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Abstract

Article Info

One of the most popular motors for precise control applications, such as electric vehicles, is the
permanent magnet synchronous motor (PMSM). Under harsh conditions, PMSM and its drives are
expected to provide robust control response against internal and external disturbances. Conventional
controllers used in the vector control method have difficulty providing superior control responses
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. due to the nonlinear structure of the PMSM. Although sliding mode control is a good control
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method to fulfill these control requirements, it has a chattering effect due to high-speed switching
phenomenon. To reduce this effect and to obtain a better dynamic response, super-twisting sliding
mode control (ST-SMC) is one of the control method candidates. In the classical ST-SMC control
method, since the sliding surface consists of error or error-integral of the error, the finite time
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convergence to the equilibrium point is not fast enough. In this study, a new nonlinear sliding
surface is designed in the ST-SMC controller for speed control of PMSM. In addition, equivalent
control terms and an error-dependent exponential term are added to the control input to speed up the
output response. In this way, the ST-SMC algorithm is experimentally applied to control the speed
of the PMSM under harsh operating conditions with reduced chattering, shortened convergence
time, and increased robustness against internal and external disturbances. The experimental
implementation of the designed controller is carried out on a 400 W PMSM motor test setup. The
superiority of the proposed control algorithm is comparatively demonstrated under operating
conditions such as step speed reference and load torque.

Permanent Magnet Synchronous Motor
Super Twisting Method

Sliding Mode Control

Robust Control

1. Introduction

The environment, exposed to greenhouse gas
emissions from past to present, continues to be
increasingly polluted. This is why there is an increasing
interest in electric vehicles, which are becoming more and
more commonplace and accelerating quickly [1-4]. Electric
vehicles can contribute significantly to the reduction of
greenhouse gas due to their zero emissions, superior
efficiency and other energy-saving capacities compared to
internal combustion engines (ICE). In addition to these
positive aspects of electric vehicles, driving comfort also
seems to cause people to prefer them more. The motor is
one of the most important components of electric vehicle
drive system, which determines the high dynamic
performance of the vehicle. Since they are small and
highly efficient, permanent magnet synchronous machines,
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or PMSMs, are frequently utilized in industrial settings,
including electric cars and lifts [5,6]. Because PMSMs are
widely used in commercial and industrial applications,
precise knowledge of the machine's specifications is
essential for dependable, high-performance control.
Field-oriented vector control method maintains its
place as the most important method shaping the driving
comfort of electric vehicles. When choosing an electric
vehicle, drivers give significant priority to driving
performance. The physical state of the road and the volume
of traffic are two examples of the conditions in which
driving performance is evaluated [7]. Maneuvers like stop-
and-go, abrupt acceleration, and quick stops are the best
ways to assess driving performance in these difficult
circumstances. PMSM and its drives are projected to
exhibit improved dynamic response and robust control
response to disturbances under these test settings [8].
Conventional controller used in the vector control method
makes it difficult to fulfill the superior control
requirements of PMSM due to its multivariable structure,
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strong coupling and nonlinear structure [9]. Within the
PMSM drive speed loop, PI controllers are among the most
used techniques [10]. Pole-zero cancellation method with
linear control theory allows speed to be regulated in the
transfer function without permanent error [11]. With
regard to this method, pole-zero cancellation depends on
the accuracy of the motor model. In cases where precise
control is required, the motor will be subject to two-way
disturbances. Internal disturbances resulting from motor
parameter ambiguity are the first of these [12]. Internal
degradations are brought on by variations in motor
resistance and inductance as a result of saturation and
outside temperature. Because of this, it is challenging to
use a PI controller to control PMSM and achieve a strong
control  structure. Other disturbances are external
disturbances caused by load torque and instantaneous
operating conditions in the speed control loop of the motor
[13]. If a speed controller cannot provide a control signal
that is robust against external disturbances, speed reference
cannot be tracked accurately and precisely. This leads to a
decrease in the control quality. For this purpose, many
controller methods have been proposed to cope with the
nonlinear structure of PMSM. Among them are feedback
linearization control, active disturbance rejection control
(ADRC) [14], backstepping control [15], sliding mode
control (SMC) [16], fuzzy control [17], and model
predictive control (MPC) [18] and so on.

