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Abstract—The paper presents a comparative evaluation of
simplified and complex interior permanent magnet (IPM)
machine models for control development in traction
applications. It is shown that although control implementation
using the complex model could result in better IPM machine
performances, in practice, validation of complex model is
significantly complicated and deviations from assumed
parameters may compromise the performance of the control
scheme. It is demonstrated that the simplified model of which
validation is simpler may provide similar performance
compared with the complex model. Thus, the simplified model-
based control method can be considered for traction
applications at the earlier stage of control development or
when validation of the complex machine model is difficult.

Keywords—Control development, maximum torque per
ampere (MTPA) control, IPM machine, traction applications.

I. INTRODUCTION

Due to its rotor structure resulting in its high efficiency
and depth of field weakening (FW) operation ability [1],
interior permanent magnet (IPM) machine is often employed
under torque control mode within its full torque-speed range
for traction application [2], Fig. 1(a). Since IPM machines
are well-known for their nonlinear characteristics [3]-[4],
control methodology using predefined look-up tables (LUTs)
of dg-axis current references with inputs as torque and speed
(or flux) demands are often employed for high performance
targets, Fig. 1(b), [5]. Therefore, accurate information of the
tested IPM machine model including nonlinear parameters as
a function of full range of dg-axis currents considering both
saturation and cross-coupling effects [5] are highly desired
for development of dg-axis current reference LUTs. In
practice, validations of IPM machine parameters [6]-[7]
often involves injection of different dg-axis current sets into
the machine, collect relevant data (voltages, currents,
torque), and post-measurement processing. Obviously, this
validation process is complicated and measurement errors
resulting in mismatch issue are inevitable. Therefore, at the
earlier stage of control development of traction application, a
simple and reliable machine model with acceptable accuracy
for consideration as an initial control model is essential. It is
noted that for IPM machine, saturation effect is mainly
contributed by the g-axis current whereas cross-coupling
effect is caused by both dg-axis current components. Also,
IPM machine with single layer rotor is often employed for
traction application due to its robust mechanical structure [2],
[8] and this rotor geometry is the main focus of the paper.

The paper presents a comparative evaluation of
simplified IPM machine model considering only saturation
effects and complex IPM machine model accounting for both
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saturation and cross-coupling effects on control development
for traction applications. It is shown that the simplified IPM
machine model of which validation is simpler may provide
machine performances similar to the complex model. Thus,
control development using the simplified model can be
considered for control development of traction applications
at the earlier stage or when validation for the complex
machine model is difficult.

The paper content is as follows. Mathematical models for
IPM traction machine and its performance are discussed in
the section II. Complex and simple models of the tested [IPM
machine together with development of its relevant dg-axis
LUT current references are introduced in the section III.
Section IV compares and discusses the tested IPM machine
performances using the simplified dg-axis LUT current
references and complex dg-axis LUT current references.
Some conclusions are presented in the section V.

II. TPM MACHINE MODEL AND OPERATION REGIONS

A. IPM Machine Model for Control Development

According to [3]-[5], the mathematical model in dg-axis
reference for IPM machine is as follows.

Vd = Rsid —ﬂ)e'//q 5 Vq = R:iq + [()el//d (1)
wy=Lji,+y, ; v, = Lqiq @
T, =(3/2)ply, +(L, —L)i, ), (3)

where vag, idag, Waq, Lag are the transformed (dg) voltages,
currents, stator flux-linkages, and stator inductances,
respectively; w. is the stator electrical frequency; Ry is the
stator resistance; 7 is the machine torque; y, is the PM flux
linkage.

Under space vector modulation (SVM) and considering
over-modulation implementation [3], maximum achievable
phase voltage V.. is expressed in (4) where Vg is the DC-
link voltage; ku is the modulation index constant which
depends on the selected over-modulation technique.

Vm = W < Vmax 5 Vmax = kminc (4)

In addition, the machine current is limited by a
maximum value /. associated with the selected cooling
method and winding insulation class.

Jio+i I, (5)
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Fig. 1. Control of IPM machine. (a) Operation regions. (b) Control strategy.

