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Modeling and Simulation Technique of Two Quadrant Chopper and
PWM Inverter-Fed IPMSM Drive System and Its Application to
Hybrid Vehicles

Toshiaki Murata*®, Utaro Kawatsu*, Junji Tamura*, and Takeshi Tsuchiya*

Abstract — This paper presents a state space model of a two quadrant chopper and PWM
inverter-fed Interior Permanent Magnet Synchronous Motor (IPMSM) drive system and its
application to hybrid vehicles. The drive system has two different state equations for
motoring and regenerating action. This paper presents a common state equation by using
State Space Averaging method. Using this model of the IPMSM drive system, detailed
simulation and controller design of the drive system, including PWM inverter switching, are
given. The validity of this model and usefulness, according to a comparison among
Maximum Torque/Ampere control, Maximum Torque/Flux control, and Maximum
Efficiency optimization, are confirmed from simulation results.
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1. Introduction

Recently, unfavorable Earth environment due to exhaust
gas from cars has become more serious and crude prices
are continuing to show fantastic rises. The government is
urged to take new measures against these problems. One
possible solution of these problems is the development of
hybrid vehicles using a PMSM [1]~[3]. It was considered
that the inverter supply voltage should be higher as a means
to improve the output of a motor . But, when using a battery
as the supply, it is necessary to use many batteries in series
to increase the voltage. That is, when the voltage is higher,
more batteries are required. Also, the cost is higher than
that of capacitors and batteries occupy more space.

Variable voltage system is presented to solve such a
problem by using a buck-boost chopper. The inverter
voltage can be varied optionally by the buck-boost chopper.
Then the number of batteries decreases. In order to step up
the DC link voltage, a model of a two quadrant chopper and
PWM inverter-fed IPMSM drive system for hybrid vehicles
is designed and presented, together with an equivalent
circuit of the IPMSM, taking core losses into account. A
hybrid vehicle may be operated under variable load torque
conditions. Some torque control strategies, such as
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maximum-torque control and efficiency-optimized control,
are presented. The control system designed with optimal
regulator theory is operated by an algorithm utilizing
Maximum Torque/Ampere control. The usefulness of its
application to the hybrid vehicle is confirmed by using a
reduced IPMSM model to simulate a laboratory machine
and by driving the IPMSM with the quadrant chopper and
PWM inverter to regenerate the power by switching to the
buck-boost chopper. The validity of the model is confirmed
from simulation results.
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Fig. 1. Modeling of IPMSM drive system
2. Modeling of The Drive System

The two-quadrant chopper and PWM inverter-fed
IPMSM drive system is shown in Fig.l. In Fig.1, the
resistance R and inductance L are the internal resistance
and inductance of the battery, respectively. Fig.2 shows
equivalent circuits of the motoring and regenerating modes
of the two-quadrant chopper. The following equations are
obtained from Fig.2.



92 Modeling and Simulation Technique of Two Quadrant Chopper and PWM Inverter-Fed IPMSM Drive System
and Its Application to Hybrid Vehicles

g

PWM

an
% ' ie
* E
_|_
mverter

(a) Equivalent circuit (S, off, S; on) for motoring action

PWM
(b) Equivalent circuit (S;on, S, off)

IPMS

ZIRS

inverter I[PMSM

Fig. 2. Modeling of Two quadrant chopper
Under motoring action in Fig.2(a),
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Under regenerating action in Fig.2(b),
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vy +v,i, =CV, dtc 3)
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Vi, +v,i, = CV, =C +Liei+Rij +Ei, (4)

There are two different state equations for the motoring
action and regenerating action by switching. The two-
quadrant chopper is modeled by considering the State Space
Averaging Method [4], in which the state equation for the
“on” state (S; off, Sg on in Fig.1) is multiplied by a duty
factor o, and the state equation for the “off” state (S; on, Sg
off in Fig.1) is multiplied by a duty factor (1-a ), in order
to get the average from the control input o .The following
equations are expressed by using the State Space Averaging
method.

di, R, l-a 1
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d L L ° L ©)
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d C 2CV.(R,+R,) (6)
+Rquimq)

State equations for the IPMSM, considering core losses,
are shown in the appendix. State equations of the drive
system, considering the mechanical torque equation, are
presented as follows.
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Control inputs of the state space model of the IPMSM drive
system are the d-q axes voltages v,,v, and duty factor o .

3. Control Strategy

It is necessary to control both the amplitude and phase of
the armature current of the IPMSM for torque control.
Recent control strategies of the IPMSM are Maximum
Torque/Ampere control (MTPA control) [5], Maximum
Torque/Flux control (MTPF control), and Maximum
Efficiency control (ME control) [6] as follows.

