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Abstract:  This paper presents a combined dynamic parameter model (DPM) of a high speed train permanent magnet traction
system using a dynamic reluctance mesh model and MATLAB Simulink. First, the dynamic reluctance model of the permanent
magnet synchronous motor is introduced. Then the combined models of the traction system under i,=0 and maximum torque per
ampere control are built. Simulations using both constant parameter models and DPM models are carried out. The speed and
torque characteristics are obtained. The results confirm that the DPM model provides higher accuracy without much sacrifice of
time consumption or computation resource.
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1 Introduction

Permanent magnet (PM) motor traction systems
for high speed railways have been highlighted re-
cently due to their inherent advantages in terms of
compact structure, high efficiency, and high power
factor (Matsuoka, 2007). Some prototype trains have
been independently developed by Alstom, Bom-
bardier, and Siemens. Although large-scale commer-
cial application is not in prospect at the moment, the
PM motor traction system is considered as one of the
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most advanced high speed train technologies for the
future (Mermet-Guyennet, 2010; Lee, 2012).

A common way to evaluate the performance of
the PM motor traction system is a dynamic simulation
using the MATLAB Simulink models (Lu et al,
2011). However, the PM motor Simulink model is
based on constant machine parameters such as re-
sistance, d-axis inductance (L), g-axis inductance (L)
but, in practice, the parameters such as L, and L, vary
during operation. Therefore, the PM motor Simulink
model cannot represent the real situation.

The finite element PM motor model can be used
together with the Simulink power electronics model
for accurate and complete solutions for detailed be-
havior (Ugalde et al., 2009). However, a substantial
amount of computational resources and much longer
computational time are needed, especially for the
traction motor which is normally rated at a few hun-
dred kilowatts.
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The dynamic mesh modeling (DRM) method
was developed by Carpenter (1968), Ostovic (1986;
1988; 1989), Sewell et al. (1999), and Yao (20006). It
is based on the reluctance mesh. The magnetic field
behavior is mapped onto an equivalent lumped
equivalent circuit. This DRM method can save
computation time without compromising accuracy
(Dogan et al., 2013; Araujo et al., 2014; Nguyen-
Xuan et al., 2014). Therefore, in this paper, a dynamic
mesh PM motor model is built and combined with
Simulink power electronics models for better accu-
racy and higher simulation efficiency.

2 Dynamic reluctance mesh model

2.1 Principle of basic reluctance mesh (RM)
model

The DRM method is based on the concept of
equivalent magnetic circuits. Many laws and analysis
methods for magnetic circuits can be analogous to
those of electric circuit theory. In electric circuits, the
fundamental parameters are voltage (V), current (/),
and resistance (R.), and their behavior is described by
network constraints, such as Kirkhoff’s voltage and
current laws, and their constitutive relationships are
described by, for example, Ohm’s law. In magnetic
circuits, the corresponding fundamental parameters
are magnetomotive (MMF), flux (@), and reluctance
(Rm) as shown in Table 1. A simplified RM motor
model consists of nine components as shown in Fig. 1,
where the square components represent the reluctance
while the circle component represents the MMF.

Table 1 Fundamental parameters in magnetic and elec-
tric circuits

Magnetic Reluctance MMF Flux
circuit Rn MMF=®'R,, ®=MMF/R,,
Electric Resistance Voltage Current
circuit R, V=IR, =VIR,

The magnetic circuit laws are analogous to those
of electric circuits as follows: Kirkhoff’s current and
voltage law for magnetic circuits, for each node,

2.4 =0, (M

> F =0, )

where ¢ is the flux and F is the MMF.
The reluctance of each component can be cal-
culated by

R, =—. 3)

where [ is the length, 4 is the cross section area of
each component, and y is the permeability.

Based upon the above equations, the perfor-
mance of the machine can be investigated.
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Fig. 1 Simplified RM model
1: rotor yoke; 2: magnetic source in rotor (permanent magnet);
3: rotor pole; 4: leakage between rotor poles; 5: air gap be-
tween stator and rotor; 6: stator teeth; 7: air gap between stator
teeth; 8: stator yoke; 9: magnetic source in stator

2.2 Dynamic reluctance mesh model

The air gap plays a very important role in per-
formance of the PM motor, because its reluctance is
large compared to that of the other parts. Therefore,
the air gap model is a key factor in simulating elec-
trical machine performance accurately. However, air
gap reluctances change as the rotor rotates, because
under different rotor positions, the coupling between
stator and rotor teeth is different.

