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ABSTRACT Article information:
A mathematical model of a permanent magnet synchronous motor
(PMSM) is necessary to design the control of PMSM drives. The math-
ematical model of a three-phase system is not commonly used for control
design since this approach is a time-varying model. As a result, control
strategy design becomes even more di�cult. Due to this problem, this pa-
per presents a dynamic model of the PMSM using the dq modeling method.
The dynamic model derived in this work has been validated with the ex-
act topology model in the MATLAB/Simulink program. In addition, this
model is applied to designing the indirect vector control for a PMSM drive.
The speed and the current control loops based on the PI controller are con-
sidered. The simpli�ed design approach for the PMSM drives is presented
in this paper. The simulation results show that the proposed controller de-
sign can accurately regulate the actual speed obeying the command speed.
The speed accuracy is up to 99.97% in the load torque changes and 99.98%
in the command speed changes.
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1. INTRODUCTION

Nowadays, permanent magnet synchronous motors
(PMSM) are widely used for many industrial appli-
cations such as electric equipment, conveyor belts,
robot arms, and especially for electric vehicles (EV).
A PMSM has more e�ciency, higher torque to iner-
tia ratio, lower noise, and more robustness than an
induction motor (IM) [1]. To operate a PMSM, the
speed and torque of the PMSM must be suitably con-
trolled under desired conditions. The development of
a PMSM drive system is therefore a critical issue [3].
In a traditional drive system, scalar control meth-
ods (such as V/F control, �ux control, etc.) have
been applied to motor drives [2]. This method is sim-
ple. It can be implemented using analogue circuits.
Based on a review of relevant literature [3�10], the
scalar control method is not recommended because
the tracking error of the control system from this
method is considered an AC signal (both the mag-
nitude and frequency). Consequently, the controller
has become more di�cult to implement for regulating
the PMSM speed and torque.

A vector control method [3�4] has been applied
to motor drives in order to achieve high performance
PMSM drives. This approach can be divided into two
categories: direct vector [4] and indirect vector con-
trols [3]. Direct vector control requires rotor �ux mea-
surement to calculate the control signal. It has im-
portant limitations, including installation costs and
complexity. The indirect vector control is the focus
of this work. This is typically called �eld-oriented
control (FOC). This control does not require rotor
�ux measurement. The installation of a sensor and
control design is less complicated compared with di-
rect vector control. The control signal is generated
by the motor parameter calculation. In this control
operation, the synchronous frame (dq-axis) is used
as a reference axis. The d and q-axis currents are
the instantaneous stator current vectors. It can be
decomposed into �ux and torque-producing currents.
There are two control loops: �ux and torque control
loops. For this control strategy, the tracking error of
the control loop is considered a DC signal. This signal
is easy to compensate for using a controller, especially
a proportional-integral (PI) controller. Theoretically,
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a PI controller can reduce the steady state error of the
DC components (the fundamental value) to zero. As
mentioned, the mathematical model of PMSM on the
dq-axis is necessary for the control design. Due to the
benefit of fundamental study, this paper presents how
to derive the mathematical model of PMSM using the
dq modeling approach.

The objective of this work is to control the PMSM
speed to be equal to the command speed. Previous
related works have focused on several controllers such
as proportional-integral-derivative control (PID) [5],
fuzzy logic control (FLC) [3], iterative learning con-
trol (ILC) [6], sliding mode control (SMC) [7], predic-
tive current control (PCC) [8], and model predictive
current control (MPCC) [9]. However, the operation
of those controllers is more difficult and complicated.
A large computational capability is required for those
digital controls. For this work, a simple controller is
an interesting approach to develop. As mentioned
earlier, the PI controller [10] is suitable for indirect
vector control. This controller can provide a small
steady state error. It is enough to accurately control
the PMSM speed. In order to avoid a large compu-
tational burden, control design complexity, and dif-
ficulty in real implementation, a simplified controller
design is proposed in this paper.

