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Abstract
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The paper presents an advanced circuital model of e-drive for control firmware development and real-time
simulation purposes, compatible with Simulink and PLECS environments. The model accounts for PWM
voltage supply, magnetic saturation, iron losses and space harmonic fields in the e-motor, and covers
both healthy and faulty scenarios. The use of advanced dqf flux maps allows for accurate simulation of
torque ripple and back-EMF undulation. The proposed model is experimentally validated on a traction
PMSM and can be automatically generated within the SyR-e open-source design platform.

1 Introduction

The design study of an e-Motor normally involves
two main steps: (1) the electromagnetic, mechan-
ical and thermal design using optimization proce-
dures based on Finite Element Analysis (FEA) and
(2) the simulation of the e-Drive for motor control
design and calibration purposes, using accurate
models for both e-motor and inverter. In both
stages, dedicated softwares were developed for
semi-automated motor design and performance
evaluation [1], [2]. Among these, the most compre-
hensive ones cover different types of motor drives,
including Permanent Magnet Synchronous Motors
(PMSMs) and Synchronous Reluctance (SyR) mo-
tors [3].

Dealing with the motor simulation for control design
purposes, an accurate representation of the ma-
chine should include its space harmonics, which
may affect the control accuracy and stability, as
well as iron and PM losses effects. To cover these
aspects, a number of FEA-coupled motor models
were developed [4], [5], obtaining high accuracy of
the drive simulation at the cost of high computa-
tional burden, often resulting in not acceptable exe-
cution time. For this reason, this paper focuses on
the circuital models of the Synchronous Machines
(SM), capable of representing space harmonics
and iron and PM loss effects with no need of time
consuming FEA co-simulation.

The two most used approaches for simulating an
electromagnetic system are the analytical and cir-
cuital models. In the first ones, the motor equations
are implemented by using signal blocks, while in
the latter one physical libraries are adopted, such
as resistors, inductors, current/voltage sources and
so on. In this work, the latter approach is preferred
as it permits to better represent the machine un-
der faulty conditions, such as open or short circuit,
either symmetrical or not.

Nowadays, the most widely used softwares for
motor drives simulation are Matlab-Simulink and
PLECS, both including several motor models. In
the Simulink library, two blocks are considered: the
Synchronous Reluctance Machine [6] and the FEM
Parametrized PMSM [7]. Starting from the current
vectors components iq4, i,, the magnetic saturation
and cross-coupling effects are described by means
of apparent inductance matrices Lgq(i44) in the for-
mer block and flux linkage matrices Agq(i44,6) in
the latter block, where 8 is the electrical angle. Both
models can include the iron losses effects, imple-
mented stator and rotor loss tables P;(i4,,w) and
P,.(i44,w), function of the current vector and the
electrical speed w. However, the Simulink environ-
ment does not provide an unified model covering all
the SM types, to be adopted for automated design
tools [1]. Moreover, the PM losses are not taken
into account and the space harmonics can be rep-
resented only if adopting the FEM Parametrized
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Fig. 1: Operating principle of syreDrive.

PMSM, but this considerably increases the execu-
tion time of the simulation.

A different approach is adopted by the PLECS Ii-
brary, which includes two blocks called Non-excited
SM [8] and Permanent-Magnet SM [9]. The for-
mer block is a series RLE circuit using the Voltage
Behind Reactance (VBR) modeling approach [10],
where the magnetic saturation is implemented by
means of flux linkage A4 (24,) and incremental in-
ductance l,4,(%4,) lookup tables (LUTs). The latter
block may be configured as two different solutions:
the VBR model (neglecting mutual inductance and
assuming constant L4, L, inductances) and the
Rotor Reference Frame model, consisting of two
controlled current sources for phases a and c¢. The
flux linkage vector Ay, is retrieved from phase volt-
age integration. The ratio between the obtained A4,
vector components and the respective inductances
Lg, L, provides the ig4, i, current components, sub-
sequently transformed in the abc axis. The main
drawbacks of these models are the impossibility of
representing the iron losses, the space harmonics
and, for the Permanent-Magnet SM, the magnetic
saturation.

