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Abstract: The second-order sliding mode control has strong robustness. Its application has greatly
improved the anti-jamming ability of permanent magnet synchronous motor(PMSM) speed control
systems. However, the influence of noise is unavoidable due to the introduction of a differentiator in
the second-order sliding mode control, and the steady-state performance of the system is poor due
to the absence of a g-axis current loop. This paper proposes a second-order sliding mode control
method based on singular perturbation, which decouples the PMSM speed control system into two
subsystems, the slow subsystem, including the speed variable, adopts second-order sliding mode
control, and the fast subsystem, including the current variable of g-axis, adopts linear control. The
design of a sliding surface for the slow subsystem avoids the application of the differentiator, which
reduces the chattering better. Besides this, the steady-state performance of the system is improved
due to the introduction of the feedback current of the g-axis. Experimental results show that the
proposed method has strong robustness and can achieve high-precision control.

second-order sliding mode control;

Keywords: permanent magnet synchronous motor;

singular perturbation

1. Introduction

A permanent magnet synchronous motor (PMSM) has the advantages of high oper-
ating efficiency, high power density, and high starting torque. They are widely used in
modern industrial fields and are of great significance for improving the efficiency of electric
energy utilization and achieving energy saving and emission reduction [1]. However, the
PMSM system is a multi-variable, strongly coupled, and nonlinear system. There are many
challenges in the design of its control system. In order to achieve efficient control of PMSM,
many control algorithms have been proposed and applied to the control of PMSM, such as
proportional integral (PI) control based on fractional order [2], intelligent PI control [3,4],
model Predictive control [5], adaptive control [6], and sliding mode control (SMC) [7],
etc. Applying sliding mode control, only the parameters of the controlled system and the
change interval of system disturbances need to be determined. The control law is designed
to make the system operate on a sliding surface to obtain a good control effect. The control
algorithm has strong robustness, fast dynamic response, and easy implementation. There-
fore, the study of the application of sliding mode control in the PMSM speed control system
has great significance.

The American scholar K.D. Young studied the impact of chattering on the system
in the practical application of sliding mode control and proposed several methods that
can be applied to the practical system to reduce the chattering [7]. Wang et al. [8] present
a new integral sliding mode control method for fuzzy stochastic systems subjected to
matched /mismatched uncertainties. A novel fuzzy integral sliding manifold function is
adopted such that the matched uncertainties are completely rejected while the mismatched
ones will not be enlarged during the sliding mode phase. A fuzzy sliding mode controller is
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further presented to maintain the states of the fuzzy stochastic system onto the predefined
fuzzy manifold in the presence of uncertainties. In [9], a new sliding mode control design
methodology for fuzzy singularly perturbed systems subject to matched /unmatched uncer-
tainties is presented. A novel integral-type fuzzy switching surface function is put forward.
A modified adaptive fuzzy SMC law is further constructed for adapting the unknown
upper bound of the matched uncertainty.

In [10], The term terminal switch gain is added to the law of exponential approxi-
mation, and the saturation function replaces the traditional switch function. In [11], A
discrete-time fractional-order variable structure terminal sliding mode linear motor speed
controller is designed by combining fractional order control and sliding mode control, and
the dynamic performance of the motor speed has been improved. In [12], by combining
the backstepping control and the sliding mode control, the fault-tolerant control of the
manipulator will have the advantages of strong robustness, fast transient response, and
limited convergence time. Furthermore, it has an asymptotically stable backstepping con-
trol Strategy globally. In [13], in order to optimize the dynamic performance of the PMSM
nonlinear speed regulation system, a new reaching law is designed, and the problem of
large chattering caused by high switching gain is considered. An extended state observer is
introduced to observe the total disturbance, and a feedforward compensation is used when
the disturbance is observed. In [14], a sliding mode controller based on model reference
adaptive control (MRAC) is proposed for PMSM systems. This strategy can reduce the
complexity of MRAC identification so that the response of the PMSM system is consistent
with the reference model to reduce the influence of uncertain system parameters and load
disturbance. In [15], a sliding mode observer is used in the control algorithm of posi-
tion sensorless for PMSM, which can reduce the estimation error of position in a wider
speed range and has higher accuracy. In [16], a robust model-free nonsingular terminal
sliding-mode control based on the super-local model is proposed to reduce the influence of
demagnetization of PMSM. It not only maintains the robustness of the PMSM drive system
but also improves the system’s dynamic response, reduces the dependence of controller
design for accurate models, and has the function of fault tolerance and demagnetization.
In [17], by the Lyapunov function, a second-order sliding mode control system is designed
to realize the speed control of the PMSM, which greatly improves the control system’s
dynamic performance and parameter robustness.

