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Backstepping Control of Permanent Magnet
Synchronous Motor: A Parallel
Control Approach

Jingwei Lu, Qinglai Wei, and Xiang Cheng

Abstract—This paper uses parallel control to investigate the
problem of tracking control of permanent magnet synchronous
motors (PMSMs). First, an augmented PMSM system is designed
to introduce the control input into the feedback system, and then
achieve parallel control. Second, based on the backstepping
control technique, the detailed steps of the derivation of the
parallel controller are provided. The stability analysis shows that
the tracking error of the PMSM system asymptotically converges
to zero. Finally, the proposed parallel controller is validated in
simulations, where the time-invariant reference signal and time-
varying reference signal are considered, showing that the
proposed parallel controller effectively enables the PMSM to
track different reference signals.

Index Terms—Backstepping control, parallel controller, permanent
magnet synchronous motors, tracking control

1. INTRODUCTION

Parallel control is a powerful control approach [1], which
has obtained considerable fruits in many fields, including
classical control [2, 3], intelligent control [4], and practical
applications [5—7]. Parallel control is established on the ACP
methodology, i.e., artificial systems, computational
experiments, and parallel execution [1, 8]. In parallel control,
artificial systems are constructed in accordance with original
systems to form parallel systems, which induces massive
artificial data from small real-world data, thus providing more
useful samples for training with low cost. Recently, Wang et
al. further proposed a new type of dynamic parallel controller
that incorporates the control input into the feedback system
[9], formulating a dynamic control law. Nowadays, this new
parallel control method has shown the potential to improve
control performance for dealing with complex systems [10,
11]. Parallel control constructs dynamic parallel controller by
incorporating the control input into the feedback system,
which makes it in line with dynamic feedback control [12].
Besides parallel control, backstepping control is effective in

Manuscript received: 22 May 2024; revised: 22 July 2024; accepted: 25
August 2024. (Corresponding author: Jingwei Lu.)

Citation: J. Lu, Q. Wei, and X. Cheng, Backstepping control of permanent
magnet synchronous motor: A parallel control approach, IJICS, 2024, 29(3),
141-146.

Jingwei Lu is with Department of Industrial Engineering, Tsinghua
University, Beijing 100084, China (e-mail: lujingweihh@gmail.com).

Qinglai Wei and Xiang Cheng are with State Key Laboratory of
Multimodal Artificial Intelligence Systems, Institute of Automation, Chinese
Academy of Sciences, Beijing 100190, China (e-mail: ginglai.wei@ia.ac.cn;
xiang.cheng@ia.ac.cn).

Qinglai Wei is also with Institute of Systems Engineering, Macau
University of Science and Technology, Macao 999078, China.

Digital Object Identifier 10.62678/1J1CS202409.10138

controlling cascaded systems, and related research has
attracted much attention from scholars [13, 14].

Permanent magnet synchronous motor (PMSM) is a kind of
brush-less motor which utilizes permanent magnets to provide
excitation instead of field coils. This simplified structure
brings smaller volume, lower noise, larger torque-current
ratio, and convenient manufacturing, therefore it has attracted
special attention. In recent years, PMSMs have been widely
used in industrial servo, electric vehicles, new energy power
generation, and robotic fields. Despite these advantages, the
derivation of high-performance controllers for PMSMs is a
challenging issue. The mathematical model of PMSMs has the
characteristics of multi-variable, nonlinear, and strong
coupling. Although proportional-integral (PI) control is still
the mainstream method of motor control in industrial servo, it
has limitations in practical application scenarios with
parameter perturbation, model uncertainty, and disturbances.
To achieve high-performance control of PMSMs, sliding
mode control [15], adaptive fuzzy control [16], active
disturbance rejection control [17], and model predictive
control [18] have been adopted.

As mentioned earlier, the tracking control performance is
one of the key factors in applying PMSMs. To further
improve the tracking control performance of PMSMs, we
introduce a parallel controller for tracking control of PMSM
based on the backstepping control technique. The main
contributions are as follows:

(1) Different from the existing static state feedback
controllers for PMSMs [15-18], a new dynamic tracking
controller is developed for PMSMs by introducing the control
input into the feedback system.