In this study, the air gap reluctance is recalcu-
lated at every instantaneous rotor position. This is
also the reason why the reluctance mesh is “dynamic”.
The torque can be calculated from the derivatives of
the energy (co-energy) versus the displacement of the
rotor. Since the air gap is the only parameter that
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varies with the rotor position, the torque can be writ-
ten as (Yao, 2006)

-1 2
T = [lB,_d,ll%} @)

=

2y, 00

1

Il
=1

where B; is the flux density in the ith air gap reluc-
tance, 4 is the permeability of the vacuum, @ is the
angle, N is the turn number of the winding, and d,, /;,
w; are the depth, length, width of the ith air gap re-
luctance, respectively.

2.3 DRM model of the PM traction motor

A quarter model of the PM traction motor ana-
lyzed in this study is shown in Fig. 2. The interior PM
rotor structure is used to improve the torque perfor-
mance of the traction motor. However, due to the
complex rotor structure, the magnetic calculation will
be more challenging, especially in the calculation of
Lgand L,. Based on the analysis above, the reluctance

network model per pole pair is built as shown in Fig. 3.

In addition, the equivalent magnetic network model
of the air gap at a certain rotor position is shown in
Fig. 4, which should be changed as the rotor rotates as
discussed above.

N

Fig. 2 Quarter model of the PM traction motor

Fig. 3 Reluctance network model of the PM motor

Fig. 4 Equivalent magnetic network model of the air gap

2.4 Simulation results of DRM model

Using the DRM model, the main motor param-
eters such as electromotive force (EMF) at no-load
conditions, L; and L, can be accurately calculated in
less time.

The back EMF at the no-load condition is cal-
culated by Eq. (5). Based on the winding distribution,
the phase-4 winding is across a number k of stator
teeth, so the flux linkage of phase-4 winding can be
expressed as Eq. (6). The comparison results for the
back EMF separately calculated by DRM and finite
element method (FEM) are presented in Fig. 5. It can
be seen that the result calculated by DRM has a good
agreement with that calculated by FEM.

do

E, =——*, 5

p & (5
k

D, =) N-¢, (6)

i=1

where E 4 is the back EMF at the no-load condition of
phase-4A winding, @, is the flux linkage of phase-4
winding, and ¢; is the flux through stator tooth i.
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Fig. 5 Back EMF results calculated by DRM and FEM

As for calculation of L; and L,, an advanced
method called frozen permeability is used to consider
the effect of saturation caused by magnets and current.
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The frozen permeability method calculates the in-
ductance through two calculations. In the first calcu-
lation, excitation sources of both the winding current
and the magnet are active. The resulting permeability
distribution from the first calculation is used in the
second calculation. In addition, in the second calcu-
lation, the magnet is set to inactive, so only the
winding current is involved. Thus, the inductance can
be calculated through Eq. (7). The inductance calcu-
lation results are presented in Fig. 6, and show good
agreement with the FEM calculation.

_dy
L="r (7)

where L is the inductance, and v is the flux linkage.
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Fig. 6 L, (a) and L, (b) calculated by DRM and FEM

3 Combined model using DRM and Simulink

The basic concept of the combined Simulink-
DRM simulation is using the DRM model as the motor
model, while using the control system model provided
by Simulink. There are two common ways to imple-
ment the combined Simulink-DRM simulation:

1. Replacing the DRM of PM motors for the
constant parameter model (CPM) of PM motors pro-
vided by Simulink. DRM and Simulink will be run-
ning simultaneously. The dynamic parameters will be

provided by DRM. However, for every time-stepping,
the DRM and Simulink models need iteration calcu-
lation, which makes the simulation more complicated
and time-consuming.

2. A dynamic parameters database is generated
using DRM simulation. Then the dynamic parameters
are put in the CPM in Simulink using the database
index or lookup table. In this case the constant pa-
rameters in the traditional Simulink model will be
modified instantaneously according to the motor op-
erating condition. Compared to the first method, this
method is more efficient without sacrifice of accuracy.
Therefore, it will be adopted in this study.