In [18], a synchronous reluctance motor vector controller based on second-order sliding
mode control is built. It is suitable when the mechanical load often changes. In [19], a first-
order and second-order hybrid sliding mode control system is proposed for the chattering
phenomenon of the PMSM servo drive system, and the parameters of the hybrid sliding
mode control system are tuned by using fuzzy logic inference system. It not only improves
the accuracy of the system’s parameters in practical applications but also enhances the anti-
disturbance capability of the system. In [20], a second-order sliding mode control strategy
based on multiple inputs and outputs is proposed for the common parameter uncertain and
large load disturbance in practical applications, which can make the controller converge
and achieve the desired control effect in the conditions of parameters uncertain and output
coupling. In [21], a compound control strategy is achieved for chatter-free speed regulation
by approximating the relationship between g-axis reference current and speed as a second-
order model and using a continuous sliding mode controller. It introduces a disturbance
observer as a compensator to reduce the influence of disturbance and get a good control
effect. In [22], a discrete-time super-twisting sliding mode (DTSTSM) current controller for
switched reluctance motors is proposed. The method uses a cost function that allows the
controller’s gain to be adjusted online according to the rotor speed. The application of the
proposed method does not require knowledge of motor parameters, and the method also
uses a pulse-width modulation technique to ensure a fixed switching frequency. In [23], a
model-free control using improved smoothing extended state observer and super-twisting
nonlinear sliding mode control for PMSM drives is proposed. The proposed method uses
an improved smoothing extended state observer to estimate the unknown parameters
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of the motor model. The nonlinear sliding mode surface is designed, can overcome the
disadvantages of conventional linear sliding mode surface. Meanwhile, a super twist
structure is chosen to improve the system’s robustness. In [24], a hermit neural network-
based second-order sliding-mode control of synchronous reluctance motor drive systems
is proposed. The controller consists of a compound speed control loop and a compound
current control loop. The designed controller achieves tracking control of rotor angular
speed and compensates for disturbances and errors.

The classic super-twisting algorithm-based second-order sliding-mode controller is
challenging to design. Six parameters need to be confirmed, and they are related to the
uncertainty bound of the system. If considering limiting the output signal, it will change the
parameter values. Moreover, its stability analysis is complex. In order to avoid the design
of complex robust differentiators, a second-order sliding mode control strategy for PMSM
based on a super-twisting algorithm is proposed. This controller decomposes the system
into two reduced-order subsystems by singular ingestion, designs independent controllers
respectively, and obtains the final controller after superimposing the two controllers. In
this controller, only four parameters need to be considered, further simplifying the design
process of the second-order sliding mode control. High-frequency noise generation can be
avoided due to the omission of the robust differentiator. Their stability is determined by
having negative real parts for all the eigenvalues of the state variable coefficient matrices
in both subsystems, and the stability of both subsystems ensures the stability of the entire
control system.

The main contributions of this article can be summarized as follows.

(1) A new second-order sliding mode control strategy for PMSM based on a super-
twisting algorithm is proposed. The proposed controller requires fewer parameters to
be determined, presenting a simple design structure and excellent performance.

(2) The adopted singular regimens theory decomposes the speed control link into fast and
slow subsystems for control. The stability analysis is determined by the eigenvalues
of the state variable coefficient matrices in the two subsystems.

(3) The control performance is compared with the conventional second-order superhelix
sliding mode controller, showing better dynamic and static performance.

2. Mathematical Model of PMSM

The mathematical model of PMSM in the d-q coordinate system. The voltage state
equation of PMSM in the d-q coordinate system is shown below.

