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Abstract—In control theory and applications, disturbance
cancellation is a critical challenge in the control of nonlinear
drive systems, particularly in applications involving Dual Star
Induction Motors (DSIM). This paper proposes a new adaptive
hybrid sliding mode (SM) strategy that integrates a Repetitive
Control (RC) scheme into an improved Second-Order Sliding
Mode (SOSM) structure. The goal is to enhance tracking
accuracy and periodic harmonic disturbance rejection in DSIM
drive systems. The strategy also incorporates a load torque
disturbance estimator that efficiently identifies and cancels
disturbances, further improving system performance. System
stability is guaranteed using Lyapunov theory, ensuring that the
virtual control vectors for speed and current loops maintain
stability throughout the operation. Simulation results using
MATLAB confirm the effectiveness of the proposed control
strategy, demonstrating improved tracking performance,
harmonic disturbance rejection, and robust operation of the
DSIM under varying conditions.

Keywords—Variable Gain Super Twisting Algorithm; Second
Order Sliding Mode; Dual Start Induction Motor; FOC; Vector
Control; Repetitive Control; Disturbance Cancellation.

l. INTRODUCTION

The DSIM drives are one of the multiphase motor drives
received very much attention, it has been focused on research
in recent decades and applied in the high-power industrial
applications, in the systems that requires high quality control,
the reliability and capability high fault tolerance. Especially,
they applied for the drives in transportation field such as
electric vehicles (EV), ship, aeronautics, .... Today, with the
outstanding advantages, DSIM also is replaced three-phase
induction motors in traditional three-phase AC drives that
require high reliability, accuracy, safety and fault tolerance
[1]-[7]. However, DSIM has its inherent problems of
nonlinearity and coupling, which are challenges for control
systems design. Additionally, the external disturbances such
as suddenly load changes, periodic disturbances also
decreases the performance of the drives.

The good control of loops is the key to achieving high
performance for SPIM drives. However, various disturbances
appearing during the control process always negatively affect
the performance of the loops, so many control methods have
been focused on research to meet the requirements of
accurate tracking and strong harmonic rejection [8]-[9].

Now, the control methods have been developed based on
modern vector control strategies for DSIM drives. In that,

Direct torque control (DTC) first introduced by Takahashi in
the mid-1980s, has proven to be highly successful with the
concept of reducing dependence on the parameters of motor
inductance and increasing the accuracy and dynamics of
magnetic flux and torque response. This is a simple control
strategy, the advantages of DTC are giving the fast response
and less dependence on machine parameter changes, it also
does not require any transformation of coordinates or current
control loops, so it is quite simple. However, DTC faces
major disadvantages that are high switching frequency,
torque and flux ripples, mechanical vibration and noise of the
machine, poor control performance when operating in low-
speed ranges [10]-[17]. In opposition to DTC, the Field
Oriented Control (FOC) has been developed in the early
1970s, which includes two techniques, that are the Direct
Field Oriented Control (DFOC), proposed by Blaschke in
1972, and indirect Field Oriented Control (IFOC), proposed
by Hasse in 1968. Theoretically, FOC based on Fleming's law
gives the control performance of IM as good as that of DC
motors, where the torque and flux are decoupled and can
therefore be controlled independently. This control method
gives fast torque response, a wide speed control range and
high efficiency over a wide load variation range. The
problems such as flux and torque ripples, noise and
mechanical vibration of the motor, poor control performance
at low speeds have not appeared in FOC control. However,
besides the outstanding advantages mentioned above, the
disadvantages of FOC are the performance of this control
strategy affected by factors such as control model and motor
parameters and has a great complexity caused by the presence
of coordinate transformations and the use of several control
variables, so when applying the Pl control method for
traditional FOC with fixed coefficients, it does not meet the
quality of control for high-performance drives [18]-[23].

