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Abstract— In this paper, the stability of a current regulator for 

high-speed motor drives in electric vehicle is analyzed using a 

motor parameter mismatch model between the current regulator 

and actual motor parameters. As a result, a fundamental 

decoupling control which adds the cross terms between d-axis and 

q-axis to the voltage commands causes instability when the natural 

angular frequency of a current regulator is low under the motor 

parameter mismatch. The conventional method requires a low-

pass filter (LPF) that has an electrical time constant in order to 

achieve compensation for the d-q axis coupling components. 

Therefore, a high carrier frequency is required in order to 

implement the LPF on the controller. However, it is difficult to 

implement the LPF because the carrier frequency is limited by the 

total efficiency of the motor drive systems. Therefore, this paper 

also proposes a stabilization method for the current regulator 

based on an equivalent resistance gain in order to overcome this 

instability problem. One of the features in the proposed method is 

no use of the LPF. In addition, the proposed method reduces the 

current overshoot by 1.1 p.u. compared with the fundamental 

decoupling control. 

Keywords—Interior permanent magnet synchronous motor, 

Induction motor, High-speed drive, Current control,  

I.  INTRODUCTION 

In recent years, an interior permanent magnet synchronous 
motor (IPMSM) is actively researched in order to achieve the 
high efficiency in the motor drive system for electric vehicles 
(EV) [1]. On the other hand, a high performance induction motor 
(IM) is often a good choice for a low/medium-cost EV [2]. In 
addition, the EVs require a high-speed motor drive system in 
order to achieve downsizing and high output power density [3-
5]. In the high speed drive region, a current regulator (ACR) 
becomes unstable which is caused by incomplete decoupling 
control for d- and q-axis cross terms due to detection delay, 
control delay and motor parameter errors [6]. Thereby, the 
dynamic decoupling control methods have been examined in 
order to achieve a robust ACR [7-9]. This method requires a 
filter which has an electrical time constant to achieve the inverse 
model of the motor on the decoupling controller. 

However, a carrier frequency of an inverter is limited due to 
the efficiency [10]. As a result, the ratio of a carrier frequency 

(it is often same as a sampling frequency) over a synchronous 
frequency becomes less than ten in the high-speed motor drive 
systems [11]. Therefore, the LPF cannot be implemented on the 
ACR. Moreover, a natural angular frequency of ACR at least 10 
times than that of the carrier frequency should be designed in 
order to achieve the stable operation of the control system. In 
consequence, the ratio of the synchronous frequency over the 
natural angular frequency of ACR becomes less than 1. In 
addition, the ACR of high-speed drive system generates the 
overshoot due to the low natural angular frequency. As a result, 
the output current becomes unstable and the inverter is tripped 
by an over current in the IPMSM drive systems. In case of the 
IM drive systems, this overshoot causes a torque fluctuation 
because the output torque is product of the torque current and 
the secondary flux which is generated by the d-axis current 
excitation current. 

This paper proposes a stabilization method for the ACR for 
IPMSM and IM drive systems based on an equivalent resistance 
gain in order to overcome the instability. The proposed method 
does not require the LPF which has electrical time constant. The 
stability of decoupling control with the parameter mismatch is 
analyzed using the model which considers a motor parameter 
mismatch between the current regulator and an actual motor 
parameter. According to the stability analyses result, the 
equivalent resistance gain is designed for the drive systems. The 
proposed method is robust for motor parameters variations in 
comparison with the current regulator without the parameter 
error compensation.This paper is organized as follows; firstly 
the stability of decoupling control with the parameter mismatch 
for IPMSM and IM drive systems are analyzed. Secondary the 
proposed equivalent resistance gain is designed based on the 
each stability analysis. In addition, upper limit of the gain is 
designed consider the detection delay. Thirdly, the simulation 
results of IPMSM and IM drive systems are shown in order to 
confirm the effect of the equivalent resistance gain for the 
stabilization. Finally, the experimental results of the IPMSM 
drive system are shown in order to verify the availability of the 
proposed method. 