The circuital representation using current genera-
tors was also used in [11], where a switched re-
luctance machine is modeled in Simulink as four
controlled current generators, one per each phase.
The flux linkages Aq4pc are obtained from integra-
tion of back-EMF voltages, computed from the mo-
tor phase voltage vqpe and its resistance voltage
drop. The motor torque and current, feeding the
controlled current generators, are given by dedi-
cated LUTs, based on the flux linkages and electri-
cal rotor position.

As described above, all the available PLECS and
Simulink models have several limitations. This pa-
per presents an unified circuital e-drive model, suit-
able for PMSMs and SyR machines, compatible
with both Simulink and PLECS environments. The
model accounts for PWM voltage supply, magnetic
saturation, iron and PM losses and harmonic fields

in the e-motor, without significant impact on the
computational burden and execution time. In addi-
tion, the circuital model permits simulating the drive
under healthy and faulty conditions.

The proposed work is a contribution to syreDrive [1],
a tool for e-drives simulation included in the e-motor
design software SyR-e, whose operating principle
is presented in Fig.1. Given the motor data, ei-
ther computed through FEA or experimentally mea-
sured, syreDrive generates a self-calibrated e-drive
model in Simulink or PLECS, permitting to choose
between different control strategies, including sev-
eral sensorless controls.

2 Motor model and magnetic model
representation

A SM can be modelled in 3-phase, stationary or ro-
tating reference frames, respectively called abe, a8
and dq. The rotational and the Clark transformation
matrices convert every electromagnetic quantity
between the different reference frames:
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The stator voltage vector v4, of a SM is given by:

3)

. Ad
Vg = Rstgq + dtq

where J = [? _01] is the imaginary unit expressed

in matrix form, x4, = [zq, a:q]T is a generic vector
in dq coordinates and R, is the stator resistance.
Independently from the circuital model approach,
the identity of an e-motor is represented by its mag-
netic model, or flux maps, i.e. the dq flux linkages
A4q as a function of dq stator currents i4,:

Adg = Adg (idq) (4)
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Fig. 2: Direct (red) and inverse (blue) magnetic model.
(@)Adalia,iq) and (B) Aq(id; iq)-

The flux maps are normally stored in form of Look-
Up-Tables (LUTs). Two types of magnetic models
can be considered [12]: the dq or the dgf model.
The LUTSs of dg flux maps, labeled A4, (Zq4q), repre-
sent the fundamental saturation model, averaged
over one electrical or mechanical period. On the
other side, the dqf flux map Ag,(24q, 0) includes the
effects of rotor position on torque and flux linkages
components, i.e. torque ripple and back-EMF un-
dulation, thus modeling also the space harmonics
of the machine. The iron and PM losses can be
described by means LUTs as well [13], depending
on the i4, current components and electrical speed
w. In SyR-e, these maps are FEA evaluated at a
reference electrical speed wy, and then rescaled
according to the operating speed.

Additionally, the magnetic models can be distin-
guished between direct and inverse models. Both
of them can be associated to the dgq or dqf ap-
proach. Either if obtained by FEA softwares or
measured by experiments, the flux maps are nor-
mally evaluated in their direct form, i.e. Agq(24q),
computed in a regular grid of points on the (i4, i4)
current plane. Because of the magnetic saturation,
such regular current domain does not correspond
to a regular area in the flux plane (A4, A;). For the
simulation models requiring the i4,(Ag4,) LUT (in-
verse magnetic model), the direct flux maps must
be numerically reversed, often with significant loss
in the covered domain, thus representing the ma-
chine in a smaller range of operating points. An
example is given in Fig. 2, where the direct and
inverse flux maps of a PMSM are reported in red
and blue respectively, for the d and ¢ axes. The
reduction in the current/flux domain due to LUTs
reversal is clearly visible.

