝜔𝐻𝐹1 (23) 

According to [27], 𝜆𝑃𝑀  variation with the 𝑑 - axis 

inductance is given by (24) where 𝜆𝑃𝑀0 and 𝐿𝑑0 are the PM 

flux and 𝑑- axis inductance at the room temperature (𝑇𝑟0) 

and when no 𝑑𝑞 -axis fundamental current is injected 

respectively, 𝐿𝑑HF1
 is the 𝑑 - axis inductance when the 

magnet temperature is 𝑇𝑟  and when 𝑑𝑞-axis fundamental 

current is injected (17) and 𝐾𝐵𝐸𝑀𝐹  is the coefficient linking 

the 𝑑- axis HF inductance with the PM flux.  

𝜆𝑃𝑀 = (𝜆𝑃𝑀0 + 𝑘𝐵𝐸𝑀𝐹

𝐿𝑑𝐻𝐹1
− 𝐿𝑑0 

𝐿𝑑0

) 

 

(24) 

 

Then, substituting (17), (23) and (24) in the GTE (1), 

the output torque, T, can be finally estimated. 

PM temperature can be estimated through 𝑑- axis HF 

resistance (25) [35], being 𝑇𝑠  and 𝑇𝑟  the stator and rotor 

temperatures respectively, 𝑇0  the room temperature, 

𝑅𝑑𝑠𝐻𝐹1
 and 𝑅𝑑𝑟𝐻𝐹1

 the stator and rotor contributions to the 

𝑑- axis HF resistance, and 𝛼𝑐𝑢  and 𝛼𝑚𝑎𝑔  the copper and 

magnet thermal resistive coefficients respectively. 

𝑅𝑑𝐻𝐹1(𝑇𝑠,𝑇𝑟)
= 𝑅𝑑𝑠𝐻𝐹1(𝑇𝑠)

+ 𝑅𝑑𝑟 𝐻𝐹1(𝑇𝑟)
= 

= 𝑅𝑑𝑠𝐻𝐹1(𝑇0)(1 + 𝛼𝑐𝑢(𝑇𝑠 − 𝑇0)) 

+𝑅𝑑𝑟𝐻𝐹1(𝑇0)(1 + 𝛼𝑚𝑎𝑔(𝑇𝑟 − 𝑇0)) 

(25) 

Fig.  3 shows the signal processing block diagram for 

simultaneous torque estimation (GTE) and rotor 

temperature estimation (𝑑- axis HF resistance). 

V. SIMULATION RESULTS 

This section presents simulation results showing 

simultaneous rotor angle, torque, and temperature 

estimation. Rotor temperature is assumed to increase 

proportionally to the squared stator current due to joule 

losses; an unrealistically low value of the thermal constant 

has been used to reduce the simulation time.  It is noted that 

 
Fig.  3: Torque and rotor temperature estimation control block diagram. 
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d

q

d

q

5089

Authorized licensed use limited to: UNIVERSIDAD DE OVIEDO. Downloaded on December 13,2021 at 08:26:09 UTC from IEEE Xplore.  Restrictions apply. 



B.2 Conference papers 203

this has no further effects on the results.  Fig. 4 (a) and (b) 

show the dq- axes currents and voltages in the synchronous 

reference frame respectively, (c) and (d) show the dq- axes 

currents and voltages in the stationary reference frame, (e) 

shows the injected pulsating HF current (HF1), (f) shows 

the resulting stator HF voltage, (g) and (h) show both the 

measured and estimated temperature and the corresponding 

temperature estimation error, (i) and (j) show both the 

measured and estimated torque and the corresponding 

torque error, (k) and (l) show both the measured and 

estimated rotor position and the resulting rotor position 

estimation error, finally (m) and (n) show the measured and 

estimated speed and the resulting speed estimation error. 

Steady state estimation errors are seen to be <5ºC for 

magnet temperature (Fig. 4h), <0.12 Nm (0.4%) for torque 

(Fig. 4j) and < 0.07 rad (Fig. 4l) for rotor angle, 

respectively.   

VI. CONCLUSIONS 

This paper proposes the use of HF signal injection for 

simultaneous rotor angle, torque, and magnet temperature 

estimation in PMSMs. Available options in terms of 

(a)  (b)  

(c)  (d)   

(e)  (f)  

(g)  (h)  

(i)  (j)  

(k)  (l)  

(m)  (n)  
Fig. 4: (a) dq-axes current and (b) voltage in the synchronous reference frame, (c) dq-axes current and (d) voltage in the stationary reference frame, (e) 
pulsating HF current (HF1), (f) resulting stator HF voltage, (g) measured and estimated temperature, (h) temperature estimation error, (i) measured and 

estimated torque, (j) torque estimation error, (k) measured and estimated rotor angle, (l) rotor angle estimation error, (m) measured and estimated speed and 

(n) speed estimation error. HF1=2·π·250 rad/s, IHF1=0.05pu, HF2=2·π·500 rad/s and IHF2=0.05pu. 
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number and types of signals that could be injected have 

been discussed. Simultaneous rotor angle, torque and 

magnet temperature estimation using a single HF signal has 

been shown to be only feasible for SPMSMs, the use of at 

least two HF signals being required for IPMSMs.  

Combination of a rotating HF current in the stationary 

reference frame (rotor angle estimation) and a pulsating HF 

current in the synchronous reference frame (torque and 

magnet temperature estimation) has been chosen as the 

preferred solution. Simulation results have been provided 

to demonstrate the viability of the proposed method. 

Experimental verification of the proposed method is 

ongoing. 
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Abstract—Parallel controller structures are broadly used for
controlling electrical variables in distorted grids and other appli-
cations such as electric drives. Each controller in the structure
ideally regulates a single harmonic component. In the event of
controller output saturation, some anti-windup strategy must be
implemented to ensure a correct operation of the controller and
a fast and smooth transition from saturated to non-saturated
state. The anti-windup techniques proposed for single controller
structures can be applied to parallel structures. However, two
options exist: 1) Consider the controllers in the parallel structure
as independent units during saturation; 2) Consider the parallel
controller structure as a whole. The first one is broadly used
while the second one has been recently proposed. This paper
analyzes the implementation differences and the performance
of both solutions in different scenarios: grid-forming and grid-
feeding applications.

Index Terms—Realizable references, grid feeding, grid form-
ing.