http://ejje.weblio.jp/content/availability


II. ANALYSIS OF CURRENT CONTROL SYSTEM FOR IPMSM  

A. Transfer Function of Fundamental Decoupling Control 

Fig. 1 illustrates a block diagram of current control system 
with a fundamental decoupling control for an IPMSM. Note that 
the d-axis is defined as the direction of the flux vector by the 
permanent magnet and the direction of the q-axis is defined as 
the electromotive force vector. In addition, in this paper, the 
stability is analyzed in the continuous system shown in Fig.1 
under an assumption that the discretization error can be ignored 
by the discretization error compensation method [11]. The 
IPMSM has cross terms between d- and q-axis. The current 
controller could be regard the cross terms as a disturbance if the 
motor were modeled as RL load. In order to eliminate the cross 
terms, a fundamental decoupling control adds the cross terms to 
the voltage commands of the d- and q-axis as shown in Fig.1. In 
the ACR has no parameter errors, the open-loop transfer 
functions between current command and output current become 
simple integral elements. Note that the proportional gain and 
integral gain is designed to be a first order lag response. 

However, the motor parameters are varied according to 
temperature variation and magnetic saturation. Hence, the 
controller has mismatch between the ACR and the actual motor 
parameters. Furthermore, the mismatch results in the decoupling 
control error. The open-loop transfer functions which have 
parameter errors represented as (4) and (5). Note that in this 
paper, the parameters of ACR are defined as the product of the 
parameter error coefficients and the motor parameters. 
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R is the armature winding resistance, Ld and Lq are the d- and q-

axis components of the armature self-inductance, re is the 

motor speed in electric angler frequency, c is the natural 
angular frequency of the ACR, kpd and kpq are proportional gains 

of ACR, kid and kiq are integration gains of ACR, KR is the error 
coefficient of armature winding resistance in the ACR. KLd and 
KLq are the error coefficients of the armature self- inductances. 
In addition, in case of the error coefficient is equal to 1, the ACR 
has no parameter errors. Thus, the open-loop transfer functions 
which has parameter errors could not maintain the simple 

integral characteristic due to the decoupling control error dq and 

qd.  

The crossed loop transfer function of Fig.1 is represented as 
the following equation. 
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where, 
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Fig. 1. Block diagram of current control system with fundamental decoupling 
control for IPMSM. Note that the stability is analyzed in the continuous system 

under an assumption that the discretization error can be ignored by the 

discretization error compensation method [11]. 
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B. Unstable condition of Current Control System 

From (13), the coefficients of the characteristic equation a1, 
a2and a4 are positive value irrespective of the motor parameters, 
the parameter errors and the natural angular frequency of ACR. 
However, the coefficient a3 becomes negative due to the motor 
parameter errors. As a result, this current control system 
becomes unstable with the parameter errors. The unstable 
condition is obtained by (22). 
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Then, the first, second and third term on the left hand side are 

reduced when re becomes large. Therefore, the left side fourth 
term becomes dominant when the ACR has the error of armature 
self- inductance in high-speed region. In order to simplify this 

equation, it is assumed reL >> R and KR = 1, then the unstable 
condition is given by (23). 
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Fig. 2 shows the unstable condition of current control system 
with the parameter errors. Note that the parameter errors are 
small when the horizontal and vertical axis values in Fig.1 are 
close to the origin, and large when the values are far from the 
origin. According to the unstable condition (23), in case that the 
parameter error coefficients KLd and KLq are placed on the right 
side of each curved lines determined by the ratio of the 
synchronous frequency over the natural angular frequency of 

ACR c/re, the current control system is unstable. For example, 
when the error coefficients are placed on Point C (KLd = 0.7, KLq 

= 2.0) and the ratio c/re is 0.5, the system is stable. On the 
other hand, when the error coefficients are placed on Point B 
(KLd = 0.6, KLq = 2.0), the system becomes unstable. 

Table 1 shows the motor parameters that are used in the 
stability analysis. Fig. 3 shows the placement and tracking of 
roots of the current control system with the parameter mismatch. 
Fig. 3 (a) shows the root loci under the condition that the error 
coefficients are placed on Point D (KLd = 0.8, KLq = 2.0), and 
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Fig. 2. Unstable condition of current control system with parameter 

mismatches. When the motor parameter mismatches condition is placed 

on the right side of each line c / re, the system is unstable.  
 

