Use HF Signal Injection for Simultaneous Rotor

Angle, Torque and Temperature Estimation in
PMSMs

David Diaz Reigosa
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
diazdavid@uniovi.es

Diego Fernandez Laborda
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
dflaborda@uniovi.es

Marcos Orviz Zapico
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
orvizmarcos@uniovi.es

Fernando Briz del Blanco
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
fernando@isa.uniovi.es

Juan Manuel Guerrero Muiloz
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
guerrero@uniovi.es

Maria Martinez Gémez
University of Oviedo. Dept of Elect.
Computer & System Engineering, Gijon,
33204, Spain
martinezgmaria@uniovi.es

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 45° 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.’

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 v [20] * * v [35] * *
Inductance v [7] * * v [37] v [24] v [27]

v" means “already published”,

*x means “not published”
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Table II: HF Signal Injection Possibilities for Rotor Angle Estimation
HF signal type (Periodic)
Rotating
o Rotating Signal _ L Signal Pulsating Signal
Injection (Sinusoidal) Pulsating Signal (Sinusoidal) (Square- (Square-Wave)
reference frame Wave)
d-axis q-axis d-axis q-axis
Voliage Current Voltage | Current | Voltage | Current Voltage Voltage Voltage
Stationary
(d-axis aligned v [71, 18] v'[9] v'[11] x v [11] x v [16] % v [18]
with phase A)
Synchronous
(d-axis aligned v [10] x v [8] v [15] V14 | v [15] x v [17] v [19]
with PM)
Negative iieiae?;c/z g-axis g-axis d-axis d-axis Recons- axis HF Induced
Used signal sequence d HF HF HF HF tructed g
HF current HF current
HF current current voltage current | voltage current
voltage
Frequency 250 - 200 - 330- 500 — 330- 625 —-5000
Range 1000 Hz 910Hz | 2000Hz | 1000 Hz | 2000 Hz 1000Hz | 1500 Hz Hz 800 Hz

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 1.
Main facts observed from Table I are:

e  Temperature estimation methods mostly rely on the
symmetric behaviour of the machine, use of both inductive
and resistive parts being feasible.

e Torque estimation relies on either the symmetric or
asymmetric behaviour of the inductive part.

e 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:

e Simultaneous estimation of position, temperature, and
torque, from the machine response to a HF signal seems
possible.

e 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 I1I: HF Injection Possibilities for Torque Estimation
HF signal type (Periodic)
Injection Rotating Signal Pulsating Signal
Reference Frame Voltage Current
Voltage . . ; -
d- and g- axis 45° from d- axis d- and g- axis 45° from d- axis
Stationary
(d-axis aligned v [24] x - x -
with phase A)
Synchronous
(d-axis aligned v [25] x v [26] v [27] v [28]
with PM)
Injected signals 1 - 1 2 1
Used signal Positive and negative ) d- and g-axes HF d- and g-axes HF d- and g-axes HF
HF current current voltage voltage
i Ly, Ly, Apy [24
fasr?mnzgs det,zLaP[gs[] : ) LaLq La Lo pu La Lo Apu
Frequency Range 500 Hz - 250 Hz 500 — 1000Hz 500 Hz

- means “not possible” or “no sense”




e 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.

e  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 I1I. Implementation of the proposed method
for simultancous estimation is presented in Section IV.
Simulations results are provided in Section V. Finally,
conclusions are presented in Section V1.

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 (45° 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 g-axes inductance
(Lq and L,) and the PM flux linkage (4p,), 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
45° 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 g-
axis inductance is obtained. Hence, pulsating HF signal injection
in both the d- and g-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
(wyr > w,); 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