I. INTRODUCTION

A high percentage of non-linear loads are present in grids
and micro-grids. They inject a significant amount of current
harmonic content that can eventually distort the grid voltage,
increasing the Total Harmonic Distortion (THD) above the
admissible values given by regulations and standards [1]–[3].
Harmonic compensation can be implemented using dedicated
devices, as passive filters or centralized Active Power Filters
(APF) [4], [5]. Since the interface of Distributed Power
Generation Systems (DPGSs) is generally based on power
converters, this also has opened opportunities for harmonic
compensation both in grid forming [6], [7] and grid feeding
[3], [8]–[10] converters.

Parallel controller structures are often used for controlling
different harmonic components in voltage or current con-
trollers. The discussion will be focused on complex vector
current controllers within this paper, although the results can

This work was supported in part by the Research, Technological Devel-
opment and Innovation Programs of the Spanish Ministry of Science and
Innovation, under grant PID2019-106057RB-I00

be later extended to both voltage and single-phase controllers.
The operation of the parallel controller structures under sat-
uration must be correctly addressed to minimize either the
voltage/current THD or the decrease of the fundamental
component magnitude. When output saturation is detected
in the controller, a two-stage process is needed, as seen in
Fig. 1 for a single current controller: a) Saturation: to decide
the output voltage vector (us[z]) within the voltage limits to
replace the actual controller output (u[z]); b) Anti-windup: to
properly saturate the controller to prevent it from working with
nonlinear states. For the sake of simplicity, no special notation
is given to the complex vector variables.

The hexagon with radius 2
3Vdc and apothem Vdc√

3
in Fig. 2

represents the maximum allowable voltage range when using
a three-phase inverter, where Vdc is the dc-link voltage. Any
voltage command (u) that gets outside the voltage hexagon
limits (e.g. u1) must be limited in amplitude and/or dis-
torted in phase. While the hexagon limitation maximizes the
inverter voltage utilization, it brings several drawbacks, as
implementation complexity, reference frame dependence, and
the injection of additional harmonics when the voltage moves
along the hexagon sides. An alternative often selected as the
limit is using the hexagon inscribed circle seen in Fig. 2. To
achieve those limits either Sinusoidal PWM (SPWM) with

Regulator

Anti-
windup

Saturator

+ -

1

2

Fig. 1. Saturation and anti-windup conceptual representation for a single
controller structure. Two anti-windup alternatives are shown: 1© Realizable
reference, 2© Back-tracking calculation.
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Fig. 2. Complex vector voltage limits, hexagon and circle saturation.

third harmonic injection or Space Vector Modulation (SVM)
can be used [11].

The selection of the different saturation methods will depend
on the application (grid feeding, APFs, grid forming...), and
it is mainly determined by the current/voltage THD or the
current/voltage fundamental component magnitude error [3],
[5], [7]–[10].

In grid-feeding applications, the goal is to inject an undis-
torted current into the grid in the presence of grid voltage
harmonics. Different alternatives have been proposed, as tra-
jectory analyzers [3], [9], [12], [13] to limit the controller
output in case of saturation and avoid harmonic injection,
back-tracking schemes that remove low priority harmonics
from the compensation [8] or instantaneous methods which
estimate trajectories at every time step to avoid overmodulation
[10], [14]. APFs need to inject current harmonics into a
nonlinear load to remove them from the grid current. In [5],
three different instantaneous saturation strategies for APFs
are analyzed and compared. Both grid-feeding and APFs
applications are mainly oriented to obtain a low THD in the
current. In grid-forming applications, both fundamental and
harmonic current components need to be injected to obtain a
low THD and a low magnitude error in the synthesized voltage.
Therefore, the saturation strategies must be different in this
case [7].

In addition to the selection of the saturated voltage, some
anti-windup technique is needed to allow the controller to
operate as in linear region during saturation in order to achieve
a fast and bump-less transition from saturated to non-saturated
operation [15]. Different strategies have been proposed for
single controller systems [15], as the calculation of the re-
alizable reference error, 1 in Fig. 1, error compensation
under saturation (back-tracking), 2 (dotted line) in Fig. 1,
controller output clamping, integrator clamping, etc.

These anti-windup strategies can be applied to parallel
controller structures using any of the two alternatives proposed
in the literature that will be described in the next section.
This paper will focus on the comparison of both alternatives
in different scenarios, as grid forming and grid feeding. This
will help to better understand the performance of the existing
alternatives which has not been addressed so far. The paper
is organized as follows: the alternative methods are described

_
+

C1(z) +

+

.
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.

Saturation
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Anti-
windup
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2

1

1
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1

+
.
.
.

.

.

.
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(a)

_
+

C1(z)

C2(z)

Cn(z)

...

Saturation

Anti-
windup

(b)

Fig. 3. Different parallel controllers structures treatment in realizable refer-
ences anti-windup schemes. a) LAW; b) GAW.

is Section II, simulation results for a grid feeding application
and a grid forming application are shown in Section III, and
conclusions are presented in Section IV.

II. ANTI-WINDUP IMPLEMENTATION IN PARALLEL
CONTROLLERS

Fig. 3 shows the two alternatives for anti-windup imple-
mentation in parallel controller structures. The most often
used is shown in Fig. 3(a), that will be herein called “Local
anti-windup (LAW)”. The output of each individual controller
in the structure is compared with their own voltage limit,
assigned by some global saturation strategy. If the output
surpasses the limit, it is saturated and some anti-windup
algorithm as described in Fig. 1 is implemented, as for instance
realizable reference as shown in Fig. 3(a). Different saturation
alternatives have been proposed belonging to this group. The
most simple but inefficient uses pre-defined values for the
controller limits (g1, g2, ...,gn) [16]. Others examine the global
output vector [5], [8], [17] and recalculate the voltage limits
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of each controller [see 1 in Fig. 3(a)] at every control
step. Finally, other methods assign the saturated output for
each controller at every control step [5], [10], marked as 2
in Fig. 3(a). In any case, the anti-windup is locally applied
to each controller. This means that under saturation, each
controller in the parallel structure will have a different past-
error value. This seems contradictory to the fact that all of
them receive the same error at the beginning of each control
step, but the impact of this has not been studied so far. It is
noted that, in addition to the described anti-windup strategy,
some researchers have also proposed to modify the current
reference to force the voltage trajectory to avoid saturation in
steady-state [3], [9], [10]. However, the analysis made here
will be still valid for those methods during the tracking of the
optimal trajectory and during load and command transients.

