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ABSTRACT

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 difficult. 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 simplified 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%
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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 efficiency, 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, flux 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 difficult 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 flux 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 field-oriented
control (FOC). This control does not require rotor
flux 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 (dg-axis) is used
as a reference axis. The d and g-axis currents are
the instantaneous stator current vectors. It can be
decomposed into flux and torque-producing currents.
There are two control loops: flux 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
dg-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 dg modeling method is applied to derive a
mathematical model of the system as depicted in Fig.
1. The dg—axis in Fig. 2 is rotated with the angu-
lar speed (w;). The stator voltages (vs(anc)) can be
written for a three-phase system as (1).

) d ,
Us(abe) = RSZS(abc) + % (LSZS(abc) + )‘pm(g)) (1)

d
Where the %)\pm(ﬁ) in (1) is the back EMF as

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

Phase A Stator

Stator
Windings

Magnet

Rotor

Phase C Phase B

Rs Magnetic
coupling

Stator Rotor

Fig.1: Structure and equivalent circuit of PMSM.

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

d sin(6,.)
%)\pm(t?) = —wrApm | sin(8, —27/3) (2)
sin(6, + 27/3)
Table 1: List of symbols.
Symbol Meaning

VS (abe)s VSas USh
UsSe

VSd; USqs Us(dq)
vgd’ ’U:qu

1S (abe)s 15as i5bs 15e
isd, Isa

three-phase stator voltage

stator voltage on dg-axis
reference stator voltage on dg-axis
three-phase stator current

stator current on d-axis

T5qr 154 reference stator current on d-axis

i5q,1sq stator current on g-axis

15 13, reference stator current on g-axis

s stator inductance

L4, Ly, Lag inductance on dg-axis

R stator resistance

Apm permanent magnet flux

Ads Aq permanent magnet flux on dg-axis
electrical angular position and

0, wy .
electrical angular speed

Oy Win angular position and angular speed

Tey TL developed torque, load torque

B viscous friction coefficient

J rotor inertia

P number of poles

Tdq time constant (L4q/Rs)

kr torque constant ((g) (g) Apm)
natural frequency for the current loop

Wiy Wnw and natural frequency for the speed
loop
damping ratio for the current loop

Gir o and damping ratio for the speed loop

Kpc,(dg)s Kpw proportional gain

Kic,dg)s Kiw integral gain
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Fig.2: Vector diagram of the dg-axis.

d
VUSa :RSiSa"i'Ls*iSa_erpm Sin(er)

dt
d
Vgp = RSiSb“!‘LsaiSb —wr/\pm Sin(er —27T/3) (3)
d
vsc:RsiSC—l—Ls%isc—wT.)\pm sin(0, +2m/3)
. d
’USd:RslSd*wr/\q@/\d
I 0
USq:RSiSq+wT)\daAq

Substituting the Ay = LdiSd+)\pm and )\q = Lqisq
into (4) yields (5).

d
— WT‘LqiSq + %)\pm
()

. d . .
Vsq :RSZSq + Ld%ZSq —wyLqisq + Wr>\pm

) d .
vsa=Rsisq + Ld%'LSd

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

Rs Ld Rs Ly

opAd

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

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

7o = (3) (5) (aisg — Agisa) = (32) (\pmisq + (La — Lq)isaisq) (6)

Due to the relationship between torque (7), the
angular speed (w,, ), and the angular position (0,,) of
the PMSM as shown in Fig. 4, the 7., w,, and 6,,
can be calculated as shown in (7)-(9).

d
Te = 7L + Bum + J J wm (7)

L

B )

7,

. O

'm

Fig.4: Mechanical motion of PMSM.

Wy, = /((Te — 71, — Bwy,)/J)dt (8)

P d 2
Wy = <2> Wm = %Gr = 9m = (P) 07« (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
Rg Stator resistance 0.55Q
Lq, L, Inductance on dg-axis | 16.61 mH, 16.22 mH
Apm Permanent magnet flux 0.121 Vs
J Rotor inertia 7.246xx10~3 kg.m?
Ppair Pole pair 4
Ps,Ng Rated power, speed 750 W, 3000 rpm

| - 3=
rh 1'*'3‘*'@

o T —

!-I%lT_MJ o b2

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 dg 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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PMSM torque
(7.): N.om o
4 15 2 25 3 35 4 dq-model
¢ 7z=1Nm > 7,=3Nm s 7, =5Nm »
850 ; T benchmark model
800 .
PMSM speed =1 750 1pm
(n,,): rpm
700 #
650 \~ A =
1 15 2 2 3 35 4
time (s)
750pm
(a) Load torque change
SNm
PMSM torque SNm
(7.): N.m

1 15 2 25 3 35 4 dg-model
¢ 220 V/50 Hz » 200 V/45 Hz » 180 V/40 Hz >
= ey meeeee benchmark model

W 600 tpm
3 35 4

675 mpm ||

800 ‘
PMSM speed ™ ’
() tpm (o
500 -
1 13

(b) Voltage per frequency control change
Fig.6: PMSM torque and PMSM speed responses.

2 25

time (s)

750 rpm

Table 3: Model validation for changing the load torque.

Stator voltage | Frequency Load torque Measured values
Approach (v  Vims) . . . .
s(abey - Vrms (f.,:Hz) (7, :N.m) Speed (7, : rpm) | Torque (7,: N.m)

dg-model 1 750 1
benchmark 750 1.04
dg-model 750 3
benchmark 220 >0 3 750 3.04
dg-model 5 750 5
benchmark 750 5.04

Table 4: Model validation for changing the voltage per frequency control.