B. IPM Machine Operation Regions

Operation regions for IPM machine is illustrated in Fig.
1(a) [1]. As can be seen, in the low-speed operation region
when the machine voltage is still lower than the maximum
achievable voltage V., the maximum torque per ampere
(MTPA) operation can be employed [3]-[4]. For a
demanded torque, relevant dg-axis current references can be
determined by solving (6) and then (3). Therefore, the
following equation is satisfied:

2T, o1 Y
(Ld—Lq)21:+3—];’l//mzq—[3;J =0 (6)
In the high-speed operation region, under a demanded
torque, dg-axis current references are selected to maintain
both demanded torque and voltage limit as shown in the FW
region in Fig. 1(a), and (7) is satisfied. It is noted that stator
resistance voltage drop is neglected in (7). It is also noted
that the maximum achievable current /., is still achievable
in the FW operation region. However, in deep FW
operation, for a given maximum achievable voltage (4),
there is a maximum achievable torque associated with this
maximum voltage (or its relevant flux) (8). This operation
region limited by this maximum achievable torque is named
as maximum torque per voltage (MTPV). As can be seen,
maximum achievable current is not maintained in this
operating mode, Fig. 1(a).
ai} +a,i; +ai; +ai, +a, =0 @)

where
2T
a, = —!//iB+[ .
3p
2 2 2 2. 2 2
a, =Ly, +4L,w, A—BA ;a, =2L,y, A" +24y, L,
a,=LAA=L,~L;B=y, ~v,

Vs =V | 0. =W + v,
2(L, _Lq )‘/’3 +Lq‘//m‘//d -(L, _Lq )‘//rf]ax =0 (8)
It is noted that the dg-axis inductances and the PM flux

linkage values in (1) to (3) and (6) to (8) are nonlinear and
often described as a function of dg-axis currents [3]-[5].

2
Lq] sa, =2L,y, —24By,

Fig. 2. Studied IPM traction machine. (a) Geometries. (b) Prototype. (c)
Hybrid powertrain integrating [IPM machine.

TABLE [

SPECIFICATIONS OF TESTED IPM MACHINE

Peak torque (Nm) 225
Continuous torque (Nm) 112.5
Peak current (A) 340
Base speed (rpm) 4850
Maximum speed (rpm) 14500
DC-link voltage (V) 600
Number of pole pair 4

III. MODEL-BASED CONTROL DEVELOPMENT FOR IPM
MACHINE

Control development for IPM considering nonlinear
machine parameters were presented in [3]-[5]. Although
online control method may offer more control flexibilities
[3], [4]; offline control strategy using predefined dg-axis
current reference LUTs is often employed for traction
application due to its simpler implementation [5]. Fig. 1(b)
illustrates an example of offline control method where
predefined dg-axis current reference LUTs of which inputs
are demanded torque and instantaneous operating speed. It is
noted that these dg-axis current reference LUTs cover full
aforementioned torque-speed operation regions of the IPM
traction machine under control. Generation of these LUTs
will be discussed in the next section.
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Fig. 3. Complex model of tested IPM machine parameters. (a) d-axis

inductance. (b) g-axis inductance. (c) PM flux linkage.
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Fig. 4. Complex model-based dg-axis current reference LUTs. (a) d-axis
current reference. (b) g-axis current reference.
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Fig. 5. Simplified model of tested IPM machine parameters. (a) d-axis

inductance. (b) g-axis inductance. (¢) PM flux linkage.
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Fig. 6. Simplified model-based dg-axis current reference LUTs. (a) d-axis
current reference. (b) g-axis current reference.
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Fig. 7. Comparative study between complex and simplified machine model. (a)

d-axis current reference. (b) g-axis current reference. (¢) Current magnitude.

A. Complex Model-based Control Development

The control methodology in Fig. 1(b) was employed for
an IPM traction machine developed for integrating into a
hybrid  powertrain and  schematics/prototype  and
parameters/specifications are depicted in Fig. 2 and Table I,
respectively. The tested IPM machine is equipped with
single layer rotor which is often employed for traction
application due to its robust mechanical structure [2]. First,
the machine nonlinear parameters were generated from FEA
or validated via measurement [6], [7], Fig. 3. Then, for a
given torque-speed operation point, variation of dg-axis
currents from zero to their maximum values considering
maximum achievable voltage and current is implemented to
find proper sets of dg-axis currents satisfying the demanded
torque. Finally, the optimum dg-axis current references are
selected for achieving the demanded torque with minimum
current, Fig. 4. As can be seen, this control development
method can satisfy MTPA control by obtaining demanded
torque with minimum required current magnitude; FW
operation by considering both current and voltage boundary;
and MTPV operation by considering voltage boundary.
However, this method depends on machine parameters which
essentially requires measurement validation. In practice,
validation of IPM machine parameters often requires
injection of different sets of dg-axis currents into the

E e /””/I///j‘l//~
& =
£ s o l/,/I/[/
£ U
a .10 ‘
o
0
2500
150 100007500 30
200 15000 123500
T (Nm) Speed (rpm)
(@)
-12 -10 -8 -6 4 -2 0 2
| e ——— T T T ]
S
5
=
8 -10
s
0 0
50 2500
100150 100007500 300
200 15000 123500
TU (Nm) Speed (rpm)
(b)
250 T T T T
—Complex
-~ Simplified
200+
7 150
&
B
50 J
0 ! | | | !
0 2500 5000 7500 10000 12500 15000
Speed (rpm)
©)

Fig. 8. Difference in torque between complex and simplified machine models.
Torque in Nm. (b) Torque in percentage. (c) Torque-speed envelope.

machine, collect relevant data (voltages, currents, torque),
and post-measurement processing to obtain dg-axis
inductance and PM flux linkage, Fig. 3. Obviously, this
validation process is complicated and measurement errors
and temperature variations may compromise the machine
performance.