Table 1. Parameters of test PMSM. 

Rated power 3 kW 

Maximum speed 12000 r/min 

Pole number 4 

Maximum torque 8 Nm 

Rated current 24.5 A 

d-axis inductance Ld 2.04 mH 

q-axis inductance Lq 2.24 mH 

Linked flux m 0.1066 Vs/rad 

Winding resistance R 0.133 

ACR natural frequency 

c 

500 rad/s 
(This value is determined to be half of the motor speed 
re. Moreover, the condition c / re = 0.5 is comparable 
with the conditions re = 15000r/min, Pf = 12 and c = 
4700rad/s.) 
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(a) Placement of four roots. 
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Fig. 3. Placement and tracking of roots. The roots move into the right half 

plane when the error coefficients KLd and KLq increase. Each curved line 

determined by c/re shown in Fig.2 corresponds with imaginary axis in 
complex place. 

 



c/re = 0.5. The crossed loop transfer function (11) gives the 
root loci of the current control system. This system has four roots, 
because the system is fourth -order system. The roots No. 1-3 
are located nearest to the imaginary axis. Therefore, the stability 
of the system is discussed based on the roots No. 1-3. Fig. 3 (b) 
shows the roots No. 1-3 locus with the variations in KLd and KLq. 
The roots move into the right half plane when the error 
coefficients KLd and KLq increase. In particular, when the 
condition of error coefficients changes from Point C to B, the 
roots move into the right half plane. According to the above 

results, each curved line is determined by c/re shown in Fig.2 
corresponds with the imaginary axis in complex place. 

Fig. 4 shows the closed-loop frequency response of the 
transfer functions Gq(s) and Fqd(s). From the frequency response 
of the Gq(s), since the error coefficients KLd and KLq increase, the 
bandwidth of current regulator is widened. However, the 
maximum gain value is increased with the increase of the error 
coefficients. Moreover, the current control system becomes 
unstable when the error coefficients KLd = 0.6 and KLq = 2.0. 
From the frequency response of the Fqd(s), the maximum gain 
value is also increased with the increase of the error coefficients. 
In particular, the maximum gain is 18.3 dB at the operation point 
D shown in Fig. 3(b) in spite of the stable condition. Thereby, 
even if the d-axis current command is zero, an excessive current 
flows through the motor by the q-axis current command. The 
excessive current is the cause of an inverter trip due to an 
overcurrent.  

III. ANALYSIS OF CURRENT CONTROL SYSTEM FOR IM  

A. Characteristic Equation of Current control System 

Fig. 5 illustrates a block diagram of current control system 
with the fundamental decoupling control for an IM which is 
driven by a field-oriented control. Here, the back EMF is 
assumed to be canceled by the feedforward compensation term. 
From Fig. 5 and (12), the characteristic equation of the current 
control system for IM is expressed by (24). In this case, the d-
axis PI gains kpd1 and kid1 are set to the same value as the q-axis 
PI gains kpq1 and kiq1 respectively because each plant of the PI 
controller is same. Then, PI gains of d-, q-axis are defined as kp1 
and ki1. 
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where,  

 

21

2

ˆˆ

ˆ
1ˆ

LL

M
K       (25) 

MKMMKlKLMKlKL MMlMl  ˆ,ˆˆ,ˆˆ
222111

 (26) 

 111111 , RKkLKk RciLcp     (27) 

R1 is the primary winding resistance, R2 is the secondary winding 
resistance, L1 is the primary self-inductance, L2 is the self-

inductance, M is the mutual inductance  is the leakage 
coefficient, and Kl1 , Kl2, KM are error coefficients. 
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(a) Closed-loop frequency response of Gq at c/re=0.5. 
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(b) Closed-loop frequency response of Fqd at c/re=0.5. 