To conclude, the simulation models adopting the di-
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Fig. 3: Simulink e-Drive simulation model.

rect flux maps are preferred over the ones requiring
the maps inversion.

3 Circuital modelling approaches

Fig. 3 reports the complete e-drive Simulink model,
as implemented in syreDrive. The PLECS counter-
part is formally equivalent, and not reported here
for brevity.

The model includes three main blocks: the circuital
inverter and motor models, and the digital control.
This is implemented as an S-function using an ANSI
C-script, configurable in torque or speed control.
The torque control can be implemented with differ-
ent solutions, such Field-Oriented-Control (FOC)
or Direct-Flux-Vector-Control (DFVC). SyreDrive
also includes several options for position sensor-
less control.

Dealing with the motor model, this paper consid-
ers two alternative circuital approaches [14], for
comparison purposes:

1. Voltage Behind Reactance (VBR) model.
2. Controlled Current Generators (CCG) model.

The two models, described hereafter, were inspired
by the Non-Excited SM PLECS component and
by the Simulink model in [11] respectively, intro-
duced in Section 1. Both VBR and CCG models
can embed either a dq or dgd magnetic model.

3.1 Motor model:
tance

For the VBR approach, the Simulink and PLECS
circuital models are reported in Fig. 4a and 4b,
while the block diagram of the operating principle is
reported in Fig. 4c. The e-motor is represented as
an RLE circuit, with the coupled variable inductors
accounting for self- and cross- magnetic saturation.
The controlled voltage generators correspond to
the motor back-EMFs, analytically computed by the

voltage behind reac-
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Fig. 4: VBR model: Simulink (a) and PLECS (b) circuital
model and associated block diagram (c).

model. If the PLECS library already included the
Variable Inductor component for the three-phase
coupled inductances, an equivalent component was
custom designed in Simulink, using the Simscape
language.

The VBR model requires both the direct flux maps
( Agq(iqq) for the dg model, reported in Fig. 5a. 5b,
or Agq(i4q,0) for the the dgf model ) and the incre-
mental inductance maps. These can be numerically
retrieved from the flux maps. In particular, three
inductance LUTs are required: 14(%4,), 14(24q) and
l44(i4q). The output of these inductance LUTs are
organized the 14, = [llqdd lldq’l} matrix.

If the magnetic saturation is conveniently expressed
in the dq frame, the motor circuital model must be
implemented in the 3-phase abc frame. Therefore,
the 1,4, matrix is reported in abc axes through Clarke
and rotation transformations:

lap = A(=0) - lag - A(0) ()

labc - T_l : laﬁ -T (6)

The 9 elements of the 323 matrix ;. are provided

2000 2000

Fig. 5: Direct flux maps: Aq(iqq) (@) @and A(2q4q) (b).

to the coupled inductors component, while the back-
EMFs are obtained as:

edq = lag(—w)Jtqq + JwAyq (7)

The ey, vector is then reported in abc frame and fed
to the controlled voltage generators.

3.2 Motor model: controlled current gen-
erator model

Dealing with the CCG circuital models, the Simulink
and PLECS implementations are reported in Fig. 6a
and 6b, while its equivalent block diagram is re-
ported in Fig.6c.

In both the simulation environments, the circuital
model includes three controlled current sources,
imposing the three phase motor currents i,,.. The
current sources are in series with the phase resis-
tances R;. Large resistors are added in parallel
for aiding the convergence of the numerical solver.
The voltage drops across the current generators
correspond to the phase back-EMFs.

