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The disturbance cancellation has always been an important area that has
received much attention, especially for the nonlinear drive systems as the
dual start induction motor (DSIM). In this paper, a new robust adaptive
hybrid strategy based on an improved variable-gain quasi-continuous third-
order sliding mode (VGQSTOSM) algorithm integrated with RC and a load
torque disturbance estimator helps to reduce chattering, cancel the periodic
and extended load disturbances, and enhance tracking performance
effectively. By using third-order sliding mode with variable gain dependent
on the magnitude of the sliding variable, this proposal aims to be adaptive. It
provides higher gain when far from the sliding surface (is large), leading to
faster convergence and lower gain when close to the sliding surface (is
small), potentially reducing chattering further and decreasing control effort
near the equilibrium. The robustness of the proposed controller is improved
because the adaptive gain mechanism effectively compensates for
uncertainties or disturbances. Furthermore, a plug-in RC is integrated into
the improved high-order sliding mode structure (DRVGQSTOSM), and an
estimated load torque disturbance value is also used to help identify and
proactively eliminate disturbances. The system stability is assured using
Lyapunov theory the virtual control vectors' outputs are chosen based on
Lyapunov theory. Simulation results obtained using the MATLAB software
confirm the tracking and harmonic disturbance rejection performance as well
as the robustness of the proposed control strategy.
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1. INTRODUCTION

The dual start induction motor (DSIM) drives are one of the multiphase motor drives that have
garnered significant research attention in recent decades. They are increasingly employed in high-power
industrial applications demanding high-quality control, reliability, and fault tolerance. Their application is
particularly notable in the transportation sector, including electric vehicles (EVs), ships, and aeronautics.
DSIMs are progressively replacing traditional three-phase induction motors in AC drives where high
reliability, accuracy, safety, and fault tolerance are paramount [1]-[3]. Despite the outstanding advantages,
DSIM has its inherent problems of nonlinearity and coupling, which are challenges for control systems
design. Additionally, the external disturbances, such as sudden load changes, periodic disturbances, also

decrease the performance of the drives.

To address these challenges, advanced control methods based on modern vector control strategies
have been developed for DSIM drives. In that, direct torque control (DTC) stands out as a relatively simple
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strategy. Its advantages include fast torque response, reduced dependence on machine parameter variations,
and a simpler implementation due to the absence of coordinate transformations and current control loops.
However, DTC suffers from significant drawbacks: high switching frequency, considerable torque and flux
ripples, mechanical vibration and noise, and poor control performance in low-speed operating ranges [4]-[7].
field-oriented control (FOC), in contrast to DTC, offers fast torque response, a wide speed control range, and
high efficiency across varying load conditions, achieved by decoupling torque and flux control. Problems
related to torque and flux ripples, noise, mechanical vibration, and low-speed operation do not appear in
FOC. FOC's main disadvantages are its high sensitivity to machine parameter variations and its significant
complexity, stemming from the need for coordinate transformations and multiple control variables. The
traditional FOC implementations using proportional-integral (P1) controllers with fixed coefficients often fail
to meet the stringent quality demands of high-performance drives [8]-[10].

Modern and intelligent control techniques have been proposed to address these problems [11]-[16].
Among them, sliding mode (SM) control is one of the most prominent methods. It has been widely used in
many industrial applications due to its robustness against disturbances, relative simplicity, and ease of tuning
and implementation [14]-[16]. However, the major disadvantage of conventional SM control is the chattering
phenomenon. Several methods have been proposed to eliminate or alleviate this unwanted effect. Effective
approaches include employing higher-order sliding mode (HOSM) control techniques [17]. Quasi-continuous
third-order sliding mode (QCTOSM) control is an advanced version of HOSM control designed to mitigate
chattering while preserving robustness.

To date, significant research has been conducted on HOSM control [18], [19]. However, many of
these studies operate under the assumption that nonlinear systems are primarily affected by general, bounded
disturbances. In reality, numerous nonlinear industrial processes (mechanical, robotics, and power
distribution) are disturbances can be harmonic signals, the diode rectifiers, and power converters can be
considered as a generator of these non-desired harmonic currents [20], Cogging torque, that caused by the
misalignment between stator and rotor is the important periodic disturbances affects rotating mechanical
machines [21]. Or the periodic disturbances that appear due to the eccentricity of the track in the hard disk
drives [22], due to the interaction between the rigid hub and flexible appendage during attitude maneuvering
in spacecraft [23]. Therefore, the major challenge of nonlinear drives in the presence of periodic disturbances
is the design of an accurate control ensuring good tracking and disturbance rejection performances.