 

Fig. 4. Closed-loop frequency response of the transfer functions Gq(s) and 

Fqd(s) based on Fig.1. The maximum gain of Fqd(s) is 18.3 dB at the 

operation point D shown in Fig. 3(b) in spite of the stable condition. 
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Fig. 5. Block diagram of current control system with fundamental 
decoupling control for IM. Here, the back EMF is assumed to be canceled 

by the feedforward compensation term. 



The first term on the left hand side of (24) is the characteristic 
equation when the current control system has no parameter 
errors. On the other hand, the second term on the left hand side 
of (24) is the error term of the decoupling control.  

Table 2 shows the motor parameters of the IM that are used 
in the stability analysis. Fig. 6 shows the roots locus based on 
(24) with the variations in Kl1, Kl2 and KM. In addition, the ratio 

c/re is 0.5. Note that the error coefficients Kl1, Kl2 and KM are 
assumed to same value K. Each of the parameter error coefficient 
is varied K = 2.5 from each of the no parameter error values. In 
order to stabilize the system, the roots should be located in the 
area negatively distant from the imaginary axis. The roots No.3 
and No.4 move to the left side from the imaginary axis when the 
error coefficients increase. In contrast, the roots No.1 and No.2 
approach the imaginary axis when the error coefficients increase. 
Therefore, the stability of the system is discussed based on the 
roots No.1, and No.2. 

B. Stability Analysis using Approximation 

Equation (24) shows the 4th order of the state equation that 
is complicated to evaluate the stability. In order to simplify this 
equation, it is assumed that there is a sufficient distance between 
No.3, No.4 and No.1, No2 by the large parameter errors, then 
(24) can be approximated as the 2nd order state equation as (28). 
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Fig. 7 shows a comparison between the 4th order model 
based on Fig.5 and the approximate model roots locus. Note that 
Fig. 7 shows the roots No. 1, 2 locus shown in Fig. 6. From Fig. 
7, the roots of the approximate model is similar to the 4th order 
model when the error coefficient is large. Thus, the 
approximated model (28) is valid for the modeling of the l4th 
order model of current control system for IM with the output the 

parameter error. In order to introduce the damping factor , the 
variables of (28) compared with the characteristic equation of 
the second order system is given by (29). 
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Then, the damping factor  and the natural angular frequency n 
is expressed as (30). 
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According to (30),  and n become small when the error 
coefficient is large. Hence, the system becomes unstable.  

IV. PROPOSED METHOD FOR STABILIZATION OF SYSTEM 

A. Esuivalent Registance Gain for Stabilization of Current 

Control System 

Fig. 8 shows the block diagram of the current regulator with 
the equivalent resistances kr. In order to increase the armature 

winding resistance R, the product of detection current and kr is 
substracted from the inverter voltage command v*. In 
consequence, the armature winding resistance becomes 
equivalent to the sum of R and kr. In the IPMSM, depending on 
the increase of the armature winding resistance, the first, second 

Table 2. Parameters of test IM. 

Pole number 4 

Primary resistance R1 0.414  

Secondary resistance R2 0.423  

Primary leakage inductance l1 1.24 mH 

Secondary leakage inductance l2 1.24 mH

Mutual inductance M 34.5 mH 
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Fig. 6. Roots locus with variations in Kl1, Kl2 and KM. Note that the error 
coefficients are assumed to same value. Each of the parameter error 

coefficient is varied K = 2.5 from each of the no parameter error values.  
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Fig. 7 Comparison between the 4th order model and the approximate 

model roots locus. Note that Fig. 7 shows the roots No. 1, 2 locus shown 

in Fig. 6. 
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Fig. 8. Block diagram of current regulator with equivalent resistances. The 

armature winding resistance becomes equivalent to the sum of R and kr. 
The unstable phenomenon of current regulator is preventable by kr in the 

high speed region. 

 



and third term on the left hand side of (2) are increased. In 
addition, in the IM, the first term on the left hand side of (24) is 
increased. Therefore, the unstable phenomenon is preventable 
by additional gain kr in the high speed region. Note that the 
proposed method does not require the LPF which has electrical 
time constant. Therefore, the proposed method can be applied to 
the high-speed drive systems. 