B. Simple Model-based Control Development

The machine nonlinear characteristic shown in Fig. 3 is
affected by saturation mainly caused by g-axis current and
cross-coupling effect [6], [7]. As can be seen in Fig. 3, for
the tested IPM traction machine, the nonlinear characteristic
is predominantly affected by g-axis current. Fig. 5 presents
the simple nonlinear machine model considering only effect
of g-axis current. It is noted that the PM flux linkage is the
same for both the two models. Based on this model, dg-axis
current reference LUTs are generated and depicted in Fig. 6.

IV. COMPARATIVE STUDY BETWEEN COMPLEX MODEL-
BASED AND SIMPLE MODEL-BASED CURRENT REFERENCE
LUTSs

Current references under different demanded torque and
operation speed using complex-based model, Fig. 4, and
simplified-based model, Fig. 6, are illustrated in Fig. 7. As
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Fig. 10. Tested IPM traction machine with different driving cycles. (a) Under
complex model. (b) Under simplified model.

can be seen, dg-axis current references generated from the
simple-based model are very similar with that generated
from the complex-based model with the exception of the
high overload region where extreme saturation effects occur,
Fig. 7.

The simplified-based current reference LUTs in Fig. 6 is
employed for the tested IPM machine in Fig. 2 and the
different torque in comparison with using the complex-based
current reference LUTs is presented in Fig. 8. As can be
seen, in the MTPA region, maximum torque error is less than
3%. On the other hand, in the FW operation region,
maximum different torque is up to 12% in the boundary
torque region which leads to reduction of the maximum
achievable torque boundary, Fig. 8(c). It is noted that for
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Fig. 11. Torque difference for the tested IPM traction machine under

different driving cycles by employing simplified current reference LUTSs. (a)
NEDC. (b) Artemis. (c) WLTP.

TABLE II

ENERGY LOSSES (MJ) UNDER DIFFERENT LUTS

Driving Cycle Complex LUT Simplified LUT Dift. (%)
NEDC 0.4268 0.4275 0.1640
Artemis 2.5015 2.5055 0.1596
WLTP 0.9846 0.9859 0.1319

traction application, traction machine performance is not
often required for the boundary torque region. Efficiency
map of the tested IPM machine for complex current
reference LUTs and simplified current reference LUTs are
illustrated in Fig. 9. Simplified and complex LUTs result in
similar efficiency maps.

The tested IPM machine is developed for integration into
a hybrid-powertrain and its performances under simplified-
based and complex-based LUTs over different driving cycle
is depicted in Fig. 10 and the relevant differences in torque
response over different driving cycles is illustrated in Fig. 11.
Again, the simplified and complex LUTs exhibit less than
1% difference in energy loss over the selected drive cycles,
as shown in Table II.

Torque measurements from the tested machine at
2000rpm (MTPA operation region) under different torque
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Fig. 13. Acceleration demonstration for tested IPM machine with simplified
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demands using both complex and simplified models are
presented in Fig. 12. As can be seen, a lower than 3%
difference in torque production can be achieved using the
simplified model in the MTPA operation region. It is noted
that this measured result is well-matched with the analysis
result in Fig. 8. In addition, FW operation demonstration for
the simplified model is shown in Fig. 13 where a speed
acceleration for the tested IPM machine up to 14500rpm is
introduced. Under no-load acceleration, the FW operation is
activated for the tested IPM machine when its speed is
around 7500rpm, Fig. 13. In the FW operation under no-load
condition, d-axis current up to -110A-peak is required to

maintain a constant voltage magnitude, Figs. 7 and 13. It is
noted that in the FW operation with feed-back (FB) control
technique [4], the mismatch between the current reference
LUTs and the actual required currents will be compensated
via the FB loop adjustment.

V. CONCLUSIONS

The paper presents a comparative evaluation of
simplified and complex model for control development of
IPM traction machine with single layer rotor geometry.
Although implementation of the complex model could
ensure better machine performances, in practice, its
validation is complicated and measurement errors and
temperature may compromise the control outcomes. It is
shown that the simplified model which determination is
significantly simpler may provide comparatively reliable
control outcomes. Thus, the proposed simplified model can
be considered at the earlier stages of control development of
traction application. The proposed simplified model was
validated via measurements in both MTPA and FW
operation regions.
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