(2) In the derivation of the parallel controller, an augmented
PMSM system is formulated according to the original PMSM
system. Then, we can construct the parallel controller using
the backstepping control technique.

(3) The simulation study, including tracking control of the
time-invariant reference signal and time-varying reference
signal, demonstrates the effectiveness of the proposed parallel
controller in multiple tracking control scenarios.

This paper is arranged as follows. Section II presents a brief
description of PMSM and formulates the tracking control
target for PMSMs. Section III introduces a parallel controller
for PMSMs based on the backstepping control technique with
theoretical analysis. Section IV conducts a numerical study for
tracking control of PMSM, including tracking time-invariant
reference speed signal and time-varying reference speed
signal. Section V gives the conclusion of this paper.
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II. PROBLEM STATEMENT

In this section, the PMSM system and the parallel control
based tracking target are introduced briefly.

A. Permanent Magnet Synchronous Motor

PMSMs are widely deployed in driving devices in order to
achieve higher operating efficiency and better speed
regulation performance. In terms of the control of PMSMs,
field-oriented control (FOC), proposed in 1972 [19], is a
widely used vector control strategy. In FOC, the rotor phase is
transferred to a two-phase a-8 system by Clark transform, and
then rotated to d-g coordinate system by Park transform.
Assuming that the PMSM is with smooth air gap (the stator
self-inductance values in quadrature axis and direct axis are
equal), the system dynamics of the PMSM can be described by

dwp, B +3pt//f. T,

——=—=uw Ig——,

dt Jom 2y

diy R . . 1

T —Z1d+pa)mzq+ 7 > 1)
di 4% . R, 1

@ ST L Wm Pmia = Tt Tl

where state wp, is mechanical rotor speed, B is the viscous
friction coefficient, p is the number of pole pairs, R is the
stator resistance, states iy and i, are the d-axis and g-axis
currents, control inputs u4 and u, are the d-axis and g-axis
voltages, L is the inductance, y; is armature flux linkage due
to rotor magnets, J is the moment of inertia, and 77, is the load
torque, respectively.

In classical FOC problems, to maintain the maximum torque
with a given stator current, it is common to set the ideal
current iy value to i, =0, that is, the problem of iz =0. This
makes the flux constant help to decouple and simplify the
PMSM dynamics, which is also employed in this paper.

B. Parallel Control Based Tracking Control Target for PMSM

Based on the PMSM system in Eq. (1), this section presents
the tracking control target of PMSM using parallel control.

In the beginning, we give a brief introduction to parallel
control. Consider a dynamical system

o dx B
Xx= i f(x,u) )

where x € R" is the state, u € R™ is the control, and f(x,u) is
the system dynamics, respectively. Clearly, the PMSM system
in Eq. (1) is an instance of the dynamical system in Eq. (2) by
letting x = [wm,id,iq]T eR¥and u= [ud,uq]T €eR2. In general,
a commonly used state feedback controller can be formulated
as follows

u=k(x) 3)

where k(x) is a control law to be designed.
Parallel control is different from the control law in Eq. (3),
and it seeks to obtain a dynamic parallel controller

i =K(x,u) 4)

with K(x,u) being dynamic control law by introducing the
control input into the feedback system. Therefore, the basic
framework of parallel control is shown in Fig. 1.

X = flx,u) |

v

X X
Parallel management

Parallel C(I)ntrol
v v

u u
it = K(x,u) ) >

Figure 1 Framework of parallel control.

In the tracking control problem of PMSMs, the reference
signal is necessary

P = f(ruy) )
where r is the desired signal of the states, and u, is the desired
signal of the control inputs. Sometimes, tracking signals can
be further simplified, that is, simply give a desired signal of
mechanical rotor speed w,.

Therefore, the tracking control target of PMSM using
parallel control is to derive the dynamical parallel controller in
Eq. (4), allowing the PMSM system in Eq. (1) to track the
reference signal 7 = f(r,u,) or w,.