Among these methods, nonlinear sliding mode
control (SMC) is the most well-known method that can
provide robust control output against the challenging
nature and uncertainties of PMSM. One of the prominent
features of SMC is its robust control response to
uncertainties [19]. To strengthen control of speed loop
robustness against both internal and external disturbances,
a sliding mode controller has been suggested [13]. The
high-frequency switching structure in this control system
creates a problem with chattering that needs to be resolved.
A boundary layer-based chattering reduction technique in
first-order sliding mode control has been developed for this
reason [20]. However, this strategy sacrifices the
robustness of the regulator in order to decrease chattering.
Furthermore, control systems often have steady-state errors
as a result [21]. The chattering issue can be minimized by
creating a suitable sliding surface-reaching law, as it stems
from inadequate convergence to the sliding surface. It is
developed and experimented with an adaptive terminal
sliding mode reaching law [22]. The findings show that
there is less chattering and an improvement in control
sensitivity. A sliding mode reaching law that is robust to
disturbances is designed in [23] and can offer a good speed
transient response that includes power term and system
state variable. The sign function is substituted by the
hyperbolic tangent function in [24]. The performance of

the control is enhanced, and the chattering effect is
lessened. An exponential function and a system state
variable are added in [25], which is based on the classical
power-reaching law. By doing this, they demonstrated how
chattering is effectively alleviated and reaching time is
shortened. However, six parameters need to be changed to
reach the law to lessen chattering. In this case, the control
structure is more complex. Thus, the suggested reaching
law ought to lessen chattering, speed up convergence,
avoid complicating the control structure, and aid in the
reduction of number of the parameters. Terminal sliding
mode (TSM) is a commonly employed method in PMSM
systems designed to accelerate the convergence to the
sliding surface. Although it avoids the singularity issue in
TSM and offers faster finite-time convergence than TSM,
fast non-singular TSM (FNTSM) control still has a
discontinuous control law problem. Continuous non-
singular fast TSM (CFTSM) control has been developed
and effectively applied in the PMSM system to address the
chattering issue brought about by the discontinuous control
rule in FNTSM control schemes [26]. However, the
robustness and dynamic response of the controller still
need to be improved for practical applications.
In addition to these methods, a second-order SMC (SO-
SMC) based on FO-SMC has been proposed by Levant
[27]. In this method, the cracking resulting from high-
frequency switching control can be reduced by deriving the
sliding surface. The steady-state error at the controller
output is resolved by driving the sliding mode variable and
its first derivative to zero within a finite time [28].

The super-twisting sliding mode control (ST-SMC),
which is a typical SO-SMC, is easily applicable and
particularly suitable for first-order systems. Therefore, it
has been proposed to enhance the robustness in the control
of motor drives using ST-SMC and in [29] ST-SMC has
been applied as a controller that enhances robustness in
transient changes of speed and torque parameters in the
direct torque control of AC motors. In [30], it has been
noted that although the performance of the control system
is enhanced by ST-SMC, the necessary response to time-
varying external disturbances is not fully demonstrated.
Hence, a variable gain ST-SMC is proposed to provide
global bounded-time convergence against disturbances.
Two functions are utilized to bind the disturbances,
assuming the disturbance boundaries are known. However,
it is challenging to calculate or estimate disturbances in
motor speed control. In [31], observer-based controllers are
proposed to counteract disturbances that may occur in the
ST-SMC system. However, this approach increases
complexity. [32] focus on redesigning the sliding surface
to achieve a robust control response against known and
unknown disturbances. In this study, to enhance control
performance against disturbances, the method relies on
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increasing the integral gain, leading to overshoot and
oscillations in the control response.

This  study investigates the  experimental
implementation of a nonlinear sliding surface to enhance
the robustness against internal and external disturbances
experienced during the operation of Permanent Magnet
Synchronous Motors (PMSMs) used in electric vehicle
applications and similar domains, aiming to shorten the
convergence time of bounded-time convergence when
considering the sliding surface variable as the error.

2. Materials and Methods

In this section, the mathematical model of PMSM,
first-order sliding mode control, the proposed method and
stability analysis, and finally the experimental setup will be
presented respectively.