Effective harmonic disturbance cancellation is crucial for many control applications, particularly in
drive systems. Several strategies exist, often depending on the available system knowledge. If both the
system model and disturbance frequency are precisely known, the internal model principle (IMP) allows for
effective feedback compensation [24]. If only the system model is known, a disturbance observer (DO) can
be employed to estimate the harmonic disturbance [25]. When the system model is uncertain or unavailable,
adaptive control techniques [26] or feedforward methods [27] become relevant. Adaptive control methods
based on feedback can also be proposed to tackle known and unknown disturbance frequencies [28], [29].
However, it generally requires some extra information and structural assumptions regarding the system.
Harmonic disturbances present in the system can also be identified, characterized, and mitigated using the
active disturbance rejection control (ADRC) framework. In this technique, total disturbance of the system
consists of all the uncertain elements, seen from the plant perspective as an input-additive. With ADRC, the
detailed analytical representation of the system is not required for control synthesis; it prioritizes the issue of
aggregated disturbance influence on the controlled output is continuously mitigated. The control design can
be achieved through online reconstruction of the total disturbance by means of a specialized observer. The
effectiveness of ADRC has been verified in numerous process and motion applications [29], [30]. The result
[31], ADRC was applied to compensate for the harmonic disturbance, combining these disturbance rejection
strategies with disturbance observers and compensation is required to give a good disturbance cancellation
efficiency, but this makes the control system more complex [31], [32].

In contrast to the above solutions, [33] develops a unique disturbance rejection scheme for highly
uncertain systems subjected to harmonic disturbances with unknown/known frequencies. Repetitive control
(RC) was proven to be an effective tool to reject disturbance and enhance the control performance through its
repeated learning process. However, it faces the stability problem and the inability to consider certain
characteristics of processes [33], [34]. To overcome these, much research focuses on improving the RC
design for non-linear systems [35]-[37]. Especially, a modified RC based on disturbance observer (MRC)
was developed to ensure the high-frequency stability and low-frequency periodic disturbances resistance
ability of the control strategy. A robust plug-in RC with phase compensation was proposed in [35]. Another
approach that the combination of RC with SM, an 1IR low-pass filter was applied inside the internal model of
RC to improve the stability robustness, is developed in [36]. The article [37], a multi-model identification in
presence of the periodic disturbance with an adaptive filter is used to decouple the disturbance and a discrete
repetitive sliding mode multi-control are developed to deal the problem of stability of the systems, the
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proposed control technique in [37] also combined multi-model SM control with RC to enhance the control
performances of nonlinear systems. A disturbance rejection repetitive second-order sliding mode
(DRRISOSM) control scheme using improved sliding mode control (ISOSM) technique combined with RC
is developed [38]. The improvement in [38] provides superior control and disturbance rejection capability.
However, ISOSM with constant gain of STA offers non-adaptive control authority. These gains are a
compromise; they can be too low for fast convergence when far from the surface, or unnecessarily high
(risking chattering/high control effort) when near the surface. Performance might be less consistent across
varying operating conditions compared to a well-designed variable gain scheme. In this paper, to thoroughly
solve the problems of periodic harmonic disturbance and accurately track high-performance DSIM drives, a
new improved sliding mode control method is proposed.

The main contributions are summarized as follows: i) The proposed control employs an improved
variable-gain quasi-continuous third-order sliding mode (VGQSTOSM) provides a smoother control tool
compared to SOSM. This potentially leads to ultra-low torque ripple and minimal vibration, offers superior
chattering suppression compared to SOSM, and higher precision. Furthermore, by making the gain dependent
on the magnitude of the sliding variable, this proposal aims to be adaptive. It provides higher gain when far
from the sliding surface (is large), leading to faster convergence and lower gain when close to the sliding
surface (is small), potentially reducing chattering further and decreasing control effort near the equilibrium.
The robustness of the proposed controller is improved because the adaptive gain mechanism effectively
compensates for uncertainties or extended and periodic load disturbances. ii) To specifically improve
harmonic disturbance rejection in FOC-based DSIM drives, a load torque disturbance estimator for
disturbance identification and a plug-in RC combined with the VGQSTOSM structure are proposed to reject
the periodic disturbance. Moreover, the system stability of the system was assured by the virtual control
vectors output of speed and current control loops is chosen based on Lyapunov theory.

This paper consists of four parts: i) The mathematical model of the DSIM drive is given in
section 2; ii) Section 3 is devoted to the development of a new discrete repetitive sliding model controller;
iii) Simulation results are presented in section 4; and v) Section 5 concludes.