Another alternative shown in Fig. 3(b) has been recently
proposed [7], called here “Global anti-windup (GAW)”. In
this case, the saturated output is also obtained following
some strategy and the individual controller saturated out-
puts are calculated. This is similar to the last type of the
aforementioned methods. However, the anti-windup strategy is
completely different, since a common past-error is calculated
for all the controllers in the parallel structure. This seems
more consistent with the fact that the same error is shared
among all the controllers. However, any possible improvement
of this solution still needs to be proved. The next section
shows results of their performance under the same operating
conditions in grid feeding and grid forming applications.

III. METHOD COMPARISON

As explained in Section I, in grid-forming applications the
goal is to generate an undistorted grid voltage in the presence
of current harmonics generated by the consumption of the
loads. On the contrary, in grid-feeding applications, the goal is
to inject an undistorted current into the grid in the presence of
voltage harmonics. In the first case, the desired grid voltage
will be the output of the converter. In the second case, the
minimum voltage generated by the inverter (considering only
active power, i.e., injection in phase with the grid) would
be the grid voltage. This means that this voltage must be
increased in order to generate a voltage difference that (and
taking into account the impedance of the filter at the grid’s
frequency) would generate a current injection into the grid.
Both applications are analyzed in the following subsections.

A. Grid forming application

This section contains simulation results for a grid-forming
application. Fig. 4 shows a three-phase inverter with an output
LC filter, an unbalanced three-phase linear load, and a non-
linear load. The main system parameters can be found in Table
I. The goal is to obtain a balanced three-phase voltage at the
filter output. The THD and fundamental component of this
voltage will be used to benchmark the anti-windup schemes.

Since voltage controllers could affect the analysis of the
two anti-windup strategies, pre-calculated current commands
to ideally achieve a balanced three-phase voltage (400 Vrms,

Unbal. ( 20%)
Linear Load

Inverter

Non-Linear 
Load

Filter

Fig. 4. Test system: Grid forming scenario including unbalanced and non-
linear loads.

TABLE I
SYSTEM PARAMETERS FOR A GRID FORMING APPLICATION

Rated voltage Vr 400 Vrms Linear load Ll 6.6 mH
Rated current Ir 144 Arms Linear load Unbalance ±20%
Filter L 260 µH Non-linear load Cnl 1 mF
Filter C 270 µF Non-linear load Rnl 8.35 Ω
Linear load Rl 3.36 Ω Switching Frequency fs 10 kHz

50 Hz) at the capacitor will be commanded to the current
regulators [7]. This current command is obtained by replacing
the inverter and the filter inductor Lf in Fig. 4 by an ideal
three-phase voltage source and obtaining the resulting current.
In order to track the current command, a parallel current
controller structure composed of seven complex vector PI
controllers is implemented in stationary reference frame for the
fundamental, negative sequence, and the five largest harmonic
components (-250, 350, -550, 650, and 950 Hz), as in Fig. 4. A
700 V dc-link voltage ensures a non-saturated operation of the
controller obtaining a 1.23% voltage THD and 0% magnitude
error in the capacitor voltage.

Fig. 5 shows the inverter voltage trajectory (in blue) for the
current command under the non-linear load conditions. The
hexagons in red represents different dc-link voltages: 700 V
(non-saturated state), 600, 570 and 540 V (saturated states).

The realizable reference anti-windup technique is imple-
mented for both LAW (Fig. 3a, option 1 ) and GAW
(Fig. 3b). In both cases, the saturated error (εsat) is calculated
using (1) [7], where ε[k] is the unsaturated error, usat is the
saturated output of the regulator (coming from the saturation
strategy) and u[k] is the unsaturated output of the regulator.
In the GAW strategy, b0 is the sum of the first z-transform
numerator coefficient of all the controllers in the parallel

Fig. 5. Grid forming application. Non-saturated inverter voltage trajectory
(blue) and hexagon voltage limits (700, 600, 570, 540 V, red).
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structure [C1, C2... Cn in Fig. 3], while in the LAW strategy
the equation is applied individually for each regulator, so b0

represents just the first z-transform numerator coefficient of
the controller.

εsat = ε[k] +
1

b0
(usat − u[k]) (1)

Both GAW and LAW strategies have been tested with
three different saturation alternatives. The first one is termed
“Global” (Fig. 6a), in which the output voltage is reduced
keeping the original angle (reducing equally all the vector
components) [7]. The second saturation technique is called
“Magnitude” (Fig. 6c) and is similar to the first method
proposed in [5], but also including the fundamental component
[7]. In this method, the magnitudes (i.e. not considering the
angle) of the voltage vector components from the current
controller are added and then compared with the voltage limit.
The last technique is called “Group” (Fig. 6b) and corresponds
with Method 2 in [5]. In this case, the fundamental component
is favored over the rest of the harmonics, to which the “Global”
technique is applied. Hexagon or circle voltage limits were
considered as indicated in Table II. As explained in Section
I, the hexagon limit provides the best voltage utilization at
the cost of a higher computational burden. On the other hand,
the circle limit provides higher simplicity but worse voltage
utilization.

Fig. 7 (LAW) and Fig. 8 (GAW) compare the voltage and
current tracking when both methods use the “Global” satura-
tion method during 570 V (0.81 p.u.) dc-link voltage operation
and the hexagon voltage limit. Subfigure (a) shows the actual
output voltage and the ideal one (dotted line), while (b) shows
the actual phase currents and their commands (dotted line), for
both Figs. 7 and 8 (GAW). A more accurate current tracking
during saturation is seen in the GAW alternative (Fig. 8) also
obtaining less grid-formed voltage distortion compared with

(c)

(a) (b)

Fig. 6. Saturation methods. (a) “Global”. (b) “Group”. (c) “Magnitude”.

Fig. 7. Grid-formed voltage (a) and phase current tracking (b) during
saturation (570 V dc-link) using the “Global (hexagon)” saturation method
with LAW. Dotted: current commands. Continuous: Actual currents.