The state variables of the model are the flux link-
ages, obtained by integration of the measured back-
EMFs in a30 axes. The dgq flux linkages X4, are
the inputs to the LUTs of the inverse magnetic
model (inverse flux maps) A(;ql, i.e the i44(Agq),
as reported in Fig.7a-7b, or ¢44(A4q, #). As detailed
in Section 2, the flux maps inversion reduces the
available domain of LUTs. The limits can be easily
corrected with FEA modeling, but not with experi-
mental flux maps obtained from motor testing [15].
The i4, vector is output from the inverse magnetic
model. The homopolar current i, is also consid-
ered, obtained from the homopolar flux Ay and the
leakage inductance L. This permits to include the
modeling of asymmetrical faulty conditions. Finally,
the 7440 vector is transformed in abc axes through
rotation and Clarke transformation and fed to the
controlled current generators.
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3.3 Inverter Circuital Model

In both Simulink and PLECS environment, the in-
verter is implemented with a circuital model, as
reported in Fig. 8a and 8b. In both cases, the
model includes the modulator block, which can be
alternatively set as instantaneous or time average.
In the former configuration, a PWM modulation is
implemented, and the inverter is fed with the 6
switching functions, accounting for the dead-time.
In the latter case, the simulation model directly im-
poses the average inverter voltage over the PWM
period. In this case, the motor is fed with a continu-
ous voltage, neglecting the switching phenomena,
and the dead time effects are taken into account as
a variable voltage drop depending on the current
direction. Despite the commutations are disabled,

(a)
Fig. 7: Inverse flux maps: iq(Aq4q) (@) and iy (Agq) (0).

the PLECS VSI component still requires the input
duty cycles of the six switches. The commands for
the upper switches are computed as

g = di — sgn(ig) - dT - fsw k=a,b,c (8)

where dT is the dead time and f,,, the switching
frequency. The commands for the lower switches
are given by the logical negation of (8).
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Fig. 8: Inverter circuital implementation: Simulink (a)
and PLECS (b).

In PLECS, the inverter component configuration is
called Sub-cycle average [16], able to run in fixed-
step real-time simulation.

4 Simulation results

The proposed eDrive model was tested both in
Simulink and Plecs simulation environments, with
either CCG or VBR approaches, for comparison
purposes.

4.1 Execution time comparison

The e-drive model was run for 1s of simulation time,
on a laptop equipped with Intel(R) Core(TM) i7-



10750H CPU @ 2.60GHz. All possible configu-
rations (dq or dgf magnetic model, CCG or VBR
representation, Simulink or PLECS environment,
instantaneous or time average inverter) were cov-
ered. For each case, the simulaiton was repeated
5 times, and the average execution time is reported
in Fig. 9. Both for the PLECS and Simulink sim-
ulations a variable step solver was used, with the
same tolerance (1le — 3) and maximum step size

(2 ps).
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Fig. 9: Execution time for 1s simulation: (a) PLECS
models and (b) Simulink models.

The comparison demonstrates that the PLECS
solver is considerably faster than the Simulink one,
and that the VBR approach is much slower than the
CCG one. As expected, the dg model is faster than
the dgf one, because of the higher computational
effort related to the 3D LUTs instead of 2D ones.
Because of the much faster execution time, the
CCG model is selected to be integrated in
syreDrive, and further developed to include the iron
and PM losses.

4.2 Comparison between dq and dq0 mod-
els

The dq and dqf models were tested for a 430 Nm
traction PMSM, having a base speed of 4200 rpm
and a maximum speed of 18000 rpm. The simula-
tion results for a full torque reversal at a constant
speed of 2000 rpm are compared in Fig. 10.

500 E
/g —T
0 T
23 ™
-500 E i P, : E|
0.79 0.795 0.8 0.805 0.81
t (s)
2000
<
-2000 L . L
0.79 0.795 0.8 0.805 0.81
t (s)
1F
£ 0.5 d, M
& s
—d,
Ok i i i
0.79 0.795 0.8 0.805 0.81
t (s)
(a)
500 E
ER!
z 0
-500 E i i X ]
0.79 0.795 0.8 0.805 0.81
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1F
£ 0.5 d, M
\D; dy h
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Fig. 10: Simulated torque, current and duty cycles un-
der torque reversal at constant speed. (a) dq
model; (b) dgf model.