The modern and intelligent controls are proposed to deal
these problems [24]-[40]. Among, the sliding mode (SM)
control one of the most outstanding methods, it has been
widely employed in many industrial applications due to its
robustness against internal and external disturbances, simple,
easy tuning and implementation [25]-[31]. However, there
are two main restrictions remain. First, the constraint to be
held at zero in conventional sliding modes has to be of
relative degree 1, which means that the control needs to
explicitly appear in the first time derivative of the constraint.
Thus, one has to search for an appropriate constraint. Second,
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high-frequency control switching may easily cause
unacceptable practical complications (chattering effect), if
the control has any physical sense. Several methods were
proposed to eliminate this unwanted phenomenon such as the
use of the discontinuous sign function, SOSM or high-order
SM control [29]-[30], ... In that, the second order sliding
control allows to eliminate or to reduce the chattering
phenomenon. Its main purpose is to generate a second order
sliding mode on a selected sliding surface S(t, x). Unlike
SOSM or the standard twisting algorithm, this supper
twisting algorithm is only able to stabilize in finite time
systems whose relative degree is equal to one and then it does
not require information about the time derivative of the
sliding variable help improve more performance of SOSM.
The variable-gain super twisting algorithm (VGSTA)
continues the extension of the standard super-twisting
algorithm for the conventional SOSM controller design
proccess. VSTASOSM provides exact compensation of
uncertainties/disturbances bounded together with their
derivatives by known functions and this algorithm also is
considered as a discrete version of sliding mode control
(DSM), it has not the same properties as the continuous SM
because of the finite sampling rate. When referring to DSM,
its sensitivity to parameter uncertainties, nonlinearities and
external disturbances are the main problems that affect to
performance of this controller.

Up today, many research were developed for DSM but
these studies are mainly based on the assumption that
nonlinear systems are affected only by habitual disturbances,
however, in fact, in a variety of nonlinear industrial processes
(mechanical, robotics, power distribution, etc.) are
disturbances can be harmonic signals, the diode rectifiers,
power converters,... can be considered as a generator of these
non-desired harmonic currents [41], Cogging torque, that
caused by the misalignment between stator and rotor is the
important periodic disturbances affect rotating mechanical
machines [42]. Or the periodic disturbances that appears due
to the eccentricity of the track in the hard disk drives [43],
due to the interaction between rigid hub and fexible
appendage during attitude manoeuvrer in spacecraft [44].
Therefore, the major challenge of nonlinear drive system
where existing periodic disturbances is the design of an
accurate control ensuring good tracking and rejecting
disturbance performances.

The harmonic disturbance cancellation is great
importance in the control applications. In fact, it is easy to see
that, in a drive systems, if both the precise mathematical
model and harmonic disturbance frequency are known, the
disturbance the compensate will use the feedback techniques
based on internal model principles in [45], In the case, if just
the precise system model of the system is known, a
disturbance observer to reconstruct harmonic disturbance is
designed, as shown in [46]. On the other hand, if a
mathematical model is not available, the adaptive control
techniques can be developed as in [47]. In the case, unknown
harmonic disturbances and uncertain system models the
feedforward techniques is applied as in [48]. Adaptive control
methods based on feedback can also be proposed to tackle
known and unknown disturbance frequencies [49]-[50].
They, however, generally require some extra information and

structural assumptions regarding the system. The presence of
harmonic disturbance in the system can also be seen,
described, and eventually resolved in the framework of active
disturbance rejection control, or ADRC. In this technique, all
the uncertain elements called total disturbance of the system,
seen from the plant perspective as an input-additive. The
main concept of ADRC is that a detailed analytical
representation of the system is not required for control
synthesis as long as the influence of aggregated disturbance
on the controlled output is continuously mitigated. Such
output invariance, thus trivialization of the control design,
can be achieved through on-line reconstruction of the total
disturbance by means of a specialized observer. The interest
in the ADRC idea also comes from its practical appeal,
verified to date in numerous power motion and process
applications [50]-[51]. For those reasons, the ADRC
approach has been previously applied to the problem of
harmonic disturbance compensation, with examples being
and most recently [52]. Combining these disturbance
rejection strategies with disturbance observers and
compensation is required to give the good disturbance
cancellation efficiency but these making control system more
complex [53].

In contrary to the above solutions, [54] develops a unique
disturbance rejection scheme for highly uncertain systems
subjected to harmonic disturbances with unknown/known
frequencies. Repetitive control (RC) was proved to be an
effective tool to reject disturbance and enhance the control
performance by its repeated learning process. However, it
faces the stability problem and the inability to consider
certain characteristics of processes [54]-[55]. To overcome
these, many research focus on improve the RC design for
non-linear systems [56]-[58]. Especially, modified RC based
on disturbance observer (MRC) was developed in to ensure
the high-frequency stability and low-frequency periodic
disturbances resist ability of the control strategy, a robust
plug-in RC with phase compensation was proposed in [56].
Another approach that the combination of RC with SM, an
IR low-pass filter was applied inside the internal model of
RC to improve the stability robustness, is developed in [57].
In [58], a multi-model identification in presence of the
periodic disturbance with adaptive filter is used to decouple
the disturbance and a discrete repetitive sliding mode multi-
control are developed are developed to deal the problem of
stability of the systems, the proposed control technique in
[58] also combined multi-model SM control with RC to
enhance the control performances of nonlinear systems.