III. BACKSTEPPING CONTROL OF PMSM USING PARALLEL
CONTROL

This section introduces parallel control based backstepping
control of PMSM in detail, including an augmented PMSM
system and the detailed steps of the derivation of our parallel
controller.

A. Augmented PMSM System

To derive the dynamical parallel controller in Eq. (4), this
section presents the formulation of the augmented PMSM
system. Inspired by our pevious work [2], we define the
following virtual control inputs

duy
Vd = —7—»
dr ©)
B duy
YT gy

Subsequently, the following augmented PMSM system can
be obtained

dom B 3pyy.  TL

K AV

diy R 1

E = —Zld+p0.)mlq + Zud,

% = —#wm — PWmig — Izeiq + %uq, (7
dud
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e

This concludes the formulation of the augmented PMSM
system. Now, we seek to obtain the following controller
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{ Va = Tg(Wm,1d, g, Ud, Ug), 3
Vg =T (Wm,id,1g,Ud,Ug) ®)

q = Tg q q
with m4(-) and m,(-) being dynamic control laws to achieve the
tracking control of the PMSM system in Eq. (1).

Remark 1 Based on the augmented PMSM system in Eq.
(7), we transform the control inputs ug and u, of the original
PMSM system in Eq. (1) into states of the augmented PMSM
system. At the same time, the new control inputs of the
augmented PMSM system are v4 and v4. At this point, it is
possible to design a parallel controller for the original PMSM
system based on the existing state feedback approaches.

Remark 2 From the state feedback control perspective, in
the parallel controller in Eq. (4), the control input u is
considered as the state, which is different from the pure state
feedback controller in Eq. (3). As a consequence, the control
function K(-) is the memory function of x, which is in
accordance with dynamic feedback control. Besides, to
achieve the parallel controller, the augmented PMSM system
introduces virtual control inputs v4 and v, (derivatives of real
control inputs uyz and u,), which is the major difference
between the original PMSM system and the augmented
PMSM system. Since the control inputs are introduced into
the state, the initial control inputs under the parallel controller
can be set arbitrarily, which is impossible with pure state
feedback control. This feature is important for systems where
the control inputs cannot be changed quickly (e.g., mechanical
systems with large inertia).

B. Design and Analysis for Parallel Controller

Noting that the reference signal in Eq. (4) is commonly used
in optimal control to formulate the performance index, we
adopt w, as the reference signal in this paper. Based on the
augmented PMSM system, we develop a parallel controller
using the backstepping technique in this section. First, the
following tracking error is defined

ey = Wy — Wy O]
Choose the following Lyapunov function
1,

Vo = >%w (10)
Taking derivative along time yields
Vip = ey =
ew (Wm—w,) = (11
ew (—Ewm + %iq L —d)r)
J 2J J
By choosing
. . 2J (B . .
lq=lq=%(7wm+7+wr—kw€w) (12)

with k, > 0, we can obtain V,, <0. The desired current in d-
axis is chosen as iy = i, = 0.

Then, consider the current tracking errors of d-g system and
take the following Lyapunov function into consideration

(13)

where €4 =iq—1i; and e;q =i, —i,. Taking derivative along
time yields

Ve =ewéo teigéiateigéiqg=

B 3py o To
ew(—jwm+7f(ei,q+lq>—7—w, +

R. o1
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and
Ug = ufl

Y

P R, 3p (16)
L(Twm + pWmiq + Zlq +i, —kigeiq— i ew)

2J
with k; ¢ > 0 and k;, > 0, and then we can obtain V. <0.

Similar to Eq. (13), consider the following Lyapunov
function

1 1 1 1 1
by by 1y 1y 1y
Vo= 26w+2‘3i,d+Zei,q+zeu,d+2€u,q 17
where e, 4 = ug—u; and e, 4 =uq—u(’;.