This paper is structured as follows. The principle
and mathematical model of the PMSM are briefly ex-
plained in Section 2. The PMSM model validation is
expressed in Section 3. Section 4 presents the PI pa-
rameters design of indirect vector control. The simu-
lation results of the PMSM speed control are shown
in Section 5. Finally, Section 6 concludes this paper.

2. PRINCIPLE AND MATHEMATICAL
MODEL OF PMSM

The operation of a PMSM is similar to that of a
three-phase induction motor. The three-phase volt-
age source connected to the stator winding produces
a rotating magnetic field (RMF). The RMF causes
the rotor to turn. Power losses on the rotor side do
not occur because the rotor of a PMSM is a perma-
nent magnet. Moreover, this machine can provide
constant torque. The structure and equivalent cir-
cuit of the PMSM are shown in Fig. 1. The system
parameters are described in Table 1.

The dq modeling method is applied to derive a
mathematical model of the system as depicted in Fig.
1. The dq–axis in Fig. 2 is rotated with the angu-
lar speed (ωr). The stator voltages (vs(abc)) can be
written for a three-phase system as (1).

vs(abc) = RSiS(abc) +
d

dt

(
LsiS(abc) + λpm(θ)

)
(1)

Where the
d

dt
λpm(θ) in (1) is the back EMF as

shown in (2). Then, the mathematical model of the

Fig.1: Structure and equivalent circuit of PMSM.

three-phase system in (3) can be transformed into
the dq-axis. The dynamic equation of the PMSM on
dq-axis can be written as shown in (4)-(5).

d

dt
λpm(θ) = −ωrλpm

 sin(θr)
sin(θr − 2π/3)
sin(θr + 2π/3)

 (2)

Table 1: List of symbols.

Symbol Meaning
vS(abc), vSa, vSb three-phase stator voltage
vSc
vSd, vSq, vs(dq) stator voltage on dq-axis
v∗Sd, v

∗
Sq reference stator voltage on dq-axis

iS(abc), iSa, iSb, iSc three-phase stator current
iSd, ISd stator current on d-axis
i∗Sd, I

∗
Sd reference stator current on d-axis

iSq, ISq stator current on q-axis
i∗Sq, I

∗
Sq reference stator current on q-axis

Ls stator inductance
Ld, Lq, Ldq inductance on dq-axis
Rs stator resistance
λpm permanent magnet flux
λd, λq permanent magnet flux on dq-axis

θr, ωr
electrical angular position and
electrical angular speed

θm, ωm angular position and angular speed
τe, τL developed torque, load torque
B viscous friction coefficient
J rotor inertia
P number of poles
τdq time constant (Ldq/RS)

kτ torque constant (

(
3

2

)(
P

2

)
λpm)

ωni, ωnω

natural frequency for the current loop
and natural frequency for the speed
loop

ζi, ζω
damping ratio for the current loop
and damping ratio for the speed loop

KPC,(dq),KPω proportional gain
KIC,(dq),KIω integral gain
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Fig.2: Vector diagram of the dq-axis.

vSa=RSiSa+Ls
d

dt
iSa−ωrλpm sin(θr)

vSb=RSiSb+Ls
d

dt
iSb−ωrλpm sin(θr−2π/3)

vSc=RSiSc+Ls
d

dt
iSc−ωrλpm sin(θr+2π/3)


(3)

vSd=RSiSd−ωrλq
d

dt
λd

vSq=RSiSq+ωrλd
d

dt
λq

 (4)

Substituting the λd = LdiSd+λpm and λq = LqiSq
into (4) yields (5).

vSd=RSiSd + Ld
d

dt
iSd − ωrLqiSq +

d

dt
λpm

vSq=RSiSq + Ld
d

dt
iSq − ωrLdiSd + ωrλpm

 (5)

As a result, the equivalent circuit of PMSM in
dq-axis derived by using the dq modeling method is
shown in Fig. 3.

Fig.3: Equivalent circuit in the dq-axis.

From the PMSM model, the developed torque
equation of the PMSM is given in (6).