3P . o of the signal processing as well as the increased losses.
r= EE[APMlgS + (La = Lq)ifsis] M P s
Table IV: HF Injection Possibilities for Rotor Temperature Estimation
HF signal type
Periodic (Frequency-Based) Non-Periodic (Time-Based)
Injection Reference Frame Rotating Signal Pulsating Signal Pulse Signal
Current Voltage Voltage
Voliage (d-axis) (d-axis) (d-axis)
Stationary *
v x i 4 X
(d-axis aligned with phase A) [34]
Synchronous « v v v
(d-axis aligned with PM) (331, [37] [33] [36]
Used signal HF positive sequence d-axis HF d-axis HF J-axis transient current
current voltage current
Estimated parameters Ragur Ranr [35] Rapr Lanr
Layr [37]
Frequency Range 250 Hz 250—-2500 Hz 250 Hz -

*Only valid for SPMSMs



Table V: HF Injection Options for Rotor Angle, Torque and Temperature Estimation
Estimated Number of injected HF signals
parameter Options injecting one HF signal Options injecting two HF signals
1. Rotating Voltage/Current (Station:
Rotorangle | Pulsatingg Voltagge/Current((d— syngy) )
1. Rotating Voltage (Stationary)
Torque 2. Rotating Voltage (Sync) . 1. Pulsating Voltage/Current (d- sync) + Pulsating
3. Pulsating Voltage/Current (d- sync) Voltage/Current (q- sync)
4.  Pulsating Voltage/Current (45° from d- sync.)
1. Rotating Voltage (Stationary) *
Magnet 2. Pulsating Voltage (d- sync)
temperature | 3. Pulsating Voltage/Current (d- sync) )
4. Pulsating Voltage/Current (45° from d- sync.)
Rotorangle | 1. Rotating Voltage (Stationary) 1. Pulsating Voltage/Current (d- sync) + Pulsating
and torque | 2. Pulsating Voltage/Current (d- sync) Voltage/Current (g- sync)
iﬁi:gﬁg 1. Rotatipg Voltage (Stationary) * 1. Pulsating Voltage/Cm.rrent (d- sync) + Rotating
temperature 2.  Pulsating Voltage/Current (d- sync) Voltage/Current (Stationary)
Magnet 1. Rotating Voltage (Stationary) " . .
temperature | 2. Pulsating Voltage/Current (d- sync) * L \P/ullstztm/gCVolta%e/?uIrent (d- sync) + Pulsaing
andtorque | 3. Pulsating Current (45° from d- sync) oltage/Current (q- sync)
1. Pulsating Voltage/Current (d- sync) + Pulsating Current
(q- sync)
Rotor angle, 2. Pulsating Voltage/Current (d- sync) + Rotating
magnet 1. Rotating Voltage (Stationary) * Voltage/Current (Stationary)
temperature | 2. Pulsating Voltage/Current (d- sync) * 3. Pulsating Voltage/Current (45° from d- sync) + Pulsating
and torque Voltage/Current (d- sync)
4. Pulsating Voltage/Current (45° from d- sync) + Rotating
Voltage/Current (Stationary)
*Only valid for SPMSMs

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 g-axis for torque estimation [27]; (ii)

o
ldQSf + PI + 175;5 dq"
reg. CJ

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 45° 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
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Fig. 1: Control scheme for simultaneous rotor angle, torque and magnet temperature estimation combining a pulsating HF current 45°shifted from the d-

axis (HF;) and a rotating HF current in the stationary reference frame (HF,).
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Fig. 2: Rotor position estimation control block diagram (PLL).

the same signals as in (iii) for torque and magnet temperature
estimation.

Following the preceding discussion, the combined use of a
pulsating HF current 45° 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, quHF (for magnet
temperature estimation) and inductance, L da,, (for torque
estimation) estimation, while higher frequencies tgr 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 45° shifted from the d-axis (HF;) and a
rotating HF current in the stationary reference frame (HF,) are
injected. Two band-stop filters (BSF1 and BSF2) are used to
remove both HF components ( wyr; and wyp, ) 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., wyp, for the
pulsating HF current feedback, and wyp, 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 Y.L, (4) and AL (5) are the mean and differential
inductances respectively. (3) can be also expressed as (6), where
Vs (7) is the magnitude of the positive sequence component and
V., (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].