Taking derivative along time, we have

Vp =eué,+ ei,déi,d + ei,qéi,q + eu,déu,d + eu,qéu,q =

1 1
2 2 2
—kye,, — k,"dei’d - ki’qei’q +—ejgeyd+ —eigluqt

I I (18)
eud (vd - uZ) +euq (vq - u;)
Similarly, by taking
1 ,
Vd = =7 eid= kyqeuq + 1t (19)
and
1 .
Vg ==yl kygeuq+ u; (20)
with k.4 > 0 and k, 4 > 0, we can obtain
Vo = —kwes, —kiael = kiger, —kuacy g —kugeny, <0 (21)

Therefore, we can obtain that the augmented PMSM system
in Eq. (7) is asymptotically stable. Consequently, according to
Lemma 1 in Ref. [2], the closed-loop form of the PMSM
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system in Eq. (1) is asymptotically stable under parallel
controllers in Egs. (19) and (20).

IV. NUMERICAL STUDY

This section conducts a numerical study for tracking control
of the PMSM system in Eq. (1) under our parallel controller to
demonstrate the effectiveness of the parallel controller,
including tracking a time-invariant reference speed signal and
a time-varying reference speed signal. In the numerical study,
the parameters of the PMSM system in Eq. (1) are shown in
Table 1.

Table 1 PMSM parameter.

Parameter Value
R 2.46 Q
L 6.35x103 H
Ve 0.175 Vs
P 4
J 1.02x1073 kg-m?
B 1x1074
T, 0N'm

Case I: Time-invariant reference speed signal. In this
case, the reference speed signal is chosen as w, = 1000 r/min.
The control parameters are k, =500, k;4 =1000, k;, =10,
kyg=1x 106, and k4 =1X 10°. The control constraints are
[ugl < umax and |ug| < Umax, wWhere umax =100. Then, by
implementing the proposed parallel controller, the results
under the proposed parallel controller are shown in Figs. 2—6,
where Figs. 2-4 display the trajectories of the states of
PMSM, i.e., wm, ig, and iy, and Figs. 5 and 6 present the
trajectories of the control inputs uy and u,. It can be seen
from Figs. 2—6 that our parallel controller effectively enables
the PMSM in Eq. (1) to track the reference signal w, = 1000
r/min.

1200
1000 | = == A\~ =
800 |
)
g 600 -
£
3
400
200 - —— Actual speed signal
- - - Reference speed signal
0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 2 Mechanical rotor speed wp of case L.

Case II: Time-varying reference speed signal. In this
case, a time-varying reference signal is adopted to test the
proposed parallel controller. The reference speed signal is
chosen as follows
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Figure 3 iy of case L.

25

20 +

15+

10 {

i, (A)

710 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05
Time (s)
Figure 4 i, of case I.
40
20
0
e
¥ 20
—40
760 n n n L
0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 5 uy of case 1.
_J 20,000¢ r/min, t€[0.00,0.05);
“r=1 1000 r/min, te[0.05,1.00]

The selection of control parameters is the same as in case 1.
Similar to case I, after implementing the proposed parallel
controller, the results under the proposed parallel controller
are shown in Figs. 7-11, where Figs. 7-9 present the
trajectories of the states of PMSM, namely, wn, iy, and i,
and Figs. 10 and 11 give the trajectories of the control inputs
ug and u,. Based on the control results, we can obtain that the
proposed parallel controller is effective in a more complex
tracking and control task, that is, tracking control of the time-
varying reference signal in Eq. (22).

(22)
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Figure 8 iy of case II.

V. CONCLUSION

In this paper, a novel parallel controller was designed for
PMSMs via the backstepping control technique. First, an
augmented PMSM system was introduced. Second, the
detailed steps of obtaining the parallel controller were given
via the backstepping control technique, and the stability
analysis was provided. It was shown that the closed-loop
PMSM system is asymptotically stable under the tracking
control scenarios. Finally, we verified the proposed parallel
controller under both time-invariant reference signals and
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time-varying reference signals. The simulation results
demonstrated that the proposed parallel controller effectively
enables PMSM to track the given reference signals. Based on
the framework of parallel control, the following topics will be
studied in the future. First, study parallel controllers for cases
with the time-varying load torque 71.. Second, investigate
parallel controllers in the case of the unknown PMSM model.
Third, conduct the experimental verification for the parallel
controller and provide a comparative study of parallel and

non-parallel controllers.
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