Fig. 8. Grid-formed voltage (a) and phase current tracking (b) during
saturation (570 V dc-link) using the “Global (hexagon)” saturation method
with GAW. Dotted: current commands. Continuous: Actual currents.

the LAW alternative (Fig. 7).
A similar experiment has been repeated for the different

cases summarized in Table II for 3 different saturation levels
(600, 570 and 540 V), showing both the THD of the voltage at
the filter capacitor and the magnitude error of the fundamental
component using 3 saturation strategies. In the case of the
“Magnitude” technique, only the circle saturation is considered
to make it simpler. These results show that the GAW strategy
outperforms the LAW one regardless of the saturation strategy
in terms of THD (with the only exception being the “Global”
(circle) at deep saturation, i.e. 540 V). The “Group” strategy
produces a high distortion if combined with LAW, which is
especially noticeable at low saturation levels. The magnitude
error is also smaller for the GAW strategy except in case the
“Group” strategy is adopted. However, the penalty in THD for
the LAW strategy is evident in that case. Therefore, it would be
advisable to adopt the GAW strategy in most cases regarding
grid forming applications.

B. Grid feeding application

This section contains simulation results for a grid-feeding
application. Fig. 9 shows a three-phase inverter with an output
L filter, connected to an unbalanced grid. The main system
parameters can be found in Table III. The goal is to inject a
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TABLE II
GRID FORMING APPLICATION: CAPACITOR VOLTAGE DISTORTION USING DIFFERENT SATURATION STRATEGIES FOR THE DIFFERENT ANTI-WINDUP

APPROACHES

600 V 570 V 540 V
Method THD (%) Mag. Error (%) THD (%) Mag. Error (%) THD (%) Mag. Error (%)
Global (circle) GAW 2.96 5.20 5.68 9.17 18.59 15.60
Global (circle) LAW 5.48 15.65 8.96 22.34 10.24 27.50
Global (hexagon) GAW 2.80 4.89 4.55 7.83 6.93 10.25
Global (hexagon) LAW 5.46 15.56 8.99 22.35 10.35 28.00
Magnitude (circle) GAW 4.13 15.16 5.59 19.29 7.50 23.13
Magnitude (circle) LAW 10.88 28.86 14.13 34.88 17.63 40.12
Group (circle) GAW 2.63 3.42 3.87 6.85 4.77 10.22
Group (circle) LAW 6.65 1.40 4.85 2.23 5.13 6.49
Group (hexagon) GAW 2.63 3.24 3.82 6.42 4.94 9.56
Group (hexagon) LAW 11.24 0.76 7.80 1.28 6.72 0.12

TABLE III
SYSTEM PARAMETERS FOR A GRID FEEDING APPLICATION

Rated voltage Vr 400 Vrms Voltage THD THDv ≈ 8%
Rated current Ir 200 Arms -1st harmonic hn 3%
Filter L 260 µH -5th harmonic h5 5%
Nominaldc-link Vdc 700 V 7th harmonic h7 5%
Switching frequency fs 10 kHz

Inverter
Unbalance
grid

Filter

Fig. 9. Test system: Grid feeding scenario with an unbalanced grid.

balanced three-phase current to the grid, despite the voltage
distortion. The THD and fundamental component of this
current will be used to benchmark the anti-windup schemes.

According to the IEEE standard 519-2014 [2], the maximum
voltage THD in a grid should not exceed an 8%, while each
individual harmonic should remain below a 5%. Due to this,
simulations are carried out with around an 8% of grid voltage
THD, which would be the worst-case scenario, and 3 different
harmonics: -50, -250 and 350 Hz.

In order to track the current command injected to the grid, a
parallel current controller structure composed of six complex
vector PI controllers is implemented in stationary reference
frame for the fundamental, negative sequence, and the most
significant first four harmonic components (-250, 350, -550
and 650 Hz). A 700 V dc-link voltage and 200 A peak current
reference ensures a non-saturated operation of the controller
obtaining a 2% THD and 0% magnitude error in the current
through the output inductor.

Fig. 10 shows the inverter voltage trajectory (in blue)
for the current command under the distorted grid conditions
(in black). The hexagons in red represents different dc-link
voltages: 700 V (non-saturated state), 670, 650 and 640 V
(saturated states). The particular characteristics of this appli-
cation results in saturation with a higher voltage in the dc-link
compared to the grid forming case.

The realizable reference anti-windup technique is imple-
mented for both LAW (Fig. 3a, option 1 ) and GAW
(Fig. 3b). In addition, both have been tested with two dif-
ferent saturation alternatives: “Global” (Fig. 6a) and “Group”
(Fig. 6c). The “Magnitude” strategy (Fig. 6b) was discarded
due to its significantly worse results compared to the other
strategies, which causes the algorithm to enter into saturation
even at 700 V. This is due to the addition of the magnitude of
all the harmonics for the saturation analysis.

Fig. 11 compares the current tracking between the two
methods using the “Global” saturation method during 640 V
(0.91 p.u.) dc-link voltage operation (hexagon limit). Fig. 11(a)
shows the grid voltage with its distortion. Fig. 11(b) and (c)
show the current command vs the actual current command for
the GAW and the LAW cases, respectively. A more accurate
current tracking during saturation is seen in the GAW alterna-
tive, also obtaining less inductor current distortion (1.71% vs
2.26% THD).

A similar experiment has been repeated for the different
cases summarized in Table IV for 3 different saturation levels
(670, 650 and 640 V), showing both the THD of the inverter’s
current output and the magnitude error of the fundamental
current component using two saturation strategies. These re-
sults show that the GAW method outperforms the LAW one
in the case of the “Global” strategy in terms of THD and
current magnitude error. In the case of the “Group” strategy
the LAW method behaves better than the GAW method for
higher saturation levels but worse for lower saturation levels.
In general, both of them behave far worse than the “Global”

Fig. 10. Grid feeding application. Non-saturated inverter voltage trajectory
(blue), hexagon voltage limits (700, 670, 650, 640 V, red) and grid voltage
(black).
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TABLE IV
GRID FEEDING APPLICATION: INDUCTOR CURRENT DISTORTION USING DIFFERENT SATURATION STRATEGIES FOR THE DIFFERENT ANTI-WINDUP