In this paper, to thoroughly solve the problems of
periodic harmonic disturbance and accurately track for high
performance DSIM drives, a new improved sliding mode
control method is proposed.

The main contributions are summarized as follows:

— The improved sliding mode control technique is
developed by embedding the variable-gain super twisting
algorithm to exact compensation of uncertainties/
disturbances into the improved second order sliding mode
control to improve the large control effort and reject the
chattering phenomena.
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— Repetitive Control is also integrated into this improved
VGSTASOSM structure, combining of the benefits of
improved SOSM with RC helps effectively improve FOC
vector control performances in terms of tracking and
rejection of harmonic disturbance for DSIM drives.

The rest paper part is structured is being as: The
mathematical model of the DSIM drives is given in Section
2, Section 3 is devoted to the development of a new discrete
repetitive sliding model controller, Simulation results are
presented in Section 4. Section 5 concludes.

1. MODEL OF SPIM DRIVES

The drive system under study consists of a DSIM fed by
a six-phase Voltage Source Inverter (VSI) and a DC link. A
detailed scheme of the drive is provided in Fig. 1.

Fig. 1. A DSIM drives general diagram

By applying the Vector Space Decomposition (VSD)
technique, the original six-dimensional space of the machine
is transformed into three two-dimensional orthogonal
subspaces in the stationary reference frame (D — Q), (x — )
and (z; — z,). This transformation is obtained by means of
6x6 transformation matrix eq. (1). To develop DSIM model
for control purposes, some basic assumptions should be
made. Hence, the windings are assumed to be sinusoidally
distributed, the magnetic saturation, the mutual leakage
inductances, and the core losses are neglected.

V3 1 V3 1

2 2 2 2

1 3 1 3
o L B 1B
1 2 2 2 2

T6=§1_§ _l E _1 0 (1)

2 2 2 2
01 V3 L V3 1

2 2 2 2

10 1 0 1 0
Lo 1 0 1 0 1

The electrical matrix equations in the stationary reference
frame for the stator and the rotor may be written as

[Vsl = [Rs]lIs] + p([Ls] L] + [Ln ][] @)
0= [Rr] [Ir] + p([Lr] [Ir] + [Lm] [Is])

where: [V],[I],[R],[L] and [L,,] are voltage, current,
resistant, self and mutual inductance  vectors,
respectively. p is differential operator. Subscript r and s
related to rotor and stator resistance respectively. Since the
rotor is squirrel cage, [V] is equal to zero. The
electromechanical energy conversion only takes place in the
only takes place in the D — Q subspace and the other
subspaces just produce losses. Therefore, the control is based
on determining the applied voltage in the DQ reference

frame. With this transformation, the DSIM control technique
is like the classical three phase IM FOC. The moment
equation when expressed is as follows:

T, = 3P(lprQ lrp — Yrp irQ) (3)

where: T,,P,¥,p, ¥y, lrp, iy are the electromagnetic
torque, number of pole pairs, the rotor flux, and the rotor
current, respectively. The control for the motor in the
stationary reference frame is difficult, even for a three phase
IM, so the transformation of DSIM model in a dq rotating
reference frame to obtain currents with dc components is
necessary, a transformation matrix must be used to represent
the stationary reference fame (DQ) in the dynamic reference
(d — q). This matrix is given:

cos(98)

_ —sin(6)
Tag = | sin( 8) ]

cos(9) “)

where § is the rotor angular position referred to the stator.
In the FOC method, the rotor flux is controlled by isd stator
current component and the torque by iy, quadratic
component. We have: ., = 0;¢,4 = ,q. The model
motor dynamics is described by the following space vector
differential equations:

dw, 3 oL
dt = 2 (lprdlsq) Wy
dlprd Lm . 1
=—lgg — _lprd
ja e ©)
l
s d;q = —alsq + Liweisqg + bwethrg + cugg
disd . .
ST dt —Qigg + stelsq + ber/)rd + Cugq
where
LZ L L2 R, + LZR
LL,"" oL, ol? (6)
L2 R, 1 L _, B
o2 T TTR T