Despite its higher computational burden, it is ev-
ident the dgf model includes torque and back-
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Fig. 11: Equivalent circuit in dg axes, including iron and
PM losses.

EMF ripple phenomena, resulting in non-sinusoidal
phase currents and undulations in the duty cycle
waveforms. These effects can be often disregarded
for a quick evaluation of the drive performance,
but can result crucial for fine calibration of the mo-
tor control, especially for sensorless applications
and/or for machines with relevant space harmonic
content. Therefore, both the dq and dqf approaches
are maintained in syreDrive, and can be selected
by the user depending on the desired accuracy of
the simulation.

4.3 Iron and PM losses

The block diagram of the CCG model was upgraded
respect to [1] by including the iron loss and PM loss.
In particular, these loss terms can be modeled as
an equivalent resistance Rp. in parallel to the motor
EMF, as depicted in Fig. 11. The value of Ry, varies
with the operating point of the machine. Besides the
decrease in motor efficiency, these rotational losses
have two main effects on the motor modeling: 1)
the magnetizing current iz, is lower than the phase
current z4,; 2) the motor output torque 7' is lower
than the electromagnetic torque T¢,,.

The upgraded CCG motor model accounting for
iron and PM losses and the equivalent block dia-
gram are shown in Fig. 12 and 13. The iron losses
are modeled using the the Steinmetz formulation,
with the eddy-current loss accounted separately,
as described in [13]. The hysteresis losses Py o,
the eddy currents losses P, o, and the PM losses
Ppro (if any) are evaluated over the entire dg
plane and constant pulsation wg, and stored in ded-
icated LUTs. As shown in Fig. 13, the LUTs input is
the magnetizing current vector 4, provided by the
inverse magnetic model. As described in [13], the
loss maps are computed at a reference electrical
speed wy, and their output is scaled based on the
instantaneous speed w according to the Steinmetz
equations:

a 2
w w
Ppe = Pry - (w()> + Pep - <w0> (9)

Inverse Magnetic
Model

Aap [aB \ Adg .
abc 1

9() TIL 1

Fig. 12: Block diagram of CCG model including iron and
PM losses.

P R,0 ’iiﬁ
ZTIL +

Fig. 13: Iron and PM losses sub-block.

2
w
Ppprr = Pppgo - <>
wo

(10)

where « is a loss coefficient typical of the selected
material. Using the total losses Pge + Ppag, the
current vector z ° representing the iron and PM
losses is obtalned as:
2 Pp.+ P
- I Fe PM
que = COTL] (3 M) (1 1)

Finally, the 1;5; vector is added to i, obtaining the
total phase current vector i4,. This is transformed
to abe frame and fed to the CCGs generators.

The effects of the implemented losses on the 4,
current and torque are highlighted in Fig.14, where
the same PMSM motor used for the dq/dg6 com-
parison is operating using a FOC current control at
10000 rpm. It can be noted that when the iron and
PM losses are neglected, the i4, currents follow
their reference ijlq. On the other side, when losses
are taken into account, a noticeable reduction in
the i, current is present, resulting in a lower motor
torque due to the iron and PM losses effect.

As expected, the implementation of the iron and
PM losses in the simulation causes slightly higher
computational burden. Moreover, the accuracy of
these maps is not always guaranteed by FEA soft-
wares, and these are difficult to be determined by
experiments. For these reasons, also the iron and
PM losses representation can be either included or
not in the syreDrive simulation, based on the user
settings.