3.1 Maximum Torque / Ampere (MTPA) Control

A condition producing maximum torque and minimum
magnetizing current exists. In this condition, the copper
loss becomes minimum, because the magnetizing current is
minimum. In order to simplify the torque equation (see
eq.(A-6)), the torque equation is expressed using the

following relations.
im = \/ imd2 + iqu (12)

The torque equation in eq.(A-6) can be expressed by in

. .2 .2
lmq - lm _lmd ’

terms of the magnetizing currents i, and I

Setting 67, /di,, = 0, the following desired current i, ," is

obtained.
2
R _¢a +\/¢a2 +8(Ld _Lq) imz
4(L,-L,)
Then, the error e, can be defined as
€ = inidR - imd (14)

The error e;can be controlled to be zero by using the

Maximum Torque/Ampere control method.
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3.2 Maximum Torque /Flux (MTPF) Control
In order to simplify the torque equation, the torque is
expressed using the following relations.

JA2-a2 ALy +4,)

- d__ (Lt ¢),/1= A+ (15)
L L L |
q q

1 mg

The condition minimizing the linkage flux for a given
developed torque exists. Rewriting eq.(A-6),

ﬂ“_ Ldimd a ?
T = pl(Ly~L,)iy, +¢,3 2 ; MNP

q

Setting 0T, /8i,, =0, the following desired current i,,"

is obtained, similar to the case of the MTPA control.

. 4¢Q(Ld_Lq)+Lq¢a—\/qu¢az+g(Ld—Lq)2,p -
i = ar, (L, ~L,) n

3.3 Maximum Efficiency Optimization (ME) Control

A controllable loss, Py, defined from copper loss and
iron loss in terms of the magnetizing current components,
can be written as follows:

P,

loss

.2 .2
_Rala +lec

.2 .2 .. . .
=K, +Kj ~+Ki i +Ki, 6 +Ki

2%mg 3%md “mq 5%mg

(18)
+K,

where
K, =R L’+R, K,=R L +R,
K, =20,R,(L,-L,)/R,. K,=2R,¢L,

The g-axis magnetizing current can be written in terms of
the torque as follows.

imq :716 /(K7 +K8imd)
K, =p¢,. K =P(Ld _Lq)

Substituting eq. (19) into eq. (18), differentiating the
controllable loss with respect to i, , and setting this

(19)

differentiation to zero, the following relation is obtained:
Kllimd4 + K12imd3 + K13imd2 + Kyl + K5 =0 (20)

where

K, =2KK;, K, =(6KK,+KK)K,’

K, =3(2K K, + KK ) K, K

K, =(2K K, +3K4K8)K72 +(K,K, - KK )T,K,

KIS = (K4K7 + K37:3 )K72 - (2K271m + K5K7 )KXIZ’
It is seen from eq. (20) that there is a value of i, at which

the controllable loss is minimum and the efficiency is

maximum. This value of i , can be defined as the optimal

d-axis magnetizing currenti,, . Fig.3 shows a comparison

of the efficiency of the MTPF, MTPA, and ME control
methods. Maximum efficiency operation is expected over a
wide range, as seen from Fig.3.Higher efficiency is
obtained by MTPF control, more than that by MTPA
control, in the high speed range. The control strategy should
be selected according to the application.
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Fig. 3. Efficiency of control methods

4. Control System Structure

After linearization of the state equations and output
equation of the IPMSM drive system at steady state
operation , the discrete time forms are presented as follows.

x(k +1) = Ax(k) + Bu(k) , y(k) = Cx(k) 2D
X(k) = |:wme imd imq ie I/c :|T > y (k) = [wme I/c ]T
" (22)
u(k):[vd v, a}
The desired values are defined as follows.
R , RV
R(k):[wme Ve } (23)

The error for speed control is defined with the following
equation:

e(k)=R(k)-y(k) (24)
The error at time k+1 is defined as follows.

Ae(k+1)= AR (k+1)-CAx(k+1)

25
= AR (k +1)— CAAx (k) —CBAu(k)—CEAd (k) @
where the A operator is defined as follows.
Ae(k+1)=e(k+1)—e(k) (26)
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The error for efficiency optimization is given as

N R
e, (k)= Kiyy (k) =iy, (k) One " Optimum | Vs /
- (27) Regulator PWM-VSI \
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md
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Plzi{XOT (k)QX, (k)+Au" (k)HAu(k)} (30)
i=1

Au(k) =—[H+G’ PGT G'PYX,(k)=F,X,(k) (31)

Fy = —[H+GT PGT G'PY (32)

It is known that the matrix P converges to the constant
matrix at steady state.