. _ cos(wypyt)

l;qSsz — 1HF2 [sin(a)Hth)] (2)

v;qupz = ijFZ L'qusz '

[2Ls + AL cos(26,) —AL; sin(26,) 3)
—ALg sin(26,) YLs — AL, cos(26,)

YL, = Las + Lgs er Lgs 4) AL = Las ; Las (5)

v;qSHFZ = ngsHFZpC + v“;quFch = ijCeijFz + (6)

+V,, e~/ (@HF2t=207)

Voe = Opp2lyp XLy (7)) Ve = wypal AL (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, vg,,Which is
first transformed to a reference frame synchronous with the
estimated rotor position, Vgs.

Two high-pass filters (HPF) are used to remove the
fundamental voltage (HPF1), vg,s,, . being obtained, and
the positive sequence of the HF voltage (HPF2), v
being obtained; the resulting voltage consisting therefore
only of the negative sequence component, see Vggs. Vggs
will feed a PLL used to estimate the rotor position [9].

B. Torque and Temperature Estimation through
Pulsating HF Signal Injection at 45° from the d-axis

Simultaneous rotor temperature, T, and torque, T
estimation can be achieved through the injection of a
pulsating HF signal at 45° from the d-axis. A resonant
controller can be used to inject the HF current, iy, - ),
the HF voltage, UZISHFl , (10) being thus commanded.
Estimation of the d - axis HF resistance, Ry, , and
inductance, L,;,,.,, can be done through the measured d-
axis HF current, ig;sH“, (11), and the commanded d- axis
HF voltage, vzqupl » (12). Both (11) and (12) can be
decomposed into a positive (izquF , and Vigs,p, ) and
negative sequence component (L'quhw1 and vzquFlpc ), see
(13) and (14). The d- axis HF impedance, Z,; 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, Ry, ., is obtained (16). Taking
the imaginary part of (15) the d- axis HF inductance, Ly,
is obtained (17). Following an analogous process, but using
the g-axis voltage and current (18)-(22), the g-axis HF
inductance, L‘?le can be also obtained (23).
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According to [27], Apy variation with the d - axis
inductance is given by (24) where Apy;o and Ly, are the PM
flux and d- axis inductance at the room temperature (T,.q)
and when no dq -axis fundamental current is injected
respectively, Lgy., is the d- axis inductance when the
magnet temperature is T, and when dg-axis fundamental
current is injected (17) and Kggpr is the coefficient linking
the d- axis HF inductance with the PM flux.

Layr, — Lao
Apy = (APMO + kpgmr HF#)
0

(24)

Then, substituting (17), (23) and (24) in the GTE (1),
the output torque, 7, can be finally estimated.

PM temperature can be estimated through d- axis HF
resistance (25) [35], being T and T, the stator and rotor
temperatures respectively, T, the room temperature,
Rasypq @nd Ry, o, the stator and rotor contributions to the
d- axis HF resistance, and @, and a;,,, the copper and
magnet thermal resistive coefficients respectively.

RdHFl(TS,Tr) = RdSHFl(TS) + RdTHFl(Tr) =
= Rdsle(To)(l + acu(Ts - To))
+Rder1(T0)(1 + amag (Tr - TO))

Fig. 3 shows the signal processing block diagram for

simultaneous torque estimation (GTE) and rotor
temperature estimation (d- axis HF resistance).

(25)

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

Signal processing for torque and rotor temperature estimation
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Fig. 3: Torque and rotor temperature estimation control block diagram.
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pulsating HF current (HF,), (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, (1) rotor angle estimation error, (m) measured and estimated speed and
(n) speed estimation error. wyr=2-1-250 rad/s, 1;7=0.05pu, @yr=2-1-500 rad/s and 1;r=0.05pu.

this has no further effects on the results. Fig. 4 (a) and (b)
show the dg- axes currents and voltages in the synchronous
reference frame respectively, (c) and (d) show the dg- axes
currents and voltages in the stationary reference frame, (e)
shows the injected pulsating HF current (HF), (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 (I) 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 <5°C 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



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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