Usqs Usqs Lsar Lsqt 1S the components of stator voltage and
current, respectively; 1,.4,,4 is the rotor flux components;
T,, T, is the electromagnetic and load torque; d —q is
synchronous and stationary axis reference frame quantities,
respectively; w, is the angular velocity (mechanical speed),

w, = ()wre, Wy, W, W, is the electrical speed

respectively Rotor and slip angular and synchronous angular
velocity; L, L, is the stator and rotor inductances; L,, is the
mutual inductance; R, R, is the stator and rotor resistances;
J is the inertia of motor and load; o is the total linkage
coefficient; B is the friction coefficient; 7. is the rotor and
stator time constant.

The electromagnetic torque and the slip frequency can be
expressed in dq reference frame:

3PL,

Te - 2 L lprdlsq: Wg =

M
1/)rd isq (7)
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I1l. DRVGSTASOSM STRUCTURE FOR FOC DSIM DRIVES

A. Design the Outer Speed And Flux Loop

As we have seen, classic SM provides robust and high-
accuracy solutions for a wide range of control problems under
uncertainty conditions. However, the main restriction
remains that high-frequency control switching may easily
cause unacceptable practical complications (chattering
effect), if the control has any physical sense [59]-[60]. To
overcome this problem, in the proposed controller, we
propose using improved order second sliding technique, that
is developed based on [60]. The second order slip surface
according to the rotor flux, speed components are defined as
follows:

S,.(k) = [51(16) _ [€¢rd + A4 |€1prd|1/25at(€¢rd) (®)

52 (k) Eyr T /13- |5mr|1/zsat(€wr)

where: 4, , are positive coefficients. The rotor flux, speed are
defined

{Slprd = w;d - lprd (9)

Epr = Wy — Wy

In the presence of periodic disturbances, the second order

sliding mode control performances are decreased

considerably. To deal with this problem, the combination the

repetitive control with improved SOSM control is developed

based on [59]. We suppose that the disturbances vector
d, (k) is periodic with the period N:

[ _ [diCk =N _
n = | 0| = e~ | = dnk =2 (10

Based on condition of disturbance rejection [59], the sliding
functions vector is then given as follows:

~ uysat(s; (k))
Sk +1) = ¢Sy (k) + [‘uzsat(sz (k) (11)

+yldn (k) — din(k — N)]
where: u, , are positive coefficients.
The control expression of the new system is
[u(k)] = [um (k) + uf® (k)] (12)

where: vector [u,, (k)] are designed based on VGSTA [60],
and they are defined as (13):

d [Ar: eyral ”* sat(eyra)]

1= 2

ka6 £100) (61 (s, () + fo 5,(s1.(K)) dt) 13)

k2 (t, €isa) (53 (s2(k)) + fo 84(s2(k)) dt)

where:
ki (t, &5q0) = Sy5at(S,); 61(s(k)) = |51 (k) |2 sat(s, (k) + ky. s, (k);
5,(s(k)) = % sat(s,(k)) + %k;l|sl(k)|1/2.sat(sl(k)) + kZ.s,(k)
ka(t, 15q) = S25at(S,); 85(s(k)) = |s, (k)2 sat (s, (k)) + kj. s, (k)
8,(s(k)) = % sat(s,(k)) + ;kﬂsz () |Y2.sat (s, (k) + k3.5, (k)

[udis (k)] are the disturbance vectors be given the system to
cancel periodic disturbances and they are defined:

ui”s(k)] = [Swrd(k) +yisat(s; (k + 1))

dis =
L (")]"[ug‘“(k) £ur (1) + yasat(s,Ge+ 1| (1)

where: y; 534 are positive coefficients. Lyapunov functions
are chosen:

1 1

V= E [V12 + V22] = E [51(k)2 + Sz(k)z] (15)

Differentiate both sides equation (15) we get:
av ds; (k) ds, (k)

dt [Sl(k) dt dt

(

{dsl ) e + A legral st (egra)]

(16)

+ 52(k)

dt dt
dsZ(k) _ d[gwr + AZ- |$wr|1/25at($wr)]

dt dt (17)
1/2
dsy(0)  dlpig —ral | 4[N lEpral " satlera)]
= +
N T dt dt
ds, (k) _ dlw; — w,] N A[Ay. |6 |2 sat (g )]
dt dt dt

On the other hand, to satisfy the stability condition
according to Lyapunov theory, the sliding surface differential
function is chosen as follows:

ds:;llf 2B ~[um (k) + ui® (0] (18)

Combining expressions Eq. (16) to (18), igq, isq Virtual
vectors are chosen for the outer speed and flux loop (19).