Stator voltage | Frequency Load torque Measured values
Approach (v : Vims) ‘H .
s(abe) ¥ rms (f;:Hz) (7,:N.m) Speed (7, : rpm) | Torque (7,: N.m)

dg-model 750 5
benchmark 220 >0 750 5.04
dg-model 675 5
benchmark 200 4 > 675 5.04
dg-model 600 5
benchmark 180 40 600 5.03
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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 (vg(4q)) and
torque (7,) on the dg-axis are considered for the indi-
rect vector control design. The dg-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 g-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 (¢}) is set to zero. The indirect vector control
consists of the current and speed control loops.

Inverter

13 e
\

Rectifier

Fig.7:
drive.

Indirect vector control scheme of PMSM

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.

PI controller + Machine
Vg OFV i i
s s sKpe +Kye |57 S9) 1/Ry |1saoTisq
ISdOrisg—f K 5Ty +1 ”

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, ch_’q) can be calculated by
comparing them with the denominator of the stan-
dard second order characteristic equation as shown
in (11).

Isq(s) Isq(s)  (sKpc,(dg)+Kic,dg)/RsTaq)

Igd(s)_fgq(s)_52+<Rs + KPC,(dq)) S+(KIC,(dq)>

RsTaq RSqu(lO)
2
w2
Tc(s) = = (11)

82 4 2Ciwnis + w2,

where:
wni s equal to 1007 rad/s
(; 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 (Kpy,, K1.,).

PI controller . Machine
ig, T
a];, SKP(U + Kl(z) Sq kT e L Wy, >
+ K Js

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

Z:Ez; T g%ssfj((;fsz),%m ) (12)
Tuls) = - (13)

§% 4+ 20, Wnws + w2,

where:

Wne 1s equal to 207 rad/s

(w 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.

Integral gain
Ko, (aq= 1639.34
Kr,= 3.94

Proportional gain
KPC,(dq): 7.80
Kp, =0.10

Control loop
Current control
Speed control
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Root Locus for Current Loop

200 0925

Dominant pole

Imaginary Axis (seconds™")

-500 -450 400 -350 -300 -250 -200 -150 -100 -50 0 50
Real Axis (seconds™")

(a) Current control loop

Root Locus for Speed Control

0.87. 078 06 035

Dominant pole

Imaginary Axis (seconds '

199, 80

100 9 80 70 60 50 40 30 20 -0 0 10

Real Axis (seconds ')

(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.

PMSM speed
(11,,): rpm

PMSM o _——”‘-
(7.): N.m N ]

Stator current | WWM F
_lOF"—WﬂWWWMWWw Il

Stator current
on d-axis (isq): A

6 |
Stator current

on g-axis (7g,): A ]

: ]

2 L L L L " . |

01 02 03 04 05 06 07 08 09 1
time (s)

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

Then, the load torque (71) 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 (1)
initially decreases. However, the speed control can
regulate the n,, at the desired speed (n}, = 1000
rpm). The PMSM torque (7.) and the stator currents
(i$(abe)) 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 n,, at the n}, . The root
mean square error between the desired values (n},,
71) and actual values (n,,, 71,) is used as the tracking
errors (Espeed, Etorque) in (14) and (15), respectively.
The N value is the data number. Tracking accuracy
(Aspeeds 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.

I3 |nk, — nm|?

Espeed = DT| (14)
IST e — 1|2

Etorque = %Tﬂ (15)
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Aspeea = 100% — (Espeed“()o%>
speed —

8
Etorque X 100%
I

(16)
Atorque = 100% - <

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

955 rpm

1643 rpm

716 rpm

PMSM speed

(1,,): rpm
s00
0.1

s

6
PMSM torque 4+
(t.): N.m :

‘0.

1000 p——rrt

_1500mpm

I ".10001pui.”

02 03 04 05 06 03 08 09 1

03 04 [t 07 03

Stator current |
(isa: A

I i‘i1llltlx1\;u|||ijlg\\&\mnimmnﬂi
I (T A

AL L

| i s |
02 03 ox 05 06 08 09 1

265

Changing the | Tracking error | Tracking accuracy
load torque Espeed Eto'rque Aspeed Ato'rque
Nm) | pm) | Nm) | () | (%)
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 dg-axis,
the flux vector is controlled on d-axis. The igq is
nearly zero. It confirms that the PMSM can generate
the developed torque. The ig, represents the speed
and torque controls of PMSM. The igy will increase
the amplitude when the 77, is increased.

5.2 Speed control performance of changing
the command speed

For this case, the 71 is kept constant at 5 N-m.
From Fig. 13, the 7. is controlled to be constant
with the 77,. The n}, is varied in three steps. First,
the PMSM speed is controlled at 1000 rpm. Then
the ny, is set to 1500 rpm at t = 0.4 s. At t=0.8
s, the n, 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 n,, following the n}, even though the

ny, 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 ig(qpe) is constant since 77, is
constant. The frequency of the ig() is adjusted
to correspond to the PMSM speed change. Accord-
ing to the waveform of the ig,, the frequency of the
15 will increase when the PMSM speed is increased.
The current control loop on the dqg-axis is sufficient
to control the flux vector, torque, and speed. The
igq Tesponse is constant due to the constant 7. In
order to test the transient performance of the PMSM
drive system, the response to a step change of n}, is
investigated. It can be seen that the 7. and ig(qc) are

—~ N 2394

-31L4A

1305A 54A

Stator current

on d-axis (1s2) A° m

Stator current :
on g-axis (isg): A

Fig.13:
speeds.

Response to a step change of command

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 dg-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-



266 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.16, NO.3 September 2022

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.
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