APPROACHES

670 V 650 V 640 V
Method THD (%) Mag. Error (%) THD (%) Mag. Error (%) THD (%) Mag. Error (%)
Global (circle) GAW 1.97 0.23 1.74 1.96 1.70 3.00
Global (circle) LAW 2.13 2.37 1.67 2.93 2.38 18.34
Global (hexagon) GAW 1.96 0.1 1.65 1.03 1.71 2.08
Global (hexagon) LAW 1.99 0.28 2.13 2.89 2.26 6.23
Group (circle) GAW 1.75 0.06 5.34 24.93 7.17 41.39
Group (circle) LAW 2.14 2.38 2.21 12.17 2.38 18.31
Group (hexagon) GAW 1.96 0.04 1.84 0.09 2.10 0.34
Group (hexagon) LAW 1.88 0.00 2.14 0.01 2.46 0.00

Fig. 11. Grid feeding application. Inverter output voltage and phase cur-
rent tracking during saturation (640 V dc-link voltage) using the “Global
(hexagon)” saturation method. (a) Grid voltage. (b) GAW case. (c) LAW
case. Dotted: current commands. Continuous: Actual currents.

strategy. Due to this, the GAW method together with the
“Global” strategy would be advisable in the case of grid
feeding converters.

IV. CONCLUSION

This paper explores the different performance between local
and global anti-windup in parallel controllers under the same
operating conditions. Results show a better performance of the
GAW approach in terms of output voltage distortion in grid
forming converters for all the saturation techniques analyzed.

Regarding grid feeding converters, results are not so
straightforward, and the analysis depends on the saturation
levels and saturation method employed. In general, results are
better with the GAW approach using the “Global” saturation
technique. Regarding the “Group” method, results are better
with the LAW method, but the performance of the method is
worse in general compared to the “Global” case, since this
method was proposed for grid forming applications.
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Abstract— Control of AC electric machines requires, in 
many cases, accurate knowledge of rotor position. Encoders and 
resolvers are the most widely used option in the industry. 
Variable reluctance (VR) resolvers are advantageous in harsh 
environments due to their robustness; however, they represent 
a significant portion of the total drive cost. This paper presents 
a magnetic resolver using low-cost Hall effect sensors. 
Advantages with conventional encoders include compactness 
and reduced cost, which are achieved without penalizing the 
other properties of VR resolvers. The proposed sensor is fully 
compatible with conventional drives and supports wide carrier 
frequency and supply voltage variations. 

Keywords—Magnetic Resolver, Hall-sensor, angular position 
measurement. 

I. INTRODUCTION  

Electric drives are used in a vast range of applications, 
including domestic, industrial, traction, aerospace, etc. 
Precise control of AC electric machines requires accurate 
knowledge of the rotor position.  Optical encoders (optical-
based angular position sensors) and resolvers (inductive-
based angular position sensors), are the most used sensors in 
the industry [1]-[5], although many other alternatives have 
been reported in the literature: capacitive [2]-[3], inductive 
[4] or magnetic-based angular position sensors are available.  
Capacitive-based angular position sensors in [3], [4] provide 
high precision output but requires additional circuitry to be 
compatible with standard encoder or resolver signals. 
Inductive position sensors are axially planar [4], low weight, 
with a similar operation principle to a transformer but lack 
robustness. Magnetic angular position sensors are mainly 
based on Hall-effect or Giant Magnetoresistance (GMR) 
devices [16],[17]. Magnetic sensors used for automotive 
applications (e.g. throttle position detection, shaft position…) 
are also commercially available [16], [17]. The main 
drawbacks of these devices are the robustness decrease, 
inertia increase, and extra room. In addition, their accuracy 
depends on the offset or misalignment of the permanent 
magnet material that must be attached to the rotating part. 

Optical encoders are likely the preferred option in 
general purpose applications and can provide incremental or, 
at a higher cost, absolute angular position.  However, they 
often suffer from a limited range of temperature of operation 
and a reduced capability to withstand shock and vibration 
compared to resolvers.  

Resolvers inherently detect the absolute position and 
exhibit high vibration and shock withstand capability, a wide 
range of temperature of operation, and high rotational speed. 
Resolvers can be brushless [8], brushed (in disuse), or 
variable reluctance (VR) [9]-[10]. A brushless resolver is a 
rotatory transformer excited by AC voltage to the rotor 
winding [8]. An AC voltage is induced in the output winding 
(stator), which is modulated by the rotor position. VR 
resolvers do not have rotor windings and bearings and have 
both the output and the excitation windings in the stator; no 
brushes or rotating transformer is therefore required. They 
can be easily made frameless mounted, integrated into the 
motor without the need of a coupling device, and without 
adding friction to the system [7], what makes them appealing 
in traction applications (i.e. electric vehicles and hybrid 
electric vehicles), [7], [8]. Their main drawback, however, is 
the cost [6],[11]. 

This paper proposes an alternative design of a magnetic 
resolver using field sensors (i.e. Hall-effect) and a 
magnetized moving part made of non-laminated electrical 
steel and permanent magnets. Compared to VR resolver, the 
proposed design is simpler, more compact, cheaper, and 
easier manufacturability: it does not require stator/rotor 
laminations nor windings. Its power consumption is very low, 
and it can provide more than one independent output for a 
redundant mode of operation. It can be easily scalable in size, 
or the number of poles to meet the requirements of a specific 
application. Still, it will retain the main properties of VR 
resolver, and is fully compatible, meaning that no 
modification in the cabling or electronics of the drive is 
required. 

The paper is organized as follows: principles of 
operation are discussed in Section II, design optimization is 
discussed in section III, and the validation of the model using 
FEA is presented in Section IV. Section V shows an assembly 
of the proposed prototype, and experimental results and 
conclusions are presented in sections VI and VII, 
respectively.  

II. PRINCIPLE OF OPERATION OF OPERATION 

A brief description of conventional resolvers aimed to 
establish the basis for the assessment of the proposed concept 
is presented following. 

Resolvers can be classified into brushless wound field 
(WF) and variable reluctance (VR).  Both are a special type 
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of rotary transformer that couples a primary winding 
(Excitation see Fig. 1) with two secondary windings (Output 
1 & 2) that are 90 electrical degrees phase shifted.  Excitation 
signal, i.e. vE(t) in Fig. 1, is generally a sine wave (1) (see Fig. 
2a), of magnitude and angular frequency E0 and ωs, 
respectively. The output signals of the resolver are vS(t) 
Error! Reference source not found. and vC(t) Error! 
Reference source not found. (see Figs. 2b and 2c), where k 
is the equivalent turns ratio of the magnetic coupling, θr is the 
rotor position, X is a multiplication factor for the angle 
Error! Reference source not found.. 