2.1. Mathematical Model of The PMSM

In the rotor d — q reference frame, the mathematical model
of the PMSM system is represented as follows:

di, 1 _ _. .

d_: :Z(_Rld +Pmeqlq +Vq) 1)
dﬁ—i(—Ri —Pw Li —Po ®+v) (2)
a L ¢ T ome

Te =1.5P[®i, +(L, ~ L, )ii,] &)

where the stator voltage and current in the d-axis are
represented by vg, and ig respectively, and the stator
voltage and current in the g-axis are by vqand ig. The stator
resistance is denoted by R, rotor pole pairs is P, the flux
linkage value of the rotor permanent magnets is
represented by Am; the mechanical speed of the rotor is
represented by wm the electromagnetic torque is
represented by Te. The PMSM's constant flux condition
was achieved by setting the d-axis target value to zero and
treating the d- and g-axis inductances as equivalent, as
stated in. The g-axis current is the only factor that affects
the electromagnetic torque, Te, which has the following
expression:

Te= %Pﬁmiq =K., 0)

In this situation, K; represents the torque constant. The
equation describing the rotation of the motor can be
expressed as:

deo
C=w 5
a % (5)

do
T =]—+Bw+T 6
e ]dt L ()

where we the electrical angular velocity, . denotes the
electrical rotor's position angle, J stands for the load and
rotor combined moment of inertia, B is the frictional
coefficient, and T is the assumed external load torque,
which varies gradually over a short sampling interval.

dw
T = "+Bw +d 7
e ]n dt n m ()

where J, and B, represent J and B's nominal values,
respectively, with j=J +A/,B=B,+AB. d value is

described asd =AJ

t’" +ABw, + T, which includes motor

parameter changes and load torque. These are counted as
lumped disturbances in the system. The uncertain value of
d leads to lumped disturbances in the system, which in turn
causes an undesirable dynamic response.l) The lumped
disturbances are bound (that is, |d| <Di1 with D:> 0) and
vary slowly over a brief sample time in the real system.
They do not have an overwhelming impact on the system.
2) There exists D, > 0 such that | d| < D, thereby binding
the disturbance derivative in the controller as well.

do
d

2.2. First Order Sliding Mode (FO-SMC)
Controller Design

Sliding Mode Control (SMC) exhibits a stronger
resistance to variations in internal values and external
disturbances compared to other nonlinear control
approaches, providing the system trajectory hits and stays
on the sliding surface. The initial stage in implementing a
speed controller that utilizes sliding mode control is the
selection of the sliding-mode surface. The following stage
involves arranging the control input in such a way that the
system motion is steered towards the sliding-mode surface,
ensuring that the system meets the sliding-mode reaching
criterion. The system is characterized by a comprehensive
nonlinear model, which is regarded as

X, =X,
. ®)
X, = f(x)+g(x)+b(x)u

The system state vector is denoted by X, the input mat
rix is b(x), the control input is u, and system disturbances a
re represented by g(x). Sliding control input includes two p
arts. Equivalent control and switching control are parts that
form total control law. SMC control law is designed as Eq.
9
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u =u, +u, )]

where uc is the equivalent control term, usy is the switching
term and uc is the total control term. The objective of the
control is to accurately follow the desired speed and
minimize any deviation between the desired speed and the
actual speed of the rotor. Speed Error between reference
speed and actual speed is expressed Eqg. 10. The speed
error is selected as sliding surface. The sliding surface is
derivated to

m

s=e, =0, o (10)

s=é =d, —a (11)

m

The PMSM speed control loop is presented as first-order
system. Conventional FO-SMC control is designed for
sliding surface and its derivative.

. . T Bao, T

s and s sliding surface and its derivative in sliding mode is
to force go to zero as control objective. When the sliding
surface derivative is zero, Eq.13 is as follows. In this case,
the solution of the control vector is expressed as equivalent
control.

3P4, B T

@, ——2] +—@ +-L=0 13
TR AT A (13)
:i[a'),ef +Ea)m +£] (14)
? 3P4, J ]

Switching function is comprised of the sign function. Sign
function is written as Eqg. 15.