τe =
(
3
2

) (
P
2

)
(λdiSq − λqiSd) =

(
3P
4

)
(λpmiSq + (Ld − Lq)iSdiSq) (6)

Due to the relationship between torque (τe), the
angular speed (ωm), and the angular position (θm) of
the PMSM as shown in Fig. 4, the τe, ωm and θm
can be calculated as shown in (7)-(9).

τe = τL +Bωm + J
d

dt
ωm (7)

Fig.4: Mechanical motion of PMSM.

ωm =

∫
((τe − τL −Bωm)/J)dt (8)

ωr =

(
P

2

)
ωm =

d

dt
θr ⇒ θm =

(
2

P

)
θr (9)

3. PMSM MODEL VALIDATION

In the previous section, in order to design the con-
trol scheme and the PI controller parameters, the dif-
ferential equations of the PMSM torque and speed are
verified. The simulation for model validation uses the
exact topology model in SimPowerSystem of MAT-
LAB/Simulink called the benchmark model. The
PMSM parameters in Fig. 1 are given in Table 2.
These parameters are cited from the real PMSM (4
pole pairs, 750 W, 3000 rpm). These PMSM param-
eters in Table 2 have been tested [11]. The proposed
model implemented by MATLAB/Simulink is illus-
trated in Fig. 5.

Table 2: Parameters of PMSM.

Symbol Description Value
RS Stator resistance 0.55Ω

Ld, Lq Inductance on dq-axis 16.61 mH, 16.22 mH
λpm Permanent magnet flux 0.121 Vs
J Rotor inertia 7.246x×10−3 kg.m2

Ppair Pole pair 4
PS , NS Rated power, speed 750 W, 3000 rpm

Fig.5: Simulation model used to validate the math-
ematical model of the PMSM.

The testing conditions for model validation con-
sist of the load torque and the voltage per frequency
changing. Fig. 6 shows the response comparison of
the PMSM torque and speed between the dq model
and the benchmark model, which are detailed as pre-
sented in Tables 3 and 4, respectively. The simula-
tion results confirm that the dynamic model derived
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(a) Load torque change

(b) Voltage per frequency control change

Fig.6: PMSM torque and PMSM speed responses.

Table 3: Model validation for changing the load torque.

Table 4: Model validation for changing the voltage per frequency control.
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by the dq modeling method represents the same be-
haviour as the benchmark model. From validation
results, this model can be applied for indirect vector
control design.

4. DESIGN OF INDIRECT VECTOR CON-
TROL

From (5) to (6), the stator voltage (vs(dq)) and
torque (τe) on the dq-axis are considered for the indi-
rect vector control design. The dq-axis is rotated at
the synchronous speed of the PMSM. The d-axis is
aligned along with the flux control. Here, the PMSM
speed and torque can be controlled on the q-axis. The
indirect vector control scheme of the PMSM drive is
shown in Fig. 7. For this control strategy, the flux
vector must be kept synchronized with the rotor mag-
netic poles [7]. Therefore, the reference current on the
d-axis (i∗d) is set to zero. The indirect vector control
consists of the current and speed control loops.

Fig.7: Indirect vector control scheme of PMSM
drive.

4.1 Design of the Current Control Loop

The differential equation from (5) is transformed
to the frequency domain by taking the Laplace trans-
formation. The block diagram of the current control
based on PI controllers is depicted in Fig. 8.

Fig.8: Block diagram of the current control loop.

From Fig. 8, the closed-loop transfer func-
tion of the current control can be derived
from (10). The parameters of PI controllers
(KPC,d,KIC,d,KPC,q,KIC,q) can be calculated by
comparing them with the denominator of the stan-
dard second order characteristic equation as shown
in (11).