The basic control system structure applied on the optimal
regulator is shown in Fig.4. The optimal regulator system
based on the error system guarantees that the error between
the output and the desired value converges to zero . The
switching of the PWM inverter is carried out every
sampling period according to the subsequent control input

in eq.(31) [6].

Table 1. Constants of testing machine

Rated power 475 .0[W]
Rated rotor speed 1800.0[min™"]
Rated torque 2.52 [Nm]
Number of pole pair 2.0
Magnetic flux linkage 0.1 [Wb]
Stator resistance 0.5[Q]
Core loss resistance 300.0 [Q]
d-axis inductance 0.009 [H]
g-axis inductance 0.0228 [H]
Inertia(only motor) 0.00255 [kg-m?]

5. Simulation Results

In order to confirm the validity of the proposed model,
some simulations are carried out utilizing MATLAB and
the laboratory machine. The testing machine constants are
shown in Table 1. In order to simulate the reduced model,
the inertia J of the reduced IPMSM drive system is referred
to the real hybrid vehicle, considering the car weight. This

is done by assuming that the energy of (1/2)Jw’ equals

(1/2)mv’, where m is the car weight and v is the velocity of
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the car. The car weight of the testing drive system is 14.25
kg and the moment of inertia .J is 0.117 kg-m®, so that the
car weight of the Prius class is about 1500 kg and the
maximum motor output is 50 kW.

The control system configuration used in the simulation
is shown in Fig.5. The quadrant chopper is also controlled
by the optimal regulator. In order to utilize techniques such
as MATLAB or the look-up table method [6], it is necessary
to prepare the feedback gain file shown in egs. (31) and
(32) in advance. The system consists of the PWM inverter
and the two-quadrant chopper (used to switch the buck
chopper and boost chopper), which can control the DC link
voltage from the battery to store regenerative energy
temporarily. In this model, the output of the IPMSM is
restricted to a maximum of 20 kW.

Fig.6 shows simulation results using the reduced model.
Fig.6(a) shows the response to variable speed, considering
fuel mode under the assumption of the application of the
hybrid vehicle. Fig.6(b) shows responses for the desired

magnetizing currents for Maximum Torque/Ampere control.

The d-axis magnetizing current is controlled to the desired
value satisfying the Maximum Torque/Ampere control
algorithm. Fig.6(c) shows responses for the battery current.
The section below the zero line signifies the regeneration of
power to the supply. The DC link voltage is controlled to be
200 V, as shown in Fig.6(e). Fig.6(f) shows the output
power, copper loss and iron loss. The iron loss rises
according to the output power increase, and the copper loss
varies by step change under acceleration.

6. Conclusions

In this paper, the IPMSM drive system for hybrid
vehicles is modeled from a view point of the state space
method. Various control techniques, such as speed control,
maximum  efficiency  operation, and  Maximum
Torque/Ampere control, are realized by applying the multi-
input and multi-output optimal regulator theories
simultaneously. Regarding simulation results, it can be
concluded that good speed response with Maximum
Torque/Ampere control is achieved , and the desired DC
voltage with unity power factor is also achieved by using
the proposed optimal regulator control system. Further
research for designing a controller that includes the IPMSM
design is required. The modeling and simulation techniques
in our paper are powerful design methods that can be used.

Appendix : State equations of the IPMSM

An equivalent circuit of the IPMSM taking core losses
into account is shown in Fig.7. Basic equations are obtained

from the equivalent circuit considering core loss resistance
as follows.

v, =R, +R,i, (A-1)
dh

Ri =—+ jo_ A A-2

m-c dt J me ( )

i, =1 +i (A-3)

Fig. 7. Equivalent circuit of IPMSM

where variables for voltage, flux linkage and current mean
vector are defined as follows [7].

Vo=Vt v k=24, + jA,0, =i, + i,

The flux linkage equations of the d-q axes with rotating
reference frame and fixed rotor are as follows.

Ay =Ly, +é,, A, =L (A-4)

q -mq

Then the electromagnetic torque is expressed by the
following equation:

T, = p( Aty = Agina ) = PY(Ls =L, )iniing + By | (A-5)

where p denotes the pole pair number.

From eq. (A-1)~(A-3), the state equations of the IPMSM,
considering core losses, are then:

di L R R R
fnd = wmeimq — - - ‘ imd + - v_d (8)
dt L, \R +R, )L, R +R )L,

di R R

= One (Ldimd + ¢a ) _(—mJ_ai (9)

mq
dt L, R,+R, )L,
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