.. \ay; 1 .
i3q (k) = -t —ra + + [ () + uf (k)]
Ly t T
2 (19)
dwy T , d|,. e sat(e .
) = "+~ +Bw, + A2 lewr| (wr)]+[u2(k)+u‘21‘5(k)]
lsq( ) Kog) dt ] dt
sq¥'rd
isq and ig, virtual control vectors in Eq. (19) are chosen to " 1 3N Lm . J dw
: P : T, = [<_) P_lprdlsq - __] (20)
satisfy the control objectives and these virtual components 1+1plI\2/ L, P dt

also provide as the reference inputs for calculating ug,, ug,
virtual control vectors. W,., rotor flux is identified by curent
model. The load torque T}, is estimated:

where: 7, is time gain; p is the differential.
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B. Design the Inner Current Loop Controls:

The improved nonlinear slip surface according to the
current components are defined as follows:

Sn 0 =200 (21)

where: A3 , are positive coefficients. The stator current errors
are defined

53(k)] [Eisd + Ay |€isal 2 sat (gisq)

1/2
Eisqg T Ay |si5q| sat(sisq)

s i
{gisd = lsg — lsa 22

o (22)
Eisq - qu lsq

We suppose that the disturbances vector d,, (k) is periodic
with the period N:

[ds()] _ [da(k = N)
m(k) = d4(k>]‘ dy(k — N)

Based on condition of disturbance rejection [49], the sliding
functions vector is then given as follows:

~ ussat(s;(k))
Stk +1) = @S + |1 %000 ) (24)

+  yldn(k) — dm(k = N)]
where: us , are positive coefficients. The control expression
of the new system is
[u(k)] = [ (k) + ug® (k)] (25)
where: vector [u,, (k)] are designed based on the VGSTA
[60], and they are defined as follow:

u3 (k)
(k)

¢
k3 (t, &isq) = Sysat(S;) (55 (s3(k)) + J(.) 86(s3(k)) dt) (26)

ko (t, &50) = Sysat(S,) (57(54(k)) + ft‘ss(szt(k)) dt)
0

=d,,(k—N) (23)

[ (0] = |

where:

k3 (t, &i5a) = S35at(S3); 85 (s (k) = Is3 (k) "/%. sat(s3(K)) + ka. 53 (k);
1 3

8(s(k)) = . sat(s3 (k) + 5 kals ()2 sat(s3 (k) + k3 . s3(k);

1 3
8a(s(k)) = 5. sat(s, (k) + S kalsa ()2 sat (s (k) + kZ . 5,.(k)

[udis (k)] are the disturbance vectors be given the system to
cancel periodic disturbances and they are defined:

ug® (k)

45 (k)
_ [€isa(k) + y3sat(s;(k + 1))
B [Sisq(k) + vasat(sy(k + 1))

where: y; ;34 are positive coefficients. Lyapunov functions
are chosen:

[uf® (k)] = [
(27)

V= %[Vs2 + V2] = %[53(k)2 + s, (k)?] (28)

Differentiate both sides equation (15) we get:

dav k ds,(k
" [53 *) 3( ) 54 (k) Sa( )] (29)
(d53 k) _ d[gisd + 3. |£isd|1/25at(£isd)]

dt dt
1/2
dS4(k) _ d [Eisq + 14- |£isq| / Sat(gisq)]

dt dt
(dsa) _ dlizg ~isal , d[Aalesasat(e)] )

N dt dt dt

1/2

dsa () _ dlisy = isg] | [l " sat(e)]
ac dt dt

On the other hand, to satisfy the stability condition
according to Lyapunov theory, the sliding surface differential
function is chosen as follows:

dsy, (k)
dt

Combining expressions Eq. (29) to (31), ugg, us, virtual
control vectors are chosen as (32).