2. MODEL OF DSIM DRIVE

A DSIM drive system consists of a DSIM fed by a six-phase voltage source inverter (SPVSI) and a
DC link, as shown in Figure 1. In this configuration, the SPVSI acts as the primary power converter,
delivering the appropriate voltage and frequency required for the DSIM to operate efficiently. Meanwhile,
the DC link serves as an energy buffer, helping to maintain voltage stability and enabling the inverter to
provide dynamic and responsive control of the motor.

L g

DC Link ¢° a g X b .
Vi

Figure 1. A DSIM drive general diagram

The vector space decomposition (VSD) technique was applied to transform the original six-
dimensional space of the machine into three two-dimensional orthogonal subspaces in the stationary
reference frame (DQ), (x - y) and (zl -z2) through a transformation matrix 6x6 in (1). Some basic
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assumptions have been made to develop the DSIM model. The windings are assumed to be sinusoidally
distributed: The magnetic saturation, the mutual leakage inductances, and the core losses are neglected.
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The electrical matrix equations in the stationary reference frame for the stator and the rotor may be
written as (2):

Vel = [Rs]lIs] + p([Ls][Ls] + [Lin][1-1)
0 = [R][I] + p([L, ][I ] + [Ln][Ls]D )

where: [V], [1], [R], [L], and [Lm] are voltage, current, resistance, self, and mutual inductance vectors,
respectively. p is the differential operator. Subscripts r and s are related to the rotor and stator resistance,
respectively. Since the rotor is a squirrel cage, [V] is equal to zero. The electromechanical energy conversion
only takes place in the only takes place in 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 like a classical three-phase IM FOC. The moment equation when
expressed, is as (3):

T, = 3P(lprQ Irp —Yrp irQ) 3)

where: Te, P, ¥, ¥ro, i, irg are the electromagnetic torque, number of pole pairs, the rotor flux, and
the rotor current, respectively. Like AC drives, motor control in a static reference frame is difficult;
therefore, the transformation of the DSIM model to dq rotating reference frame is necessary by using a
transformation matrix:

_[cos(6) —sin(6) @
4 = [sin(8) cos(8)
where ¢ is the rotor angular position referred to the stator.

In FOC, the rotor flux and torque are controlled by the iss and is; components. We have: i,., =
0; Y4 = Y4 The space vector differential equations describe the model motor dynamics as (5) and (6).

dwy 3 580l , TL '
at EP 7 (wrdlsq) _T_Bwr
d L . 1
Vra = _mlsd — =g
dt Tr Tr (5)
disq . .
Lg . = —aigg + Loweisg + brwohrg + Clsq
disq _ § .
L=~ = —aisq + Lywelsq + bRrPrq + CUgq
L%, Lm L%, Ry+L%Rg L%,Ry 1 Ly .+ B
where: o0 =1 — ;6= ;a = ——b="rA;c==;1,=-—";B =- (6)
LsLy oLgLy oLy oLy g Ry J

Usd, Usq; Isd, Isq: The components of sinductance; e and stator current, respectively; = The components of stator
voltage and stator current, respectively; wv, wrq: ROtor flux components; Te, Ti : Electromagnetic and load
torque; d-g: Synchronous and stationary axis reference frame quantities, respectively; w: the angular
velocity (mechanical speed), wr = (2/P)wre; wre, wsl, we - the electrical speed respectively Rotor and slip
angular and synchronous angular velocity; Ls, L;: Stator and rotor inductances; Ln: Mutual inductance ; Rs,
Ry: Stator and rotor resistances; J: the inertia of motor and load; o : Total linkage coefficient; B: Friction

coefficient; 7;: Rotor and stator time constant. The electromagnetic torque and the slip frequency can be
expressed in dq reference frame:
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_3PLpy M=

. L .
T, = > :lprdlsq; Wg = Tmlpbrdlsq (7)

3. DRVGSTAHOSM STRUCTURE FOR FOC OF SPIM DRIVES
3.1. Design the outer speed and flux loop

The classic SM provides high-accuracy solutions and is robust for a wide range of control problems
under uncertainty conditions. However, the main restriction of this control method is that high-frequency
control switching may easily cause unacceptable practical complications (chattering effect) [39]-[41]. To
overcome this problem, in the proposed controller, we propose using an improved order second sliding
technique, which is developed based on [39]. The second order slip surfaces according to the rotor flux,
speed components are defined as (8):

1/2
S (k) — [sl(k) — [glljrd + ﬂ-4- |€1/er| Sat(glljrd) (8)
m
$2000 e, + 250 16 V250t (64

where: 12 are positive coefficients. The rotor flux, speed are defined as (9).