. d
{ g = Reig + Pt — wepy )

. d
ug = Rsig + % + welPy

In (1), Rs, ug, tq, 14, iq, Pd, Pq are the stator resistance, stator voltage, stator current,
and stator flux linkage in the d-q coordinate system, respectively.
The stator flux linkage equation of PMSM is written as:

$a = Laiq + ¢ (

) 2)
{ ¥g = Lqtq

In (2), Ly and Lq are the inductance components of the d-q axes, respectively. ¥y is the

permanent magnet flux linkage.
The electromagnetic torque equation of PMSM can be expressed as:

Te = gpn(#’f + (La — Lq)ia)iq ®)

In (3), pn is the pole pairs.
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When the motor is a Permanent Surface Magnet Synchronous Motor (SPMSM), L4 =
Lq = L. Equation (3) can be transformed as:

3 .
Te = Epnll’flq 4)

3. Second-Order Sliding Mode Control

This paper takes iy = 0 control strategy. iy can be omitted. Since a hidden pole
permanent magnet synchronous motor is selected in this paper. So there is no reluctance
torque. The state equation of PMSM can be simplified as follows:

Z;‘i’ = 13pu? iy — puTL — Bawy] 5
1 .
T = & (—Reiq + up)

In order to simplify the calculation of the derivatives of the sliding surface, the items
in (5) are replaced with other symbols, and the following formula is obtained:

561 = k1x1 + kzXz + k3 (6)
Xo = kyxo + ksu
In (6), x1 = wy, X = iq, u = uq, k = =B/], ko = 3p%lpfiq/],k3 = —pnlL/] ks =

—Rsiq/Lq,ks = 1/Lg. Take the given desired speed as wy, the speed error is e = wy — wy,
take the sliding surface as s = c1e + c2¢, c; > 0 and ¢ > 0, the system convergence speed
can speed up by increasing the value. Since these two coefficients reflect the speed and the
acceleration of the speed about the weight of the distance error of the sliding surface when
selecting the values, it is necessary to follow a suitable ratio to ensure that both the speed
and the acceleration of the speed have the influence on the sliding surface. If one of them is
too large or too small, other items’” influence on the sliding surface’s distance error is not
annihilated or has an absolute effect.
Expand the sliding surface s and s, s, can get:

s =ci(x1 —x}) + (¥ — %) . %
= (c1 + c2k1)x1 + c2koxo — Cle — Coxq + coks
s = (c1k1 + Czk%))q + (c1kg 4 cokrka + cokoky)x
+cokoksu + (c1 + cokq )k — Cljci — CzjéiK

®)

Take k¢ = c1ky + cok? k; = c1ko + cokika + cokoks, the above formula (8) can be
equivalent to:
§ = kgx1 + kyxa + cokoksu + (c1 + cokq ) k3
—c1%] — ¥

©)

s = kek1x1 + (keko + kyky)xa + keks + kyksu

. . 1
—clx]k — 02 X7 + cokoksu (10)

Take ¢ = kekix1 + (keko + kyky)xo + keks + kyksu — Clkiﬁ — Cz'jc.T, v = cokoks, the
above formula (10) can be equivalent to:

S=¢@+yu (11)

Assuming —A < ¢ < A,A > 0,0 < By, < 7 < By, let v = 1, the problem of
second-order sliding mode control can be equivalent to the finite-time stability problem of
the nonlinear system shown as follows:

n=s
=¥ (12)
Yo =¢+0
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The u consists of two parts:

U =1uy+ Uy
Uy = —m1|s|%sgn(s) (13)
Uy = —mpsgn(s)

when m; and m; satisfy the following formula, the system will converge.

2 4ABM(HZ2+A)
M2 T - A) (14)
my > BA;n

Since the variable of the sliding mode surface designed in this paper contains the first
derivative of the speed, it cannot be directly measured. If it is obtained by directly taking
the derivative of the speed, the result will be distorted due to the high-frequency noise
contained in the speed, and the high-frequency noise needs to be removed, but if a low-pass
filter filters out the high-frequency noise, it will bring about the problem of phase lag.
Therefore, it is necessary to design a differential observer to measure the acceleration of the
speed. At present, the common differential observers are not sensitive to high-frequency
signals and consider them noise. However, in the process of removing noise, it is difficult to
avoid that the non-noise signal is not affected, and it will also be filtered out. It is necessary
to use the sliding mode algorithm to design the differential observer when the compositions
of a given signal are uncertain. The traditional sliding mode observer has the problem of
chattering. In order to overcome the problem and make the differential observer strong
robustness, this paper adopts a robust differentiator of the second-order sliding mode
based on the super-twisting algorithm. The schematic diagram is shown in Figure 1:

wW— + z
> sgn(+) —k, 1/s —>
Z

1/s

Figure 1. Schematic diagram of the robust differentiator.
Take the sliding mode surface of the robust differentiator:
S =2z— Wy (15)

In (15), z is the observed speed, w; is the actual speed. Using the control law shown in
(13), taking z(0) = w,(0) = 0, selecting the control parameters according to equation (14),
finally the system can converge. u = z is the observed acceleration.