—lu

——— ' 10 Ppeipyr |7
-100 i with Prespar| ]

200

-300

-400f

T T T T
S0 A
rhad A

G0

10

—_—

20 —i,’,” no Preipy |4

—— i7" with Pre.py
i

L ! L !
0 0.2 0.4 0.6 0.8 1 1.2

——T no Ppeipyv ||
———T with Ppeipan
N

0 0.2 04 0.6 08 1 1.2

Fig. 14: Effect of iron and PM losses on the iz and i,
currents and electromagnetic torque T, .

5 Experimental validation

An automotive PMSM, rated 70 kW, 130 Nm and
4200 rpm was experimentally characterized and
tested, to validate the proposed motor model. The
machine under test (MUT) is controlled with FOC
using dSPACE 1202 MicroLabBox and it is coupled
with a driving machine imposing the shaft speed. A
picture of the test rig is presented in Fig.15. The
MUT flux maps were experimental measured and
implemented in the simulation model. After that,
simulated currents were compared with the mea-
sured ones, to verify the accuracy of the simulation
model in representing the real MUT behaviour. The
MUT was tested both in steady state operating con-
dition and during an Active-Short-Circuit (ASC) fault
scenario.

o

Fig. 15: Test rig used for experimental validation.

5.1 PWM current ripple

The aim of this test was to verify the accuracy of the
simulation model in representing the PWM current
ripple in steady state conditions. The measured
phase current i, .., is compared with the simulated
one i, at 1000 rpm (in Fig. 16a) and 2000 rpm
(Fig. 16b), while commanding the nominal torque.
In both tests, the compared waveforms are almost
overlapping, demonstrating the high accuracy of
the simulation model.

5 ! 1 1 ! 1 1 1 1 !
0.757 0.758 0.759 0.76 0.761 0.762 0.763 0.764 0.765 0.766 0.767

t(s)

(a)

! 1 1 ! 1 ! 1 1 !
0.7635 0.764 0.7645 0.765 0.7655 0.766 0.7665 0.767 0.7675 0.768 0.7685

Fig. 16: Comparison between measured i, ., and sim-
ulated phase current i, at nominal torque: (a)
1000 rpm and (b) 2000 rpm.

5.2 Active Short Circuit

The MUT was tested under a controlled ASC, by
closing the upper switches of the inverter when
the driving machine imposes 500 rpm. Before the
ASC, the inverter was commanding zero phase
current. The experimentally measured current vec-
tor i4q . is compared with the simulated one g4,
in Fig. 17a. It can be noted that the simulation
model provides the correct steady state current val-
ues and acceptable discrepancy in the transient
behaviour. This difference can be explained by
a non precise representation in simulation of the
driving machine, which speed controller is not im-
mune from the sudden load step due to the ASC.
This results in a slight difference between the mea-
sured and simulated speed transient, as depicted
in Fig.17b. Overall, the e-drive simulation provides
satisfying results, confirming that it can be used to
study fault conditions.
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6 Conclusions

This paper proposes a comprehensive compari-
son between different simulation approaches for
describing synchronous motor drives, either with
or without PMs. All the proposed models are im-
plemented both in Matlab-Simulink and PLECS
environments, for comparison purposes, and do
not require FEA based co-simulation. The circuital
models are preferred over the model based ones,
as they permit simulating a series of asymmetric
fault scenarios. Two types of circuital models are
compared, namely VBR and CCG, and the latter
one was selected for its lower computational time.
The motor model is supplied by a circuital inverter
model, which can either set to instantaneous or
time average, if the PWM effects want to be in-
cluded or not. If desired, the effects of space har-
monics can be included as well, moving from the
dq to the dqf approach, improving the simulation
accuracy at the cost of limited additional compu-
tational burden. Similarly, if the iron and PM loss
maps are known, these can be included in the mo-
tor model, to further refine the simulation. The
simulation model was validated over the experimen-
tal measurements on a commercial traction PMSM,
showing accurate results both in healthy and faulty
ASC conditions.

The developed simulation model will be included in
the syreDrive open source software [1], proposed
for combining the motor and control design.
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