1 s>0
sgn(s)=40 s=0 , (15)
-1s<0

Finally reference g-axis current is defined as Eq.16

. 2]
1 = [0
¢ 3P, [y

—?wm]Jrngn(s) (16)

where K is constant that establishes stability of control
system. Substituting i; into Eq.10,

s=-K,sgn(s) a7

sliding surface derivative is obtained. The stability
condition is based on a quadratic Lyapunov function like

V= ész. The Lyapunov function candidate must have a

positive value and its derivate negative value. The
Lyapunov function derivative is given in Eq. 18.

V=s§<0Vs (18)

3PA
Kt = ij

condition is written as Eq. 19.

K gain is total gain. Hence, stability

V= s(—K, sgn(s)) (19)
V=K (20)

If K, >0 in Eq. 20 guarantees that V < 0 or negative
definite. As a result, stability condition is fulfilled.

2.3. Short Convergence Time Super-Twisting
Sliding Mode Controller (SCTST-SMC)

The tradeoff between chattering and convergence rate
at the same time cannot be resolved by traditional SMC.
While a big sliding mode gain can ensure a sufficient
convergence rate, it also causes significant chattering and
compromises the stability of the system. Small sliding
mode gain, on the other hand, can reduce chattering but
slows down the system's tracking reaction. The switching
function is included in the integral term of second-order
SMC since it is the primary cause of sliding mode
chattering. The filtering characteristic of the integral can be
used to efficiently alleviate chattering. By calculating the n
time derivatives of the sliding variable s, [s, s7..., s,] can
be obtained. The derivative order of s with a "sliding
discontinuity" (such as the sign function) is defined as the
sliding order. Another expression is the relative degree that
is aspects of the system control. The following relationship
is found by calculating the Lie Derivatives regarding the
output A(x, ¢) function
d(L;"h(x))

=L+ L, L h(x)u (21)
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A relative degree can be defined as the first n values
of time derivatives of the outputs [h,h,..,hn] where u
namely control input appears explicitly. A first-order
sliding mode leads s to drive to zero but not its derivative
§, resulting in the chattering where the sliding variables
oscillate very close to zero. ST-SMC is the most powerful
method for second-order continuous sliding mode control.
When provided with a certain limit and smooth
perturbations that have a defined gradient, this system
generates a continuous control function that causes the
sliding variable and its derivative to reach zero within a
specified amount of time. Chattering is reduced rather than
eliminated because the ST-SMC is integrated and has a
discontinuous function [33]. STA applies to a system
(generally any order) where control appears in the first
derivative of the sliding surface, in contrast to conventional
second-order sliding mode controllers [31]. The STA was
first presented in [27] as:

u:—K1|O'|1/2 sgn(o)+v (22)
v=-K,sgn(o)

where Kjare gains to be estimated. If the input signal f(t )is
a bounded function and composed of a base signal with a
derivative with the Lipschitz constant C>0. Consequently,
adequate conditions for the convergences of s,$=0 is

K
K,>C, K 24CK2—+C

2

(23)

The conditions in Eq. 23 result from a very rough estimate.
Calculations show that many other values can be taken,
such as K; =1.5C,K, =1.1C. PMSM speed sliding
surface is addressed to control before and conventional
super twisting control involves linear terms in its sliding
surface. Time derivations of speed control are expressed as

Xl =es =a)ref _a)m (24)
XZ =).(1 :a‘)ref _a)m
.. . . 3Pa. B T
X1=C()ref—60r=(0ref— 1q+—a)m+—
2] / J
. : (25)
. . . 3prdi, B T
xzza)ref—a)rza)ref— —_—t—n. ——

2] dt ] "]
The terminal sliding mode surface like is adapted to the

sliding mode surface to improve the speed response and
increase the convergence speed and is defined as Eq.26

s=e+aljes+aze:} (26)

. . A1
s=e +ae +a,fe e 27)

Where a4, a,, B are positive constants and S is chosen as
%. p.and p, are odd positive numbers. ueq equivalent
1

control component is introduced with ST-SMC sliding
surface modification in total control input. Finally, The
switching control input ensures that the sliding mode
surface is reached, while the equivalent control input
ensures that the state variable remains on the surface.
Equivalent control input is defined as follows.

u, =a +aje +a,e, (28)
Switching function is redefined as
1/2
u, =—xA 1€ sgnle. )—Ae. +0v
sw S g ( S) }‘2 s (29)

v =-Asign(e,)—Ae,)

Where Ki, Kz, 11, 72 are positive constants. Total control
input is sum of switching function and equivalent control.