B. Equivalent Registance Gain Design for IPMSM 

Fig. 9 shows the transition of the root locus with the 
proposed method when the gain kr_PM is gradually changed. At 
the equivalent resistance gain kr_PM = 0, the poles are placed on 
the right half plane. By contrast, when the equivalent resistance 
gain kr increases, the poles move into left half plane. In order to 
define the lower limit of kr_PM,it is necessary to solve the 
condition in which the coefficient a3 becomes positive value. 
The lower limit is derived from (22) in consideration of 
equivalent resistance. Then, the lower limited is given by (32). 

  R
KKK

k PMr 



2

4 2

2

11

_
  (32) 

where, 

   qLqdLdre LKLKK 1
   (33) 

     LqLdreLqLdqdqdR KKKKLLLLRKK  11
2

2  (34) 

Fig. 10 shows the block diagram of q-axis current control 
system with a detection delay. Table 3 shows the Routh table of 
the current control system with the detection delay shown in 
Figure 5. Note that the dead time is approximated by first-order 
Pade approximation. The value of kr_PM is limited by the 

detection delay because 1 becomes negative due to the increase 

of kr. In order to derive this equation, it is assumed Td Tf  0. 
Then, the upper limit of kr_PM is obtained by (35). 
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   (35) 

C. Equivalent Resistance Gain Design for IM 

Fig. 11 shows the transition of the root locus with the 
proposed method when the gain kr_IM is gradually changed. At 
the equivalent resistance gain kr_IM = 0, the poles are placed on 
close to the imaginary axis. On the other hand, when the 
equivalent resistance gain kr increases, the poles move the left 
side from the imaginary axis. In order to derive the kr_IM, it is 
necessary to solve (30) for R1. The kr_IM  is derived from (30) in 
consideration of equivalent resistance, as given by 
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   (36) 

where, 

     12 22

1   pdqaac KRLK   (37) 
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Note that the upper limit of kr_IM is the same as (35). 

Fig. 9. Root locus with proposed method. The poles of conventional 
method are placed on the right half plane. By contrast, when the 

equivalent resistance gain kr increases, the poles move into left hand 

place. 
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Fig. 10. Block diagram of q-axis current control system of proposed 

method with a detection delay. The detection delay of the control 

system is approximated by dead time and time constant of a first-order 
lag system. 

 

Table 3. Routh table of the current control system with the detection 
delay shown in Fig. 5. Note that the dead time is approximated by first-

order Pade approximation.  
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Fig. 11 Root locus with proposed method when the gain kr_IM is 
gradually changed. When the equivalent resistance gain kr increases, 

the poles move to the left side from the imaginary axis. 
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V. SIMULATION AND EXPERIMENTAL RESULTS 

A. Simulation Results 

Fig. 12 shows an output d-q axis current response with and 
without the proposed method. Fig. 12 (a) shows the results of the 
step response for the IPMSM under the conditions Kd = 0.7, Kq 

= 2.0, c / re = 0.5, (b) shows the results of the step response 

for the IM under the conditions Kl1=Kl2=KM=2.5, c / re = 0.5. 
IN Fig.12 (a), an output current overshoot of the system without 
the proposed method is 230%. In addition, the peak value of the 
output current is 3.3 times large as rated current of test motor. In 
this case, in order to prevent the motor and drive circuit such as 
inverter from breakdown, the drive circuit is tripped. In controast, 
the proposed method reduces the d-, q-axis current overshoots 
by 230% because of the proposed equivalent resistance gain in 
comparison with the conventional method. Hence, it is 
confirmed that the proposed method achieves no overshoot of 
the output current in the simulations. In Fig.12 (b), the system 
without the proposed method generates a d-axis current 
overshoot of 105%. This overshoot causes a torque fluctuation 
because the output torque of IM is product of the q-axis current 
(torque current) and the secondary flux which is generated by 
the d-axis current (excitation current). On the other hand, the 
proposed method suppress the overshoot to 30%. Furthermore, 
the response time correspond to the deign value. Hence, it is 
confirmed that the proposed method achieves less overshoot of 
the output current than the conventional method in the 
simulations. 