ISd(s)

I∗Sd(s)
=
ISq(s)

I∗Sq(s)
=

(sKPC,(dq)+KIC,(dq)/RSτdq)

s2+

(
RS +KPC,(dq)

RSτdq

)
s+

(
KIC,(dq)

RSτdq

)
(10)

TC(s) =
ω2
ni

s2 + 2ζiωnis+ ω2
ni

(11)

where:
ωni is equal to 100π rad/s
ζi is equal to 0.8

4.2 Design of the Speed Control Loop

From (6) to (7), the block diagram of the speed
control based on the PI controller is illustrated in
Fig. 9. The closed loop transfer function for speed
control can be derived from (12). The denominator
comparison between (12) and (13) is used to calculate
the PI controller parameters (KPω,KIω).

Fig.9: Block diagram of the speed control loop.

ωm(s)

ω∗
m(s)

=
kτ (sKPω +KIω)/J

s2 +

(
kτKPω

J

)
s+

(
kτKIω

J

) (12)

Tω(s) =
ω2
nω

s2 + 2ζωωnωs+ ω2
nω

(13)

where:
ωnω is equal to 20π rad/s
ζω is equal to 0.8

The PI controller parameters for the indirect vector
control are given in Table 5. The root locus of the
closed loop control system in the s-domain is shown
in Fig. 10. The desired dominant poles of the closed
loop systems are located in the stable region (the left-
hand side of the s-plane). This means that the control
system remains the operating point stable.

Table 5: PI controller parameters of the indirect
vector control for PMSM drive.

Control loop Proportional gain Integral gain
Current control KPC,(dq)= 7.80 KIC,(dq)= 1639.34
Speed control KPω = 0.10 KIω= 3.94
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(a) Current control loop

(b) Speed control loop

Fig.10: Root locus of the closed loop control system.

5. SIMULATION RESULTS AND DISCUS-
SION

The speed control performance of PMSM under in-
direct vector control was verified by the MATLAB/
Simulink model in Fig. 11. For the PMSM utiliza-
tion, the torque capability and the speed control ac-
curacy are therefore considered. The performance of
the PI controller parameters designed in Section 4
was tested in two cases, when load torque and speed
are changing. The simulation results are shown in
Figs. 12 to 13.

Fig.11: Simulation model used to verify the perfor-
mance.

5.1 Speed control performance of changing
the load torque

According to Fig. 12, the PMSM speed is con-
trolled to maintain a constant speed of 1000 rpm.

Fig.12: Response to a step change of load torque.

Then, the load torque (τL) is increased from no-load
to 2.5 N·m at t = 0.4 s. It is obvious that when
the load torque is increased, the PMSM speed (nm)
initially decreases. However, the speed control can
regulate the nm at the desired speed (n∗m = 1000
rpm). The PMSM torque (τe) and the stator currents
(iS(abc)) will increase according to the increase of load
torque. At t = 0.8, the load torque is increased from
2.5 to 5 N·m. It can be seen that the PMSM drive
system can maintain the nm at the n∗m . The root
mean square error between the desired values (n∗m,
τ∗L) and actual values (nm, τL) is used as the tracking
errors (Espeed, Etorque) in (14) and (15), respectively.
The N value is the data number. Tracking accuracy
(Aspeed, Atorque) can be defined by (16). The tracking
performance is presented in Table 6. As a result, the
speed control based on the PI controller can provide
good accuracy.

Espeed =

√∑
|n∗m − nm|2

N
(14)

Etorque =

√∑
|τ∗L − τL|2
N

(15)
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Aspeed = 100%−
(
Espeed × 100%

n∗m

)
Atorque = 100%−

(
Etorque × 100%

τ∗L

) (16)

Table 6: The tracking error and tracking accuracy
performance indices under load torque change.

Changing the Tracking error Tracking accuracy
load torque Espeed Etorque Aspeed Atorque

(N·m) (rpm) (N·m) (%) (%)
No-load 0.3101 0.1979 99.97 80.21

2.5 0.2802 0.1823 99.97 92.71
5 0.3118 0.1679 99.97 96.64

For the responses of the stator current on dq-axis,
the flux vector is controlled on d-axis. The iSd is
nearly zero. It confirms that the PMSM can generate
the developed torque. The iSq represents the speed
and torque controls of PMSM. The iSd will increase
the amplitude when the τL is increased.