_J
ut _E(ueq +usw (30)
. B T,
i = (G +—, +-L— 4 |e,|" sgn(e,) - Ae,

© K, jonty s 31)
—Asign(e,)—A,e,)

The design of total control input leads to improve dynamic
control response for the reasons given below:

1. There is much less chattering since the discontinuous
sign term is included in the integral. The controller
design is made simpler by the super-twisting algorithm
as compared to the current second-order sliding mode
techniques. This is because it needs fewer parameters.

2. Sliding surface involves exponential term that
accelerates convergence speed to tend zero.

3. Compared to the traditional ST-SMC algorithm, the
proposed algorithm adds A.es terms to the control
input. The A.es term accelerates the control response
and /4es reduces the overshoot.

2.3.1. Stability Analysis

Stability analysis is made based on quadratic
Lyapunov functions. The function has to be a global
asymptotic feature [34]. According to these conditions, the
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function is defined as follows

1, 1
V(x)=24x,|+ A,x] + Exj +2 0 x| sign(x,)

+/12X1 - Xz)z

(32)

The Lyapunov function is expressed as quadratic form

V(x)=yTly (33)
|x|1/2 sign(x,)
V= Xy ’
X
: (34)
(4h+4) Ak A
= E A4, (24, + /122) 4,
A 4 2
Time derivative of the Lyapunov function is taken as
1 T T
=—— v Iy -y Ly (35)
||
(24 +4) 0 A
Hl=71 0 (22, +522) =34, |,
-2, -32, 1
(36)
(4, +222) 0 0
Hz = ﬂz 0 (44 + ;{22) _2’2
0 -2, 1
VS_}/lVl/Z -7V (37)

Where vy, y, are constants of negative definite the
Lyapunov function derivative and are determined from
Lyapunov function matrix eigenvalues.

i 1T} B {11,

B {11}
AT

B {11}

Ve = (38)

Under the above conditions, ST-SMC controller gains are
selected as

Ay > 2
(27,)"
>—
b
Ay >,
1 o M2h +50h
* 2h, — A}

(39)

where 1:1>0, hy = Al(é/ﬁ + A3 —A,) are constants.

Finally, sliding mode control input reaches and moves to
the sliding surface in finite convergence time as follows
equations

ts _ ql ln ale(o)(‘h*h ) + az
a, (% P ) a,

(40)

V(0
¢ ££ln71 (0)+7, (41)

"y Vs

tsand tr are move time and reaching time to sliding surface
[35]. Total finite convergence time is as follows

t, =t +t, (42)

SCTST-SMC

04 FO-SMC

0.2

-0.2

de

-0.4

-0.6

t(sec)

Figure 1. FO-SMC and SCTST-SMC convergence speed 0
n sliding surface graphs

In Figure 1, the graph illustrates the convergence rate
of error and error changes over time for both the proposed
controller and the traditional sliding mode controller. In
this context, when there is an instantaneous reference
change and the system is subjected to disturbances, a more
effective dynamic response is achieved in speed control.

2.3.1. Control
Setup

Scheme and Experimental

Two loops, one outer loop speed controller and two
inner loop current controllers, make up the cascaded closed
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loop PMSM control system. SMC controller is used to
constructing the outer loop speed controller, whereas
proportional-integral (PI) controllers are used for the inner

3Phase Grid

loop current controllers.
simplified control scheme.

Fig. 2 shows the PMSM's

Encoder

Figure 2. PMSM cascadaded control scheme.

The Permanent Magnet Synchronous Motor (PMSM),
with a nameplate rating of 0.4 kilowatts, 1.27 Newton
meters, and a speed of 3000 revolutions per minute, is
powered by a voltage source converter. The motor operates
with a phase-to-phase voltage of 200 volts root mean
square (Vrms) and a current of 2.7 amperes root mean
square (Arms). The electrical characteristics and control
settings are detailed in Table I, while the experimental
setup is depicted in Fig. 3. The test configuration
comprises a TMS320F28379D microcontroller, a current
and voltage measurement card, an inverter equipped with
IXYS IGBTS, and a PMSM test arrangement. The
controller's current loop has a bandwidth of 200 Hz, while
the speed loop has a bandwidth of 20 Hz. The operation
period of the speed loop is equal to 10 times the period of
the carrier signal. To validate the proposed ST-SMC and
compare the proposed method with conventional ST-SMC,
experiments are carried out in steady-state and transient
operations in the relatively low and medium-speed range.
In the comparison of the graphs, dynamic features such as
reduction of overshoot, fast convergence and disturbance
removal are taken into account in the speed response
behavior.