B. Experimental Results 

According to Fig.12, the stabilization method of IPMSM is 
more effective than that of the IM. Therefore, this paper 
evaluates the stability of the proposed method for IPMSM by the 
experiments. 

Fig. 13 shows the configuration of IPMSM drive system. In 
order to confirm the effectiveness of the proposed method, the 
experiments are demonstrated with a motor - generator set 
shown in Fig. 13. The rated power of this motor - generator set 
is 3.0 kW. The test motor is IPMSM shown in Table 1. 

Fig. 14 shows an output d-q axis current response with and 
without the proposed method. Figure 14 (a) shows the result of 
the conventional method under the conditions Kd = 0.7, Kq = 2, 

c / re = 0.5 without the proposed method, (b) shows the result 

with the conventional under the conditions Kd = 0.7, Kq = 2, c / 

re = 0.5. In Fig. 14 (a), a output current overshoot is 60%. 
Furthermore, the inverter is tripped by an over current. This 
overshoot current is due to gain characteristic of Fqd(s) shown in 
Fig.4 (b). In order to avoid the inverter trip, the output torque is 
limited by the magnitude of the overshoot current. On the other 
hand, the proposed method suppresses the overshoot because the 
the unstable phenomenon is preventable by additional gain kr. 
Moreover, the designed response is achieved with the proposed 
method. As a result, it is confirmed that the proposed method is 
robust for motor parameters variations.  

Fig. 15 shows output current response with the speed control 
in a field-weakening control region. In Fig. 15 (a), an output 
current becomes unstable and the inverter is tripped by an over 
current. On the other hand, in the proposed method, the motor is 
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(a) IPMSM under the conditions Kd = 0.7, Kq = 2.0, c / re = 0.5 with 

and without proposed method an output current overshoot of the system 

without proposed method is 230%. In controast, the proposed method 
reduces the d-, q-axis current overshoots by 230% 
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(b) IM under the conditions Kl1=Kl2=KM=2.5, c / re = 0.5 with and 

without proposed method. The system without proposed method 
generates a d-axis current overshoot of 50%. 

 

 
Fig. 12. Output current response with/without proposed method.   
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Fig. 13. Configuration of PMSM drive system. The rated power of this 

motor - generator set is 3.0 kW. The test motor is IPMSM shown in 

Table 1. 
 



accelerated to the field-weakening control region without the 
current overshoot. As a result, the stability is confirmed under 
the instability region of the fundamental decoupling control 
method with parameter mismatch. 

VI. CONCLUSIONS 

This paper presents a stabilization method of the current 
regulator for high speed motor drives under motor parameter 
mismatch condition without the LPF which has electrical time 
constant. In order to increase the armature winding resistance R 
for stabilization of the motor drive systems, the product of the 
detection current and the equivalent resistances is substracted 
from the inverter voltage command.The proposed method has 
no output current overshoot under the instability region of the 
fundamental decoupling control method. From simulation result, 
the proposed method suppress the overshoot of IM to 30%. 
Furthermore, the response time correspond to the deign value. 
From experimental result, the propsed method suppress the 
output current overshoot of IPMSM by 1.1 p.u.. Moreover, the 
designed response is achieved with the proposed method. As a 
result, it is confirmed that the proposed method is robust for 
motor parameters variations. 
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(a) Without proposed method at the condition C shown in 

Fig.2. 
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(b) With proposed method at the condition C shown in Fig.2. 

(c=500 rad/s, re/c=0.5, Kd=0.7, Kq=2.0, kr=0.5) 

 

Fig. 6. Output current response with/without proposed method. As 

a result, the stability is confirmed under the instability region of the 

fundamental decoupling control method with parameter 
mismatches. 
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(a) Conventional method at the condition C shown in Fig.2. 

(c=1000 rad/s, Kd=0.7, Kq=2.0, kr=0) 
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(b) Proposed method at the condition C shown in Fig.2. 

(c=1000 rad/s, Kd=0.7, Kq=2.0, kr=0.5) 

Fig. 7. Output current response with the speed control in a field-

weakening control region. In the proposed method, the motor is 
accelerated to the field-weakening control region.  

 