5.2 Speed control performance of changing
the command speed

For this case, the τL is kept constant at 5 N·m.
From Fig. 13, the τe is controlled to be constant
with the τL. The n∗m is varied in three steps. First,
the PMSM speed is controlled at 1000 rpm. Then
the n∗m is set to 1500 rpm at t = 0.4 s. At t=0.8
s, the n∗m is adjusted to decrease the PMSM speed
to 1000 rpm. The responses are shown in Fig. 13.
The tracking error and tracking accuracy under speed
change are shown in Table 7. These results confirm
that the speed control based on the PI controller can
still control the nm following the n∗m even though the
n∗m is suddenly varied.

Table 7: The tracking error and tracking accuracy
performance indices under speed change.

Changing the Tracking error Tracking accuracy
commmand Espeed Etorque Aspeed Atorque
speed(rpm) (rpm) (N·m) (%) (%)

1000 0.2713 0.1694 99.97 96.61
1500 0.2622 0.1269 99.98 97.46

The amplitude of iS(abc) is constant since τL is
constant. The frequency of the iS(abc) is adjusted
to correspond to the PMSM speed change. Accord-
ing to the waveform of the iSa, the frequency of the
iSa will increase when the PMSM speed is increased.
The current control loop on the dq-axis is sufficient
to control the flux vector, torque, and speed. The
iSq response is constant due to the constant τL. In
order to test the transient performance of the PMSM
drive system, the response to a step change of n∗m is
investigated. It can be seen that the τe and iS(abc) are

Fig.13: Response to a step change of command
speeds.

highly oscillating waveforms in the short-term. This
term produces the speed fluctuation and the motor vi-
bration. These problems can cause equipment failure
and will increase the power loss of the PMSM. The
development of the PMSM drive system will continue
to be studied in future work.

6. CONCLUSION

This paper presents how to derive a mathemati-
cal model of PMSM. The PMSM model is validated
with the benchmark model from MATLAB/Simulink.
The model verification confirms that the responses
of PMSM speed and torque represent the same be-
haviour as the benchmark model. Therefore, the val-
idated PMSM model can be used to design an indirect
vector control. In addition, a simplified PI controller
design based on indirect vector control is proposed in
this paper. The current and the speed control loops
on the dq-axis are designed to control the flux vector,
torque, and speed. The simulation results ensure that
the proposed PI parameter design is sufficient to pro-
vide the required PMSM speed. However, the prob-
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lems with high oscillating torque and stator currents
must be solved. For these issues, in order to obtain a
decent transient response, the controllers in the cur-
rent and the speed control loops should be modified.
In the future work, an additional derivative term and
a predictive mechanism must be developed.

ACKNOWLEDGEMENT

This work was supported by Faculty of Engineer-
ing, Prince of Songkla University (PSU).

References

[1] P. Pillay and R. Krishnan, “Control characteris-
tics and speed controller design of a high perfor-
mance PMSM,” 1987 IEEE Power Electronics
Specialists Conference, pp. 598–606, 1987.

[2] G. D. Andreescu, C. E. Coman, A. Moldovan
and I. Boldea, “Stable V/f control system with
unity power factor for PMSM drives,” Proceeding
of 13th IEEE International Conference on Opti-
mization of Electrical and Electronic Equipment
(OPTIM), pp. 432-438, 2012.

[3] A. Mishra, J. Makwana, P. Agarwal and S.
Srivastava, “Mathematical Modeling and Fuzzy
Based Speed Control of Permanent Magnet Syn-
chronous Motor Drive,” Proceeding of 7th IEEE
Conference on Industrial Electronics and Appli-
cations (ICIEA), pp. 2034-2038, 2012.

[4] B. Boazzo and G. Pellegrino, “Model Based Di-
rect Flux Vector Control of Permanent Magnet
Synchronous Motor Drives,” IEEE Transactions
on Industry Applications, Vol. 51, No. 4, pp.
3126-3136, 2015.