The combined simulation carried out in this pa-
per is based on the following assumptions:

1. Ignoring the effect of rotor skew on the stator
back-EMF harmonics;

2. Keeping the excitation from the PM constant;

3. Ignoring the saturation of stator end winding
flux leakage.

3.1 Dynamic modeling and interface

The dynamic parameter permanent magnet
synchronous motor (PMSM) model was built using
the Simulink S-function block, to replace the tradi-
tional CPM. The following equations are used with
the S-function block to build the d-g coordinated

PMSM model (Wang, 2011):
d
u,=Ri, -0y, + Va
dt
®)
_Ri dy,
u,= llq—a)l//q+ P ,
Vi defd Vs )
Y, _quq’
do 1
—=—T.-T.-Fo-T.), 10
5 J( T m) (10)
3 . ..
T, =Ep[t//mlq +(L, =Ly, ], (11

where ug4, u, are the voltage of the d-, g-axis; iy, i, are
the current of the d-, g-axis; wy, y,, ym are the flux
linkage of the d-, g-axis, and permanent magnet flux
linkage; 7., Ty, Ty, are the electric torque, friction
torque, and load torque; J, F' are the inertia, friction;
Lg, L, are the inductance of the d-, g-axis, respectively,
and o is the angular speed. In dynamic parameter
models, L4, L, vary with the rotor position.
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3.2 Vector control system

The basic concept of PMSM vector control is to
control the PMSM like a separately excited DC motor.
The stator current can be defined in the d-g coordinate
system. The field flux linkage component of the cur-
rent is normally aligned with the d-axis while the
torque component of the current is aligned along the
g-axis. By controlling i; and i,, the field and torque
can be controlled respectively. In this study, the trac-
tion system behavior under i,~=0 and maximum torque
per ampere control (MTPA) will be investigated.

1. PMSM with i,=0 control

According to Eq. (11), when i,~0, the torque will
be determined by controlling i,. In the case of i;=0,
there is no reluctance torque, which means it is more
suitable for a non-saliency motor. In this study, the
salient PMSM will be used. Thus, this method is not
the best choice and is only be used here to provide
comparison with other methods.

2. MTPA

For the MTPA control, the following equations
are used (Tang, 1997):

.
6(5'/15) 0
Iy
12
o, /i) (12
—= 52 =0,
Oi

q

Keeping stator current i; constant, and substi-
tuting i, =\/i; +i. into Eq. (12), iy can be written as

o+ AT, LT
ld = 5

2(L, ~L,)

(13)

and then the torque can be rewritten as

3 :
T==pi (Jwa + 4L, L% +v,). (14

For any given torque, the minimum iy, i, can be
found.

3.3 Combine DRM and Simulink model

1. Traction system model with i,=0

Fig. 7 shows the PMSM traction system diagram
with i;~0. The i, reference is set to zero. i, will be
controlled by the proportional integral (PI) controlled
according to the speed error. The PMSM model is

built using an S-function and L4, L, vary with the rotor
position.

2. Traction system model with MTPA

PMSM traction system with MTPA control is
similar to that with the i,=0 control. The only differ-
ence is that iy, i, will be calculated according to the
torque demand using Eq. (14) as shown in Fig. 8. It
can be seen from the equation that the torque and
current relationship cannot be solved directly. In this
study, an MTPA control block using the S-function
will be built to determine i, using a bi-section method
for the numeric solution. Then i; can be found.

IGBT
converter

Fig. 7 PMSM traction system diagram with i,=0

IGBT
converter

W‘: - Te* |MTPA
~ m control|s"

Fig. 8 PMSM traction system diagram with MTPA

4 Simulation results

A 600 kW PMSM traction system model for a
high speed train was built. The required starting
torque is 3500 N-m. In the constant torque area, the
rated torque is 1350 N-m and the speed is 3000 r/min.
In the brake mode, the speed will reduce to zero. The
output current and torque were observed.

4.1 Constant parameter PMSM traction system
Simulink models

The first model had i4=0 using Simulink built in
blocks. Both i;=0 and MTPA control were adopted.
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The motor dynamic speed response, torque, iy, iz, and
power factor were compared under both control
strategies, as shown in Fig. 9.

