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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
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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]H11] 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 g-axis inductances,
stator resistance and permanent magnets (PMs) flux. d and ¢-
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, Ry, Ry, Ls and L, are the d and
g-axes resistances and inductances respectively, @, is the rotor



speed and 4, 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 4, and A, are the stator dg-axis
flux linkages, (3) and (4) respectively.
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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 dg-axes stator flux linkages,
which depend on the dg-axes inductances, dg-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 dg-axes inductances, stator resistance and PM flux
linkage vs. dg-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 ¢)
PM flux linkage estimation, this is described in the following
sections.
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Fig. 1 — Integration of torque estimation and torque control.

0.2

L, (mH)

” 600
4
-200 200
. 0 0 )
) o v
600
.
b) Iy (4) I, A
600
<)
- 600
400 o 400
- 200
- )
9 I, () I, (4)

Fig. 2 — a) d-axis inductance vs. stator current, b) g-axis inductance vs. stator
current, ¢) stator resistance vs. stator current and d) PM flux linkage vs. stator
current. Iyp=0.05 pu, op=2*1*500 rad/s, Al=0.02 pu, ®~=500 rpm and
T~20°C.



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]1,[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 Ruur, Ryur, Laur and Lgyr are the d and g-axes
high frequency resistances and inductances, respectively; i/,
and i; . arethe d and g-axes high frequency currents; v, and
v, are the d and g-axes high frequency voltages; d and g-axis
HF inductances and resistances can be obtained by injecting a
pulsating HF at 45° from the d axis, (6) of magnitude 7, and
frequency w,,. (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).
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Lanr can be estimated from the measured d-axis HF current,
qu,,F (8), and the commanded d-axis HF voltage, v/ Vadgh 9).
Both (8) and (9) can be separated into posmve sequence (zs dgHFpe
and védq,,ppt ) and negative sequence ( zbdq,,pm and v,dq,,pm )
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
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Lyur can be estimated from the measured g-axis HF current,
il (14), and the commanded g-axis HF voltage, v., . (15),
using (16)-(19) similarly as for d-axis HF inductance estimation.
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dg-axes HF resistance can be obtained from (20) and (21),
the stator HF resistance R,,. (22)being the average of the 4 and
g-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 L.

20 = [(73(0) = R L, (0)) e (23)

2,0 = [0 =R L, (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



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

estimated from (28) and (29), respectively. ﬂA, . (PM flux
linkage when no applying A/lj, ) is finally obtalned as the
average of /1 and lpm (30).

CURRENT
MODEL

VOLTAGE
MODEL

GOPINATH

Parameter independency

x

x

x

No initial state error x

Estimation in the whole speed range,

x
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.

Voltage model

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 A, 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 ( Ai’, 4 )- 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 A/}, injected on top of the
fundamental current [26], this is schematically represented in
Fig. 4. The d-axis stator flux linkage, A, is represented by (25),
ALl is the d-axis flux linkage when positive d-axis current step,
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Fig. 4 — Schematic representation of the injected stator d-axis current,
fundamental and small-amplitude, low frequency, squarewave currents,
(7, ) and resulting stator d-axis flux (4, ).

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

All,, is applied (26), while /1:‘; is the d-axis flux linkage when
., 1s applied (27). The stator
are not obtained using (25)-
(27), instead, they are estlmated by the Gopinath type flux
observer shown in the previous subsection. /1* and /1

negative d-axis current step, —Al
Al and A7,

flux linkages, A’

sd

Prated [kKW] 110
lRaled [A] 640
o, [rpm] 10000

TRaled [Nm] 250

Poles 8




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 I,,. = 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 g-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).
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Fig. 6 - a) d-axis HF and DC inductance vs. stator current and b) g-axis HF
and DC inductance vs. stator current. Iyr=0.05 pu, ogr=2*1*500 rad/s, =500
rpm and T,=20°C.

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 g-axis HF inductances can be obtained by
subtracting the cross-coupling ( L, and L, ) inductances

from estimated values. The cross-coupling inductances are
defined in (34) and (35), being L ;- = Ly -

l’:dHF =3 [ZdHF ] | @y = Ly + th/HF (32)

Loy =3 Zoyir |/ @ = L + L (33)

Ly = aa/j—: (34)
s

wnr =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 g-
axis stator flux response to the squarewave, small-amplitude,
low frequency current signal already used in Section III. In
Section 11, only d-axis stator flux estimation from flux observer
was used to estimate PM flux linkage; for cross-coupling
inductance estimation, only g-axis stator flux estimation from
flux observer will be used. The cross-coupling inductance is
obtained in (36), being A" the g-axis flux linkage when
positive d-axis current step, Al[,, is applied, while A/ is the g-
axis flux linkage when negative d-axis current step, —Al,, is
applied.
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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.

(37

Operation point

=
g

»
»

I

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



inductance estimation in d and g-axis using the estimated HF
inductance, as shown in (38) and (39).
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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 g-axis flux observer
output estimation. Fig. 8a and 8b show the estimated ¢ and ¢-
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 g-axis. It is observed that HF
and dynamic inductances are matching as it was expected.
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Fig. 8 - a) d-axis HF and Dynamic inductance vs. stator current and b) g-axis HF
and Dynamic inductance vs. stator current. Ips=0.05 pu, opr=2*n*500 rad/s,

®=500 rpm and T,=20°C.

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 g-axis DC
inductances, respectively, and actual d and g¢-axis DC
inductances are also shown for comparison. It is observed that
estimated and actual DC inductances are matching as it was
expected.
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Fig. 9 - a) d-axis estimated and actual DC inductance vs. stator current and b) g-
axis estimated and actual DC inductance vs. stator current. Iy=0.05 pu,

opr=2*1*500 rad/s, ®=500 rpm and T,=20°C.

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 + A/}, =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 g-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 T the torque
estimated by proposed method and Trz4 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.

error =T T, EA (40)



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 g-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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