C. Stability Analysis

The Lyapunov function of the system is defined in
expression (15), taking the differentiation of both sides of the

= —[un (k) + ufi* (k)] (31

ko (t, &i5q) = S45at(S,); 8,(s(k)) = |5, (k)| V2. sat(s,(k)) + k. s, (k); Lyapunov function we get expression (16). Combining
expression (16), (17), (18) we get (33).
L (di; d[ 5. €541 ?sat (g; .
wig(0) = f{ L L e LI CR) B ug‘”(k)]}
32
. Lg di;q [}‘4 |£zsq| Sat(gzsq)] dis (32)
Usq (k) =— dt + alsq Lyweisq — brwoPrq + dt 4(k) + ug (k)]
where: A34; U3z 4; V34 are positive coefficients
av [51 () [y (k) + uf™ (k)] + 55, (k) [z (k) + ug™ (k)] ] (33)
dt +53(k) [us (k) + ug (k)] + s, (k) [ua (k) + uds (k)]

With,
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[5:000] = [eyra + Ar-leyral *sat(eyra) |
k1 (t, x).8:(s1(k))
+ f k,(t, x).8,(s; (k) dt
[uf (k)] = eyra(k) + y1sat(sy (k + 1))
= 5, (k) [ug (k) + ufS (k)] > 0Veyq;
[52 (k)] = [‘gwr + 2-3- |€wr|1/25at(£mr)]
k3 (t, x). 85(s2(k))
+ f ko (t, x).8,(s,(k)) dt
[udS (k)] = €,y (k) + v3sat(ss(k + 1))
= 5, (k) [uz (k) + ug™ (k)] > 0ve,,
[SS(k)] = [Sisd + /13- |5isd|1/25at(£isd)]
ks(t,x). 65(s3(k))
+ f ke (t, x). 84(s5(k)) dt
0
[ufS (k)] = eyra(k) + yisat(s; (k + 1))
= 5, (k) [ua (k) + ud (k)] > 0Veqy;
[[54(]()] = [Eisq + /14- |£isq|1/25at(£isq)]
k7 (t,x).67(s4(k))
+ f kg (t, x). 85(s,(k)) dt
0

[ufS (k)] = €i5q(k) + v2sat(sy(k + 1))
= 5, (k) [us (k) + uds (k)] > 0veq,

[uy (k)] =

[us (k)] =

From equation (33) we get:
dv
@ < Owithv{A;y; u > 0} (34)

Thus, the system is always stable according to Lyapunov
stability theory.

IV. SIMULINK AND DISCUSSION

The performance of the DRRISOSM controller for FOC
vector control of SPIM drives is validated through simulation
using MATLAB software. To increase the reliability,
comparison frameworks are established, similar surveys are
also implemented for SOSM control in [30], this comparison
to make clearly the second order sliding mode control shows
that then combination RC control and improved SOSM
control give a deal has superior performance in terms of
harmonic immunity and accurate tracking of the reference
speed, the PI controller is also chosen to make the create
comparison data because it is now still the standard solution
and the most widely used solution in industry and in
engineering practice. Additionally, DRRISOSM control also
is compared with other latest methods in [37], [49], to
confirm quantify the effectiveness of the proposed control
structure. The block diagram of the SPIM drive system is
shown in Fig. 2. In these simulations, a six-phase squirrel-
cage type IM with the rated parameters are given as follow:

1HP, 6-phase, 220 V, 50 Hz, 4 poles, 1450 rpm. Ry =10.1Q,
R, =9.85460, L; =0.833457H, L, =0.830811H,
L, =0.783106H, J = 0.0088 kg.m?. Setting the Sampling
Time T, =1e-5 sec; and set T, (1le-5 sec) for the step size
parameter.

A. The Dynamic Performance of Proposed Controller
Under Variable Speeed and Torque Disturbance

The starting and reversing mode investigation was carried
out to confirm the dynamic performance of DR
VGSTASOSM controller. The speed, torque, current and
rotor flux responses are shown in Fig. 3. The reference speed
increases from 0 t01440 rpm at t=0.5s; reversed to -1440rpm
then decreased to O at t= 3, 4s, respectively, and increased to
100 rpm at t=5.5s, rated load applied at t = 1.5s. This survey
was carried out based on the experiments in [37], in that a
hybrid nonlinear control which is composed of the super
twisting algorithm (STA) based second order sliding mode
control applying fuzzy logic method (FSOSMC) has been
proposed. This Test is also carried out with the Pl and SOSM
controllers [30] to get comparison data.