( )0( ) sinE sv t E tω=  (1)

( ) ( )0( ) sin   sinS s rv t E t k Xω θ=  (2)

( ) ( )0( ) sin   cosC s rv t E t k Xω θ=  (3)

( )' ( )  sinS rv t k Xθ=  (4)

( )' ( )  cosC rv t k Xθ=  (5)

Voltages vS(t) and vC(t) are the input to a resolver-to-
digital (R/D) converter, which typically includes a 
demodulation stage to subtract the excitation signal; Error! 
Reference source not found. and Error! Reference source 
not found. being obtained after the demodulation. A large 
variety of methods have been reported to obtain the rotor 
position, θr, from Error! Reference source not found. and 
Error! Reference source not found. [15]. 

a) 

b) 

Fig. 1. Resolvers, a) WF and b) VR. 
 

Rotor winding of WF resolvers is excited by an AC 
voltage, which can be produced by means of a magnetic 
coupling (i.e. brushless WF, see Fig. 1a).  Voltages in the 
stator windings are a sine and cosine signal, which is 
modulated by the rotor angle rθ . In VR resolvers, excitation 

winding is also placed in the stator (see Fig. 1b), avoiding the 
use of brushes or slip rings. In addition, they can be in-shaft 
installed. An AC voltage/current signal is injected into the 
excitation winding, the resulting voltages in the two stator 
windings being a sine and cosine signals whose angle is 
modulated by the rotor angle as for the WF case.  VR 

resolvers have a wider temperature range of operation and, 
with simple and robust construction, are less sensitive to 
noise and allow longer transmission cables Error! Reference 
source not found. ,Error! Reference source not found.. 

A. Principle of Operation of the proposed magnetic 
resolver 

The proposed magnetic resolver is schematically shown 
in Fig.3. It consists of a rotor and a stator: the rotor is made 
of a non-laminated ferromagnetic core and permanent 
magnets (PMs in Fig.3); the stator consists of two Hall-effect 
sensors 90 electrical degrees phase shifted. Linear Hall-effect 
integrated circuit (IC) sensors will be used for the assembly 
of the proposed magnetic resolver. These types of ICs allow 
current control through the Hall element without integrated 
electronics. 

 
a)

b)

c)

Fig. 2. Resolver signals, a) excitation, ve(t), b) Output 1 of the resolver, vc(t)
(i.e. cosine), c) Output 2 of the resolver, vs(t) (i.e. sine). ωs = 2· π · 500 rad/s, 
ωr = 2· π · 50 rad/s
 

Hall-effect sensors are usually fed using DC voltage (6) 
or current, see Fig. 4a. The output voltage (Hall voltage) of 
the Hall-effect sensors vHS(t) and vHC(t) (see Fig. 3) for the 
case of a constant rotor speed are (7)-(8), (see Fig. 4b and Fig. 
4c). While these signals are modulated by the rotor position, 
they differ from the signals provided by conventional 
resolvers, where the position information signals produce an 
amplitude modulation of a carrier signal (see Fig. 2). 
Alternatively, the Hall-effect sensors can be fed with and AC 
voltage (or current). The output voltages depending on the 
rotor speed will be in this case (11)-(12) (see Fig. 4d and Fig. 
4f), which are equal to the signals provided by conventional 
resolvers. For every pair of poles (p) in the rotor, four Hall-
effect sensors can be installed in the rotor providing 
duplicated signals for applications where redundancy is 
required. 

It must be remarked that (11)-(12) results from a 
sinusoidal flux distribution in the rotor surface. Rotor design 
to achieve this target is described following. 
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Fig. 3. Schematic representation of the proposed magnetic resolver and 
position of the Hall-effect sensors. 
a) d)

b) e)

c) f)

Fig. 4. Excitation and resulting waveforms of the proposed resolver: a) DC 
excitation, b) Sin output for DC excitation, c) Cos output for DC 
excitation, d) AC excitation, e) sin output for AC excitation and f) cos 
output for AC excitation. 

 

0( )Ev t E=  (6)

( )( )  sinHS rv t k θ=  (7)

( )( )  cosHC rv t k θ=  (8)

' ( )  ( ) ( )Hallv t k i t B t=  (9)

( )0( ) sinE sv t E tω=  (10)

( ) ( )0( ) sin   sinHS s rv t E t kω θ=  (11)

( ) ( )0( ) sin  cosHC s rv t E t kω θ=  (12)

3

1
n n

n

MO Penalty O w
=

= +  
(13)

 

III. ROTOR DESIGN OPTIMIZATION OF THE PROPOSED 

MAGNETIC RESOLVER 

The optimization technique applied to the proposed 
magnetic resolver is explained in this section.  The rotor 
geometry is evaluated to achieve three main targets: reduced 
use of magnetic materials, high fundamental flux amplitude 
and low harmonic distorsion on the flux density waveform.  

Differential evolution optimization technique [13] was 
used to find the optimum solution in the design space using 
2D finite element analysis (FEA). Rotor parameters are 
shown in Fig. 4 and Table. II.  

The desired properties of the hall effect sensor based 
resolver are included in the objective function variable, On, in 
the multi-objective (MO) in (13): the magnitude of the airgap 
flux density, Q2, Total harmonic distortion (THD) of the flux 
density, Q1, and the volume of the permanent magnet (PM), 
Q3. The fundamental component of the airgap flux density 
will decide the sensitivity of the proposed resolver, where the 
level of THD indicates the quality of the signal for the rotor 
position estimation. The PM volume is included in the 
objective function to result in a low-cost, high accuracy 
resolver. The goal for the multi-objective optimization is to 
find a minimum cost of the MO in (13), where wn is the 
weighting factor of each objective variable. More details 
about the variable used in the multi-objective optimization is 
in Table I.  The penalty is used for eliminating designs that 
violate the geometric constraints set for the geometrical 
parameters shown in Table II. 