The schematic diagram of the second-order sliding mode control system is shown in
Figure 2:
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Figure 2. Schematic diagram of second-order sliding mode control of PMSM.

For the second-order sliding mode control of PMSM,, it is still necessary to design a
robust differentiator to obtain the derivative estimation of the speed when super-twisting
control with the least information is used. In order to further simplify the design and
avoid the high-frequency noise caused by the application of the differentiator, the system is
decomposed into two reduced-order subsystems by means of singular perturbation, and
independent controllers are designed for the two subsystems, the control laws of the two
controllers are added together to obtain a composite control, which further simplifies the
design of the second-order sliding mode control and reduces the high-frequency noise
caused by the differentiator:

4. Second-Order Sliding Mode Control Based on Singular Perturbation

The PMSM servo system is multi-variable, and the time for variables of different time
scales to reach stability varies greatly. When solving the differential equation of state and
the selected sampling step size is larger, it will cause a larger error due to the rapid change
of the fast variable. Therefore, a smaller sampling step must be adopted. This characteristic
is called rigidity. When the ratio of rigidity is much greater than 1, the differential equation
is called an ill-posed equation. The singular perturbation method can solve the rigidity
problem well caused by the multiple time scales. By decomposing the original system
into fast and slow subsystems and designing two controllers respectively, the problem of
rigidity is solved approximately, and the controller design of the reduced-order system
is easier.

In order to simplify the design of the second-order sliding mode control of the PMSM
and avoid the influence of high-frequency noise caused by the robust differentiator, the
original system is decomposed and reduced order by using the method of singular pertur-
bation, which removes the speed differential term in the design of the sliding surface and
simplifies the design of the sliding surface and avoids the influence of high-frequency noise
caused by the robust differentiator. In order to obtain the fast and slow subsystems, the
system state equation in (5) is decomposed according to the theory of singular perturbation,
and then the controllers are designed, respectively.

4.1. Decoupling of Fast and Slow Subsystems

Transform formula (5) into the system state equation in the form of singular perturba-
tion. Take and get the following formula:

{ af’ - %[%Pnzlpfiq — puTL — Bawy] (16)

eig = —Rsig + U
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Further decoupling Equation (16), let ¢ — 0, i; can be replaced by g-axis stator voltage
of slow subsystem, and get the slow subsystem as follows:

. 1.3 u
Wyrs = Y[EPnzlpri: - PnTL - Bwrs} (17)
In (17), wys is the rotor speed of slow subsystem.

When the fast subsystem changes, it is considered that the slow subsystem variables

remain unchanged. The state equation of the fast subsystem can be obtained:

Siqf = _Rsiqf -+ uqf (18)

In (18), iy is the g-axis stator current of the fast subsystem. u,r is the g-axis stator
voltage of the fast subsystem.

For the speed control system of PMSM, the given expected signal is the speed for the
g-axis. The actual speed is hoped to be consistent with the expected speed. Therefore, for
the slow subsystem that only contains the speed variable, the sliding surface is designed
as follows:

s = c1(wrs — w;™) (19)

Let —B=ky, —PnT;=k 5, 3p$llpf/2R5] =k}, ugs = u can get s and s:
§ = Qs — W, = c1kjwys + c1ky + c1ksu — ¢, (20)

s = Cld)ys — Cl(;Jr* = Clkllz(d + Clkllk/Z

+c1kikhu — e, + ek 1)

Let clk’lzw + c1ki kK + cikkhu — 10" = @, |9 < 5,6 >0

Using the super-twisting control algorithm and selecting the parameters of the super-
twisting control law according to the method in (14), the system can be stabilized and
converge in a limited time, finally s = s = 0.