In this proposal, to deal with the torque ripple and load
disturbance, a DRVGSTASOSM control strategy with
improved SOSM comminating with RC is proposed as in part
3. Observation of the obtained results shows that the DR
VGSTASOSM controller can provide faster dynamic
responses and stabilization time. The start-up time of DSIM
from 0 to 1440 rpm in the case of the drive system using PI,
SOSM and DR VGSTASOSM controllers are 0.15s and
0.12s and 0.097s, respectively. At t =1.5 s, the rated torque is
applied, the load disturbance negatively affects the
performance on the PI controller causing a sudden speed drop
of 25.43 rpm (1.77%) and 0.125s to stabilize, steady state
error 3.89 rpm (0.27 %). The load disturbance also impacted
to the performance of both SOSM and the proposed controler,
but these both control strategies control quite well, the speed
distortions were not too serious due to the load disturbance is
identified and put into both SOSM and DRVGSTASOSM, it
indirectly helps effectively reconstructed the load disturbance
and allowes both control faster compensation than PI control.
The transient parameters of SOSM and DRVGSTASOSM
are the same when applying load disturbance and are the
sudden 11.71 rpm (0.81% drop) speed drop, 0.009s to
stabilize. At time t=1.5s, the speed is reversed directly from
1440 rpm to -1440 rpm. As soon as the speed reversal is
applied, the torque is immediately reversed, the motor starts
to decelerate to reach 0 speed and then accelerates in the
opposite direction and stabilizes at -1440 rpm. The total
reversal time of the DSIM drive system using PI, SOSM and
DR VGSTASOSM controllers are 0.198s, 0.147s and 0.139s
respectively. When observing FSOSMC controller in Fig. 5
to Fig. 6, [37] shows this strategy also performs the good
reversal, however, torque and rotor flux oscillation appear
during the survey, the chattering phenomenon has not been
eliminated.
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Fig. 3. Performance of Pl, SOSM and DRVGSTASOSM controllers under the variable speed

B. Test for Robustness Against Harmonic Disturbance

To validate the robustness of the proposed controller, a
test is implemented with the motor load that has a significant
cogging torque due to motor and load were coupled by a
below coupler, where appearing considerable misalignment
[49]. The drive system has strong torque harmonic
components; the most significant orders are the first, fourth
and 12th. The first and fourth harmonics are present due to
the misalignment of the system and thel2th harmonic is

generated by the mutual torque and cogging components of
the load both at the same frequency [49]. In this part, the
speed was surveyed at 100 rpm and 600 rpm with extended
harmonics load is activated at t=1s. The harmonic torque
disturbance can be described in terms of the rotor position, 6,

as
Ty(k) =T, cos(m8) + Ty sin(m8) (35)

where Ty, T, are the mth harmonic sine and cosine
components.
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In this case, at 100 and 600 rpm speed, the harmonic
frequencies appear 1.66, 6.66, 20 Hz and at 10, 40 and 120
Hz, respectively, (the first, fourth, and 12th harmonic orders).
The speed, torque responses of Pl, SOSM, DR
VGSTASOSM controllers for 100 and 600 rpm is shown in
Fig. 4. From the surveyed results show that the Pl strategy
attempted to control the speed, however, with fixed Kp, Ki
coefficients and the absence of torque estimation component
in the control process so the performance of the control was
significantly reduced when appearing harmonic disturbances,
it has the largest speed, torque current oscillation. SOSM
controls quite well in normal torque disturbance cases, but
harmonic disturbance appears, SOSM cannot operate stably,
the speed, torque current oscillations increases but with
smaller oscillation than Pl controller. Comparing the results
achieved in Fig. 4, Fig. 5, [49] using adaptive feedforward
controller (AFC) shows that AFC cannot reject all external
disturbance. On the contrary, DR VGSTASOSM control
eliminates the harmonic disturbance very well, the drive
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using this proposed control operates robustly and is almost
unaffected when harmonic disturbance appears for two cases
100 and 600 rpm.