The speed response is faster and smoother under
the MTPA control as shown in Fig. 9a. It also can be
seen from Fig. 9b, under both control methods, that
the output torque can be controlled precisely, providing
starting and braking torque of 3500 N-m. However,
with i,=0 control, the torque pulsation was greater than
that under MTPA control. It means that the system has
better transient performance under MTPA control. For
the phase-A4 current, as shown in Fig. 9c¢, for the same

: : ; MTPA control
3000 ......... e Cee ( N
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[ =]
[= SN =]
o O
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o
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400
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is=0;control _:

020 0.25
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200 b eeeee ‘‘‘‘‘‘‘‘‘ ................... 1 i

200 b SN LT ]
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Time (s)
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torque, with MTPA control the current is much less
than with ;=0 control, which will lead to high effi-
ciency of the PMSM. i, could be less than zero to re-
alize field weakening control under MTPA control as
shown in Figs. 9d and 9e. In this case, the operation
speed range can be extended. The power factor with
MTPA control was better as shown in Fig. 9f.

Based upon the above simulation results, it can
be concluded that although the MTPA are more
complicated, they have advantages in terms of fast
transient behavior, high efficiency, and high power
factor.

| / .......... M

: M'i'PA contni)l !
2000 F e R RN R RERREEE Ao 4

4000} ‘‘‘‘‘‘‘‘‘ .......... i

6000} S PR RN ¥ 1

0.15  0.20

Time (s)

0 0.05 0.10

iz=Q control

ia (A)

400 b N 4 :

200 [Meumaspy AR EEY ..........

MTPA§controI
-300 i i i i i
0 005 010 015 020 025 0.30
Time (s)
g o6l P PSPPI
£ :
g : :
g 0.4 R0 CONLFOE - <+
o : :
02 ..............................................
0 i i i i i
0 0.05 010 015 020 025 0.25
Time (s)

Fig. 9 Comparison of system behavior under i,~0 and MTPA control using Simulink model
(a) Speed response; (b) Torque; (c) Phase-4 current; (d) iz (e) i,; (f) Power factor
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4.2 Combined simulation using DRM and not have much effect under i;=0 control. Thus, the

Simulink system performance under i,=0 control will not be

investigated in this study. The transient behavior us-

The key feature of the combined simulation us-  ing CPM and combined DPM under MTPA control

ing DRM and Simulink is that L; and L, vary with the ~ will be compared. The simulations were carried out.
rotor position. However, the changes of L;and L, will ~ The results are shown in Fig. 10.
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Fig. 10 Comparison of simulations using constant parameter model and dynamic parameters model under MTPA control
(a) Speed response; (b) Torque; (c) Phase current; (d) iy (€) i,; (f) Power factor; (g) Ly; (h) L,
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The transient behavior of the system under each
model is similar except for the L, and L, as shown in
Fig. 10. However, during the acceleration of the train,
the system was operating in the constant torque area,

and the output torque waveform is as shown in Fig. 11.

Because of the variation of iy and i,, the degree of

motor saturation varied and therefore L, and L, varied.

The output torque varied accordingly, especially
when the speed was further increased, and the torque
pulsation increased correspondingly.

During the braking operation, the output torque
waveforms using the CPM and DPM are shown in
Fig. 12. The system was in the field weakening op-
eration, therefore L, and L, varied dramatically due to
saturation, which leads to a large torque pulsation.
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Fig. 11 Output torque under speed accelerating oper-
ation: (a) CPM; (b) DPM
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Fig. 12 Comparison of output torque during the
braking operation: (a) CPM; (b) DPM

5 Conclusions

This paper presented a combined dynamic pa-
rameter PMSM traction system model using the DRM
and MATLAB-Simulink. Models under i;=0 and
MTPA control were built. Simulations were carried
out under real high speed train operation including
acceleration, constant speed, and braking. The results
proved that the system with MTPA control has ad-
vantages in terms of fast transient response, and high
power factor and efficiency. Simulations using both
CPM and DPM models were carried out. The results
confirm that the DPM model provides higher accu-
racy without much sacrifice of time consumption or
computation resource. The combined DPM model
was shown to be useful and able to provide a refer-
ence for the actual design and production of a high
speed train traction system.
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