4.2. The Design of Fast Subsystem Control Law

The state variables of the fast subsystem shown in (18) do not have the expected output
variables, so it only needs to be stable within a limited time for the fast subsystem. Since
the state variable iy of the fast subsystem is not measurable, the design of the control law
for the fast subsystem is a linear control law:

uqf = —ka = —kiqf (22)

In (22), k > 0, put Equation (22) into Equation (18), the following equation can
be obtained: Rk
: + K.
qu = —( S€ )qu (23)
Because —(Rs + k) /e < 0 and all of the eigenvalues of the fast system have negative
real parts. The fast system is stable.

4.3. Compound Control
Add the control law of the fast subsystem and the slow subsystem, can obtain a
compound control law:
Ug = Ugs + Ugs (24)
For the PMSM servo system, the control laws of the slow subsystem and the fast
subsystem are as follows:

lgs = —k1.|s|1/2sgn('s) — J kasgn(s) (25)
uqf = 7quf = *k(lq - 1qs)
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The slow-varying equation of current in (25) obtained by ¢ — 0 is transformed into
the equation of 145, Equation (25) can be equivalent to:

Ugs = —k1|s|1/25gn(s) - szsgn(s)
igs

. 26
ugp = —k(ig — R—s) (26)

The schematic diagram of the second-order sliding mode control of the PMSM servo
system based on the theory of singular perturbation is shown in Figure 3.

Slow u
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+ subsystem
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Figure 3. Schematic diagram of second-order sliding mode control of PMSM based on singular
perturbation theory.

5. Experimental Verification
5.1. Experiment Platform
A PMSM experimental traction platform was built for verification. The schematic
diagram of the experimental traction platform is shown in Figure 4, and the physical
diagram of the traction experimental platform is shown in Figure 5. The power level of
the PMSM is 1.5 kW. The parameters of the motor are shown in Table 1. The sampling
- I“Z_l L

frequency is set to 10 kHz.
Magentic
it Yy J ] Powder
e [J:—_l J;Y‘ brake
L —

Current limiting resistor H

“o = L

A 4

A 4

H-H

Y

Voltage Protection and
sensor Drive of IGBT

II PWM pulse

The controller of PMSM

Current sensor I Encoder I | controller |

Figure 4. Structure of the PMSM traction experiment platform.
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Encoder PMSM Magnetic powder brake

Figure 5. Experiment platform of PMSM. (a) controllers and the main circuits. (b) permanent magnet
synchronous motor.

Table 1. Experiment platform PMSM parameters.

System Parameter Note Value
Rated speed N 2000 r/min
Rated voltage Uge 311V
Pole-pairs number 1p 4
Stator resistance Rq 1.344 O)
D-axis inductance Ly 4.838 mH
Q-axis inductance Lg 4.838 mH
Flux linkage Pr 0.267 Wb
Rated power P 1.5 kw

The experimental platform is mainly composed of three parts: the control circuit,
the drive circuit, the motor, and the load device. The control circuit includes DSP, FPGA,
and AD and DA chips. The model of the DSP used in the experiment is TMS320F28335.
Because this model of DSP cannot meet the sampling frequency requirements of the encoder
output signal, the PS21765 of the FPGA model is used as the auxiliary controller to decode
the encoder signal and output the rotor position information to DSP. DSP as the core
controller is responsible for executing the core algorithm and generating driving signals.
The drive circuit is composed of a three-phase AC power supply, uncontrolled rectifier
bridge, inverter, voltage, and current sensors. The AC power is converted to DC power by
a rectifier, and the voltage and frequency of AC power are variable by means of the inverter.
The load device controls the load by a magnetic powder brake.

5.2. Second-Order Sliding Mode Control

The key parameters of the SOSMC strategy are shown in Table 2. When the PMSM
starts without load, the experimental result of the speed changes is shown in Figure 6 and
Table 4. The motor starts with load, the speed is ramped to 500 r/min and keeps stable
after 0.1 s, then the speed is reduced to 50 r/min and stabilizes after about 0.09 s. When the
speed changes, the actual speed can quickly track the given value with almost no overshoot.
The current value of the d-axis is zero, and the current value of the g-axis fluctuates slightly
and quickly returns to a stable value when the speed changes. However, the current of the
d-q axis has more harmonic noise components.

Table 2. The key parameters of the SOSMC strategy.