0.4 kW PMSM/PMSG
SET

ELECTRICAL LOAD

Figure 3. PMSM Experimental Setup Photo.

Table 1. Motor and controller parameters.

Motor Parameters Value
Phase Resistance [Q] 2.5

d,qg axis Inductance [H] 6.5¢°
Number of Pole Pair 4

Vi [V] 200
Magnet Flux 0.068
Inertia (kgm?) 0.31e-5
Torque Constant (Nm/A) 0.564

3. Experimental Results and Discussion

In the experimental studies, step reference speeds of
250, 750 and 1500 rpm were applied to all three
controllers. At the same time, the load torque, which is an
external disturbance effect, was applied instantaneously to
the PMSM for all three controllers. The results of all three
experiments are shown in speed and current graphs.
Finally, the graphs of all the controllers are compared in
the same graph. All of the experimental results are
initialised at 40 seconds as it takes a certain amount of time
to embed, compile and run the programme in the DSC.
This time also includes the initialisation of the PMSM to
the start position, i.e. the alignment position. All graph
values were recorded in real-time and transferred to the
computer. The load torque was applied to the system at
the 50th second with the help of a solid-state relay.
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ref

N gpn [rem]

t[sec]

b)

50 501 502 503 504 505 506 507 508  50.9 51
t[sec]

c)

Figure 4.a,b,c) The step response in PMSM speed change
for PI control

The dynamic speed responses of the Pl controller are
exhibited in Figures 4,a,b,c for step reference speed values
of 250,750, and 1500 rpm. A comparison table between
controller responses is provided after the graphs, indicating
the overshoot values in the step reference case and
undershoot values in the load torque application scenario.

[Al

abc’

Figure 5.a,b) Three-phase current for PI control

dref

ldrerld

S o 4N
! [

t[sec]

40 45 50 55 60 65
t[sec]

Figure 6. igq axis currents for PI control

Figures 5 and 6 show the three-phase current graphs
and the reference and feedback currents of the dg axes. The
reference dq currents are tracked by the feedback currents.
No steady-state error is observed.

g o]

-500

40 42 44 46 48 50 52 54 56 58 60
t[sec]

a)

refMr

500

n

t[sec]

b)

2000

1500

1000

o o]

500

50 50.1 50.2 50.3 504 505 506 507 508 509 51
t[sec]

c)
Figure 7. a, b, ¢) The step response in PMSM speed
change for conventional ST-SMC control

Figure 7. a, b, and c illustrate the conventional super-
twisting controller speed loop responses. Response to step
references and instantaneous load torque is improved in
terms of time and value compared to the PI controller. Step
response has been substantially improved in terms of
overshoot.
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abc’

fabclAl

t[sec]

b)

Figure 8. a,b) Three-phase current for conventional ST-

SMC control

t[sec]

o,

40 42 44 46 48 50 52 54 56 58 60
t[sec]

Figure 9. iy axis currents for conventional ST-SMC
control respectively

Figures 8 and 9 show the phase currents in control, as
well as the reference and feedback values of the direct and
quadrature axis currents. When compared to Figures 5 and
6, the presence of the chattering effect, which is
characteristic of sliding mode control, is observed.
Additionally, in terms of control response, a more dynamic
response is seen compared to the PI controller.

5
8

g o]
-

40 42 44 46 48 50 52 54 56 58 60

t[sec]
a)

!