TABLE I.  PARAMETERS OF THE MULTY-OBJECTIVE FUNCTION 

Symbol Function Definition 
O1 THD Harmonic distortion of flux in % 

O2 2( 0.08)HallB −  
Fundamental flux amplitude in 
Tesla with a target amplitude of 

0.08 

O3 PM Volume Magnet volume in mm3 

w1 20 Weighting factor of O1 

w2 20000 Weighting factor of O2 

w3 10 Weighting factor of O3 

Penalty 

0 if within the 
boundary 

100 if outside 
boundary

Penalty is given when the input 
variables are outside the minimum 

and maximum range. 

 

a)

 
b)

 
Fig. 4. Dimensions of the magnetic resolver a), general view and b), 
detailed view. 

The resulting optimized resolver design, therefore, will 
be high sensitivity, low distortion, low-cost given the pre-
defined boundary conditions. Three different types of 

-1

0

1

0 0.05 0.1
-1

0

1
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permanent magnet materials have been evaluated: Ferrite, 
sintered NdFeB, and bonded NdFeB magnets. Table III 
summarizes the optimization results. 

TABLE II.  GEOMETRIC PARAMETERS DESCRIPTION 

Symbol Definition 
Darc1 Rotor d-axis outer diameter 
Darc2 Rotor q-axis outer diameter 
ϕDhall Hall sensor distance from center 
ϕDin Rotor inner diameter  
ϕDring Ring outer diameter 
Ring_th Ring thickness 
Rarc1 Rotor d-axis outer arc 
Rarc2 Rotor q-axis outer arc  
mth Magnet thickness 

Min1 Magnet distance from ϕDarc1  
mgap Magnet gap in slot 
SW Slot width 

Bth1 Outer bridge thickness 
Bth2 Inner bridge thickness 

 Fig. 5 shows an example of the flux distribution when 
using the selected geometry for the three permanent magnet 
materials, main properties of each case being shown in Table 
III.  As expected, the maximum peak flux density in the airgap 
is obtained with the prototype equipped with sintered NdFeB 
magnets, see Table III. This will allow better use of the 
measuring range of the Hall-effect sensor, eventually 
improving the signal to noise ratio. Obtaining a similar peak 
flux density, bonded NdFeB magnets requires almost twice of 
magnetic material, see Table III. Ferrite magnets provide, as 
expected, the smallest flux density, with a peak value in 
around half of that obtained with NdFeB magnets. The Ferrite 
vs. NdFeB volume to achieve the same peak flux density is 
around 2.5, see Table III. Even in this case, the ferrite-based 
solution is expected to be cheaper. 

 

a) 

 
b) 

 
c) 

 
Fig. 5. Flux lines distribution for the optimized magnetic resolver design 
equipping a) Sintered NdFeB magnets, b) Bonden NdFeB magnets, and c) 
Ferrite magnets. Blue (•) and red (•) spots represent the HallC and HallS 
sensors. 

TABLE III.  OPTIMIZATION RESULTS OF THE MAGNETIC RESOLVER 

 PM Material 
 Ferrite Sintered 

NdFeB 
Bonded 
NdFeB 

THD (%) 1.55 0.27 0.84 

Fundamental flux 
amplitude (mT) 

36.23 95.81 86.68 

PM volume (mm3) 97.33 37.16 60.65 

a. Results obtained from FEA simulation 

IV. VALIDATION OF THE RESOLVER USING FEA 

This section shows FEA results for the three optimized 
prototypes using sintered NdFeb, bonded NdFeB, and Ferrite, 
respectively.   

a) 

b) 

c) 
 

d)  
 

Fig. 6. Performance of the three types of resolvers, a) sin output of the 
hall effect sensors, b) FFT of sin output (in a)), c) resulting position angle 
and d) resulting angle error.

 
Fig. 6a shows the magnetic flux density at the position of 

“Halls” sensor (see Fig. 3 and 5) for one rotor revolution for 
the three cases. Fig. 6b shows the corresponding FFTs, from 
which the THDs in Table III are obtained. It can be observed 
that the THD in all cases is <1.55%, all harmonics being at 
least two orders of magnitude smaller than the fundamental 
component.  It is noted that these results might be influenced 
by the bandwidth of the Hall-Effect sensors, which is 
typically >250kHz [12]; I.e., the bandwidth of the Hall-effect 
sensors will have virtually no influence in standard machines 
used in traction applications [14]. Fig. 6c shows the measured 
position for the three different rotor designs and the real 
position (i.e. FEA).  Fig. 6d shows the error in the measured 
position, which is due to the harmonics in the flux waveform 
shown in Fig. 6b and does not account for errors due to 
assembling tolerances, circuitry, noise, misalignments, etc.  

0 100 200 300 400 500 600 700
Electrical angle (deg)

-0.02

0

0.02
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It can be observed in Fig. 6d that the lower error is 
obtained for the sintered NdFeB magnet, ferrite magnets 
showing the worst behavior. Measurement errors are ±1.1º 
(Ferrite based), ±0.35º (bonded NdFeB based), and ±0.09º 
(sintered NdFeB based). Position error of commercially 
available resolvers is in the range of ±0.5-1.0º for VR 
resolvers [11] and around ±0.16º for brushless resolvers, 
meaning that the accuracy is comparable with commercially 
available resolvers. 

 

V. ASSEMBLY OF THE PROPOSED PROTOTYPE 

The proposed prototype can be assembled in two different 
configurations: in-shaft mounting and shaft-type for 
connections through flexible couplings. In any case, the 
necessary circuitry is the same, both allowing redundant 
configuration (i.e. providing duplicated signals). Fig. 7a 
shows the laser cutout of the optimized designs for the 
prototypes equipping Ferrite magnets and sintered NdFeB 
magnets, the PM samples being shown in Fig. 7b. The same 
laser cutout and magnets will be used for both the in-shaft and 
shaft-type resolvers. 

A. Shaft-type assembly 

The shaft-type magnetic resolver is shown in Fig. 8. It is 
equipped with the rotor cutout and PMs shown in Fig 7. It 
was designed with a Ø8 mm shaft, the diameter of the body 
and axial dimensions being Ø52 mm and 17 mm respectively. 
This design is suitable for the connection through flexible 
couplings. It can be observed that the PCB integrates four 
Hall-effect sensors (i.e. two HallC and two HallS), i.e. it 
provides redundant output signals. The design also includes 
two bearings: front and rear cover hosts.  
 