System Parameters 1 c my my k1 ky

Symbol 150 1 1 600 8000 400
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Figure 6. Experimental results of motor speed variation under second-order sliding mode
control strategy.

When the load changes suddenly, the experimental results of PMSM based on the
second-order sliding mode control strategy are shown in Figure 7 and Table 4. The motor
starts with a load of 5 N-m. The given speed is 100 r/min and stabilizes after 0.01 s. The
load is added to 10 N-m at 0.6 s, and all of the loads are removed at 1.2 s. In Figure 7, it can
be found that the speed of the motor changes slightly when the load is suddenly added,
and the load is reduced. In the whole process, the d-axis current always remains at zero,
and the g-axis current changes slightly and quickly stabilize when the load changes. But
the current of the d-q axis has more harmonic noise components.

speed

e " L bl hu.;... A

Ladbi i L b

Loa i

7
[Dypwnivassd - 5N-m %—10N~m—T o

: T—10N~m —=0N'm

S

d-axis curren:

[ s s Y W
q-axis current/

0 02 04 06 08 10 12 14 16
£ (0.2s/div)

n (100(r/min)/div) 7 (6A/div)

Figure 7. Experimental results of motor load variation under second-order sliding mode

control strategy.

5.3. Second-Order Sliding Mode Control Based on Singular Perturbation

The key parameters of the SOSMC based on a singular perturbation strategy are
shown in Table 3. When the speed changes, the experimental results of PMSM based on
the singularly perturbed second-order sliding mode control strategy are shown in Figure 8
and Table 4. The motor starts with a load of 5 N-m, the speed is ramped to 500 r/min and
stabilizes after 0.1 s, then the speed is reduced to 50 r/min and stabilizes after about 0.09 s.
When the desired speed changes, the actual speed can quickly track the given value with
almost no overshoot. The d-axis current is almost no fluctuation and always remains at
zero. The g-axis current fluctuates slightly and quickly returns to a stable value when the
speed changes. The process of the entire transition was smooth.
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Table 3. The key parameters of the SOSMC based on singular perturbation strategy.

System Parameters c kq ko k
Symbol 10 0.5 100 180
[ S | speed

n (100(r/min)/div) I (6A/div)

B BB

/ d-axis current
fratorptpe st : \

NSO TR Ea |
-~ q-axis current; :
0 0.2 04 08 1.0 12 14 1.6
t (0.2s/div)

Figure 8. Experimental results of motor speed variation based on second-order sliding mode control

with singular perturbation.

Table 4. PMSM system performance.

Result SOSMC SOSMC Based on Singular
Perturbation

Response Time (Accelerate) 0.1 0.1
Response Time (Deceleration) 0.09 0.09
Responsel0 N-m) 0.04 0.02
Response5 N-m) 0.04 0.02
Speed10 N-m) 30 20
Speed5 N-m) 90 40
i (A) 2.4 1.2

When the load changes suddenly, the experimental results of PMSM based on the
singularly perturbed second-order sliding mode control strategy are shown in Figure 9.
The motor starts with a load of 5 N-m. The speed is ramped to 500 r/min and keeps stable,
then the load is added to 10 N-m, and the load is removed after it stabilizes again. In
Figure 9 and Table 4, it can be found that when the load is added, or the load is suddenly
reduced, the motor speed changes almost slightly and quickly returns to the given value.
In the whole process, the d-axis current has almost no fluctuations and remains at zero. The
g-axis current changes slightly and stabilizes in a very short time when the load changes. It
shows that the system has strong robustness and good anti-load disturbance ability based

on this strategy.
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Figure 9. Experimental results of motor load variation based on singular perturbation second-order
sliding mode control strategy.

6. Conclusions

This study proposes a second-order sliding-mode controller based on singular per-
turbation based on second-order sliding-mode control. The method is applied to motor
control, solving the jitter problem in conventional sliding mode control and simplifying the
controller design process compared to second-order superhelix sliding mode control.

The design of the sliding surface is simplified by decomposing the original system
down to a lower order using the singular ingestion method. In addition, the design of the
robust differentiator is optimized, thereby eliminating high-frequency noise. Experimental
results show that the proposed method outperforms the second-order sliding mode control
in terms of robustness in the face of sudden load addition and reduction and steady-state
performance in steady operation. This demonstrates the excellent dynamic steady-state
performance of the proposed method while simplifying the controller design.
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