[5] P. Maji, G. K. Panda and P. K. Saha, “Field
Oriented Control of Permanent Magnet Syn-
chronous Motor Using PID Controller,” Ad-
vanced Research in Electrical. Electronics and
Instrumentation Engineering, Vol. 4, No. 2, pp.
632-639, 2015.

[6] G. Jayabaskaran, B. Adhavan and V. Jagan-
nathan, “Torque Ripple Reduction in Permanent
Magnet Synchronous Motor Driven by Field Ori-
ented Control using Iterative Learning Control
with Space Vector Pulse Width Modulation,”
Proceeding of 2013 IEEE International Confer-
ence on Computer Communication and Infor-
matics, pp. 1-6, 2013.

[7] X. Wang, M. Reitz and E. E. Yaz, “Field Ori-
ented Sliding Mode Control of Surface-Mounted
Permanent Magnet AC Motors: Theory and Ap-
plications to Electrified Vehicles,” IEEE Trans-
actions on Vehicular Technology, Vol. 67, No. 11,
pp. 10343-10356, 2018.

[8] X. Yuan, C. Zhang and S. Zhang, “Torque Rip-
ple Suppression for Open-End Winding Perma-
nent Magnet Synchronous Machine Drives with
Predictive Current Control,” IEEE Transactions

on Industrial Electronics, Vol. 67, No. 3, pp.
1771-1781, 2019.

[9] X. Sun, M. Wu, G. Lei, Y. Guo and J. Zhu,
“An Improved Model Predictive Current Con-
trol for PMSM Drives Based on Current Track
Circle,” IEEE Transactions on Industrial Elec-
tronics, Vol. 68, No. 5, pp. 3782-3793, 2020.

[10] H. Celik and T. Yigit, “Field-Oriented Control
of the PMSM with 2-DOF PI Controller Tuned
by Using PSO,” Proceeding of 2018 International
Conference on Artificial Intelligence and Data
Processing (IDAP), pp. 1-4, 2018.

[11] K. Tatemarsu, D. Hamada, K. Uchida, S. Wakao
and T. Onuki, “New Approaches with Sensorless
Drives,” IEEE Industry Applications Magazine,
Vol. 6, No. 4, pp. 44-50, 2000.

Nutthawut Kongchoo was born in
Songkhla, Thailand, in 1997. He re-
ceived the B.Eng. degree in Electrical
Engineering from Prince of Songkla Uni-
versity (PSU), Songkhla, Thailand, in
2020. He is currently studying toward
an M.Eng. degree in electrical engineer-
ing and works as a water supply officer
in the Subdistrict Administrative Or-
ganization Tubchang, Songkhla, Thai-
land. His current research interests in-

clude control of motor drives, control of power electronics, sim-
ulation, and modeling.

Phonsit Santiprapan was born in Ra-
nong, Thailand, in 1988. He received the
B.Eng., M.Eng., and Ph.D. degrees in
Electrical Engineering from the Surana-
ree University of Technology (SUT),
Nakhon Ratchasima, Thailand, in 2009,
2011, and 2016, respectively. Since 2017,
he has been a lecturer in the depart-
ment of electrical engineering at Prince
of Songkla University (PSU), Songkhla,
Thailand. In 2019, he was a visiting re-

searcher at the University of Aizu, Fukushima, Japan. His
current research interests include active power filters, unified
power quality conditioning, power quality, artificial intelligence
applications, simulation, modeling, and control of power elec-
tronics.

Nattha Jindapetch received the B.Eng.
degree in Electrical Engineering from
Prince of Songkla University, Thailand,
in 1993, the M.Eng. in Information
Technology, and the Ph.D. degree in In-
terdisciplinary Course on Advanced Sci-
ence and Technology from the Univer-
sity of Tokyo, Japan in 2000 and 2004,
respectively. She now is an Associate
Professor at the Department of Electri-
cal Engineering, Prince of Songkla Uni-

versity. Her research interests are FPGAs, embedded systems,
and sensor networks.