Fig. 8. Disassemble view of the Shaft-type magnetic resolver

B. In-shaft mount assembly 

The in-shaft type magnetic resolver is shown in Fig. 9. It 
is equipped with the rotor cutout and PMs shown in Fig 7. 
The rotor of the sensor is directly connected to the machine 
shaft and fixed by a nut. The axial length of the sensor 
exploding bolts is 5 mm, and the diameter of the sensor is Ø 
70 mm. In this case, the PCB integrates only two Hall-effect 
sensors (i.e. HallC and HallS), although this design also allows 
redundant configuration. This design requires no bearings.. 

Fig.9 In-shaft type magnetic resolver inserted in an endshield of a 
machine.

C. Electronic circuitry 

A conditioning system is required for the proposed 
prototype to achieve full compatibility with commercial 
drives in terms of power supply and output voltage levels. Its 
objective is twofold: provide supply voltages for the Hall 
elements and the additional ICs, and adapt output voltage 
levels within the range of commercial drives.  

Fig. 10. Simplified representation of the electronic circuitry.
 
Fig. 8 shows a simplified representation of the electronic 

circuit needed for the proposed sensor. The excitation signal, 

a) 

 
b)  

Fig. 7. a) Lamination of the optimized geometries for the magnetic 
resolver design equipping: sintered NdFeB (left) and Ferrite (right), Scale 
in mm, and b) NdFeB and Ferrite magnets for the designs in Fig. 7a.

Ferrite 
Sintered 

NdFeB 
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which will be provided by the drive (i.e. standard resolver 
excitation), is rectified to provide symmetrical voltage supply 
to the circuit, as demanded by the operational amplifiers. Hall 
elements (i.e. HallC and HallS) are feed using constant voltage 
what produces a constant current through the hall elements 
since hall elements are resistors from an electrical point of 
view. Note that a temperature variation of the hall element 
will have a direct impact on the current through the hall 
element. However, this will not affect the position 
measurement since the rotor position information is included 
the phase of the current waveforms but not in the amplitude 
(see Fig. 2). 

The total power consumption of the proposed system is in 
the range of the power consumption of the Hall-elements: 
12.5 mW per sensor. The power consumption of the 
rectification stage can be negligible (i.e., conduction losses of 
a rectifier diode). The power consumption of the gain stages 
can also be negligible since ultra-low power differential 
operational amplifiers are used. 

The circuit in Fig. 8 provides differential output signals to 
enhance noise immunity in the transmission wire. 

 

VI. EXPERIMENTAL RESULTS 

A prototype of the shaft-type sensor is shown in Fig. 11, 
corresponding to the drawing in Fig.8. In this design, the 
fixed parts of the sensor (i.e. shaft, stator and cover) have 
been 3D printed using polyacid material (PLA). The moving 
parts (i.e., magnets and rotor) are made of Sintered NdFeB 
magnets and the laser-cut silicon steel 50H350, see Fig. 7. 
The prototype integrates two pairs of Hall-effect sensors (i.e. 
HallC and HallS) for a redundant output, the simplified power 
and conditioning stages for each pair of sensors being shown 
in Fig. 10.  

Fig.11. 3D printed position sensor (rigth) and testbench (left)

 
The sensor is attached to a brushless PMS motor in a 

testbench, see Fig. 11. Fig. 12 shows the output waveforms 
provided by a pair of Hall-effect sensors (i.e. HallC and HallS) 
when they are fed with a sinusoidal waveform of 7VRMS at 10 
kHz. It can be observed that the peak amplitude of the 
magnetic flux density waveform in Fig. 13 is around 100mT, 
what matches the optimization results in Table III for sintered 
NdFeB magnets. 

Fig. 12 shows the simplified signal processing used for 
speed and position estimation. Measured flux densities by 
HallC and HallS are multiplied by the excitation signal at the 
demodulation stage. The phase of the resulting complex 
vector signals, Vα ,Vβ are normalized (14) and r

dqV


(15)-(16), 
is obtained using a synchronous reference frame phase-
locked loop (SRF-PLL), which provides the estimated rotor 
speed and position [18]. 

The signal processing scheme in Fig. 12 is applied to the 
signals in Fig.13. Rotot speed and position are obtained from 
the waveforms in Fig.13 after the demodulation process, that 
are later normalized in amplitude (see Fig. 14) in order to feed 
a the SFR-PLL in Fig. 12. 

Fig.12 Schematic representation of the signal processing used for speed 
and position estimation

 

;    pu pu

V V
V V

V V
α α

α α
α α

= =  
(14)

s
pu pu puV V jVαβ α β= +


 (15)

rjr s
dq puV V e θ

αβ
−=

 
 (16)

Fig. 15 shows the estimated speed obtained from the 
proposed sensor during the startup of the brushless machine 
in open loop. The machine is stopped until 2.75 s, and at 
t=2.75s the speed increases up to 20 rad/s. Fig. 16 shows the 
estimated absolute angular position. An aluminum design of 
the system with more accurate tolerances and higher stiffness 
is currently under development. 

Fig. 13. Magnetic resolver signals:  Hallc signal (blue), Vc(t) (i.e. cosine) 
amd  Halls signal (red), Vs(t) (i.e. sine). ωs = 2· π · 10000 rad/s, ωr = 2· 
π · 1.1 rad/s

Fig. 14. Normalized magnetic resolver signals:  Hallc signal (blue), Vc(t) 
(i.e. cosine) and  Halls signal (red), Vs(t) (i.e. sine) ωs = 2· π · 10000 
rad/s, ωr = 2· π · 1.1 rad/s
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Fig. 15. Speed profile obtained with the proposed sensor. ωs = 2· π · 
10000 rad/s, ωr = 2· π · 1.1 rad/s 
 

 
Fig. 16. Angular position profile obtained with the proposed sensor. ωs = 
2· π · 10000 rad/s, ωr = 2· π · 1.1 rad/s 

 

VII. CONCLUSIONS 

A magnetic resolver using hall effect sensors is proposed 
in this paper. Compared to available resolvers, it provides 
similar accuracy, with a simpler and cheaper construction. 
Two different designs have been proposed: shaft-type or in-
shat designs; both allowing redundant position 
measurement. FEA results have been provided to 
demonstrate the viability of the proposed system and the 
system has been experimentally validated.  
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