.n [rom]

ref’

n

445 45 455 46 46.5 47 4715
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Figure 10. ab,c) The step response in PMSM speed
change for SCTST-SMC control

Figure 12.
respectively
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N [rpm]

T
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ref

n
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¢)

Figure 10. (Cont.) a,b,c) The step response in PMSM spee
d change for SCTST-SMC control

Figures 10 a, b, and c display the speed responses of
the proposed SCTST-SMC controller to different step
references, both in general and explicit form. It can be
observed that, compared to the traditional PI and sliding
mode controllers shown in previous graphs, the SCTST-
SMC controller produces a much more dynamic response
that meets the control criteria. A comparison of the speed

dynamic responses for all controllers will be provided
below.
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ity Mw \“

“‘H“H‘l A

I T \HHH\‘ il
I i (VO PR R

b)
Figure 1l.a,b) Three-phase current for SCTST-SMC
control
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isg axis currents for SCTST-SMC control
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Figures 11 and 12 show the phase currents of the
PMSM, as well as the direct and quadrature axis currents,
respectively. Compared to the case with traditional sliding
mode control, it is observed that the chattering effect is
reduced due to the continuous response of the super
twisting controller.

PI

Do —
4] V/“j
1=  ESEERH

| | | |
40 45 50 55 60 65
t[sec]

a)

1 gg o]

ST-SMC
n,

n [rpm]

ref
Pl
SCTST-SMC

| | | I |
445 45 455 46 465 47 475
t[sec]

ST-SMC
n

ref
SCTST-SMC | |
Pl

i I I i i i i I I i i
50 50.1 50.2 50.3 504 505 506 507 508 509 51
t[sec]

¢)
Figure 13.a,b,c) The step response in PMSM speed
change for PI, ST-SMC and SCTST-SMC control

The graphs in Figures 13a, b, and ¢ compare the PlI,
ST-SMC, and SCTST-SMC controllers. The performance
of the controllers is clearly illustrated based on the
previously applied reference values. The proposed
controller demonstrates excellent dynamic response with
almost zero overshoot. When a sudden load torque is
applied, the proposed controller exhibits superior dynamic
behavior, with the lowest dip value compared to the others
and a rapid recovery from the load torque impact.
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Figure 14. Output speed fluctuations

3.1. Comperative Performance

Interpretations

Table 2. Controller performance indicators

No Load Operation Add Load Torque Operation
Control Rise Settling Overshoot Rise Settling Under-
Method Time Time (s) (rpm)-% Time Time (s) shoot
(s) (s) (rpm)-%
PI 0,27 2,13 1850-%23 50,7 51 895-%40
ST- 0,22 1,25 1620-%8 50,5 50,8 1100-
SMC %26,6
SCTST- 0,1 0,42 1560-%4 50,2 50,4 1240-
SMC %17,3

Table 2 presents a comparison of the performance
indicators for three methods used in PMSM control. In this
table, the values for the rise time, settling time, overshoot
in no-load condition, and speed drop in loaded condition
are clearly shown for the proposed method. Additionally,
in terms of the undesirable characteristics of sliding mode
controllers, the proposed super-twisting method exhibits
less chattering. Thus, both motor control performance and
the reduction of chattering have been improved. All
loading experiments were conducted through the PMSG
generator to correspond to the rated load torque value of
approximately 1.27 Nm-1500 rpm. Instantaneous loading
was achieved by connecting the load via a precise solid-
state relay, which switches the load into the circuit. This
allowed the voltage and current generated by the PMSG to
be instantly transferred to the resistive load. The diagram
of the output speed fluctuation can be seen in Figure 14.
Accordingly, the controller output with the least speed
fluctuation and thus the chattering effect is the SCTST-
SMC controller.

4. Conclusions

From the perspective of convergence trajectory
analysis, the presence of system disturbance results in a lag
in convergence, which eventually gives rise to a
deterioration in dynamic performance. On the other hand,
the analyzed SCTST-SMC can successfully counteract any
disruptions in the system. This allows the system's state to
follow the desired convergence trajectory with no delays in
reaching the desired state. The efficacy of the suggested
control strategy was validated on the industrial-scale 400
W PMSM platform. The results demonstrated that the
analyzed scheme can significantly enhance the system's
tolerance to disturbances and its performance during
transient periods. Additionally, the PMSM parameters
exhibit a high level of robustness as compared to the Pl
and conventional sliding mode controllers. Future research
will primarily focus on developing online optimization
research chattering effect alleviating for regulating the
velocity of a PMSM motor.
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