The performance of the proposed controller in the speed
variation condition is demonstrated in Fig. 5. First, the DSIM
operates at 100 rpm, then increases to 300, 600 att =135, 10s
and decreases successively to 300, 100 rpm at t =15, 20s,
respectively. Comparing the speed responses in Fig. 5, we see
that PI controllers give large speed oscillation, the drive
system operates unstably, AFC controller in Fig. 14, [49]
significantly decreases the harmonic disturbances without
instability. On the contrary, DRVGSTASOSM provides very
good response, the drive system operates robustly and is not
affected by harmonic disturbance, the stability of the system
is guaranteed due to the design process based on Lyapunov
stability theory.
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Fig. 4. The speed, torque, isq torque current responses of PI, SOSM, DR VGSTASOSM under harmonic torque disturbance at 100 rpm b. at 600 rpm
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Another test also was performed with the speed kept
constant at 600 rpm. At the moment of sudden applied load,
the speed of motor is decreasing rapidly 1.25 rpm (0.002%)
and then it recovers in about 0.0018 s, at t = 20s, the load is
rejected, the speed increases 0.41rpm (0.0007%) and then it
recovers in about 0.0058s. The SS error is almost zero. From
the simulink results confirmed the tracking and harmonic
disturbance rejection performance also robustness of the
proposed DR VGSTASOSM controller.

C. Test for Robustness Against SPIM Parametric
Uncertainties

In order to verify and confirm more clearly the robustness
of the DR VGSTASOSM controller to load disturbances and
the impact of DSIM parameter changes, another survey was
conducted under load disturbance conditions, the machine
parameters R, R, will be changed in the high-speed range,
R, increases at t= 1.5s to 1.5 times normal stator resistance
and R, increases to 1.5 times to 2 times the normal rotor
resistance at t= 1.5s and t= 2.5s, respectively. The speed is
kept constant at 1000 rpm with a rated load.

Comparing the results obtained in Fig. 7 shows that at
t=1.5s when R, R, increase 150% normal stator and rotor
resistance, the controllers are all adaptive when operating
uncertain parameters. However, the performance of the DR
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Fig. 7. The speed, torque, flux response when parameters Rs, Rr change

VGSTASOSM controller are the better, this controller give
the speed stably and exactly reference tracking in during the
investigation period, and disturbances and fluctuations in
speed, torque and flux are almost non-existent, the speed,
torque and flux respones of Pl controller affected by R,, R
resistance changes. At the moment t=2.5, R, increase to
200% normal rotor resistance, R kept 150% normal stator
resistance, we see that the DR VGSTASOSM stratergy
controls the speed very well even though very severe working
conditions, on the contrary, with Pl controller appears the
speed, torque and flux oscillations.

D. Test for Robustness Against Open Circuit Fault

To confirm the performance and the robustness under
open circuit fault at low speed. The survey is conducted with
DSIM works at constant speed (100rpm) with rated load
torque under open phase fault at t=0.5 s (phase an opened).
Fig. 8 shows the speed, torque and current corresponding for
Pl and the proposed DR VGSTASOSM controller. At time
t=0.5s phase a of the DSIM is opened, Pl controller is
severely affected causing loss of convergence and stability
when the fault appears. In contrast, because RC and improves
SOSM made to both loop control, the proposed DR
VGSTASOSM shows superior robustness, stability and high-
speed convergence.
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Fig. 8. The speed, torque, current responses under open phase fault (phase an opened)

V. CONCLUSION

This paper proposes an improved hybrid control structure
by embedding the variable-gain super twisting algorithm into
the improved second order sliding mode control and
integrating plug-in repetitive control into this VSTASOSM
structure made the control process becomes more adaptive
and robust, allowing precise tracking and reducing the
chattering phenomena, it also helps to effectively eliminates
most overshoot, increases torque and speed response ability,
reduces the influence of load disturbance and uncertain
parameter, and proactively eliminates harmonic disturbances
effectively . By minimizing mechanical stress during speed
transitions, the proposed strategy not only improves tracking
and stability but also contributes to extending the lifespan of
the motor. The simulation results obtained by using
MATLAB and the analysis, comparison data in sect. 4 have
confirmed the effectiveness of the proposed control strategy
for vector control of DSIM drives, It proves the improved
tracking performance, harmonic disturbance rejection, and
robust operation of the DSIM under varying conditions. In
the future, 1 will continue to research and develop the
hardware to address the experimental validation of this
proposed DR VSTASOSM control strategy.
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