Epg = WPrg —
ot e e ©
Wy T T
In the presence of periodic disturbances, the second-order sliding mode control performance decreases
considerably. To deal with this problem, a combination of repetitive control with improved SOSM control is
developed based on [37], [39]. We suppose that the disturbance vector dm(K) is periodic with the period N

dy (k) [d1 (k - N)]
dn (k) = = =d,(k—N 10
€)= a, 0] = ldy i - ] = = M) (10
Based on the condition of disturbance rejection [38], the sliding functions vector is then given as (11):
_ ulsat(&(k))] _ _
Smlk+1) = @Sn(k) + |, ool )|+ VIAm ) = dm(k = W) (11)

where: u12 are positive coefficients. The control expression of the new system [38] is (12):

()] = [t (k) + [l ()] (12)
where: vector [u,, (k)] are designed based on improved quasi-continuous three-order sliding-mode
controllers combine variable gain quasi-continuous third order sliding mode (VGQSTOSM) [38]-[41], and
they are defined as (13):

-1/2
5142 (31 +1s112/3sat (15, ) ) (111 +1s11/2)

kl (t’ Elprd)

Kt en) sp+2(

s1+2(1811+15112/3)
fun)] = [1160] = a2t (13)

. R -1/2
$a+ls212/3sat(Is2]) ) (121 +1521%/3)
1/2

1821+2(1521+]s212/3)
where:

1 3
ka(t,ey,,) = 5 5at(s:)) + S kalsyV2sat(Isy]) + kElsal;
k(b £0,) = 3sat(lsal) + S kplsaV2sat(lsz ) + ksl with ka3 ky >0

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

ugs (k)] = [Ewra(k) +yisat(s; (k + 1)) (14)

(001 = [uéus (k)] Lewr(k) +yzsat(sy(k + 1))

where: y1.23.4 are positive coefficients. Lyapunov functions are chosen:
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V=02 + V] =510 + 5, (k)] (15)

Differentiating both sides in (15), we get (16) and (17).

av dsq (k) ds, (k)
L= [s100 28 4 5, () =22 (16)
dsy (k) _ d[swrd+11-|£zpra|1/Zsaf(£¢rd)] dsy (k) _ d[pig—¥ra d[/11-|8¢rd|1/zsat(£1pm)]
at dt = a dt dt (17)
dsz(k) _ dlewr+izlewrt?sat(ewr)] dsy(0) _ dlwi-wr] d[Azlewr|/?sat (£ur)]
ac dt e dt dt

On the other hand, to satisfy the stability condition according to Lyapunov theory, the sliding surface
differential function is chosen as (18).

Lm0 = [y (k) + udls (k)] "

dt

Combining (16)-(18), i"s, i"sq virtual vectors are chosen for the outer speed and flux loop:

/2
dl[);. 1 d[31-|5wrd|1 Sat(Ewrd)] ;
ity (k) = Z—;{_ard toYrat p + [y (k) + uf™ (k)]
(19)
] 1 dm;‘«+T_L+Brw +d[lz-|£mr|1/25at(£wr)] + [u (k) _I_udis(k)]
isq(k) = ol T dt 2 2

In (19), i"sw and i%sq virtual control vectors are chosen to satisfy the control objectives, and they are the
reference inputs for calculating u”sw, U"sq Virtual control vectors. Wy rotor flux is identified by the current
model. The load torque T is estimated:

" 1 3\ L ] dw
T, |(2) Pl praisy — 222 (20)

- 1+7op
where: 0 is time gain; and p is differential.

3.2. Design the inner current loop controls
The improved nonlinear slip surface according to the current components is defined as (21):

Ss(k) _ [Sisd + A |‘9isd|1/25at(‘9isd) (21)

s, (k =[ -
m(k) sa (k) Eisq T Az |ei5q|1/zsat(eisq)

where: 134 are positive coefficients. The stator current errors are defined in (22).

L% i
€isa = lsg — lsa
{ isd = tsa L 22)
Eisq = lsq — lsq

We suppose that the disturbance vector dm(K) is periodic with the period N.

_ [ds(k)] _ [ds(k = N)] _ _
an9 = [ 200) = a2~y = k=) @3)
Based on the condition of disturbance rejection [51], the sliding functions vector is then given as follows:
_ ,u3$at(s3(k))] _ _
Smk +1) = ¢S, (k) + [u4sat(s4 U] V140 = dm(k = N)] (24)

where: 3.4 are positive coefficients. The control expression of the new system is (25):

[w()] = [wm (k) + ui® (k)] (25)
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where: vector [u,,(k)] are designed based on quasi-continuous three-order sliding-mode controllers [8]
combining VGQSTOSM [38]-[41], and they are defined as (26):

-1/2
kit e )5'3+2(s'3+|53|2/3sar(53))(|s'3|+|s3|2/3) !
uz (k)] | 2 l$al+2(1sal+1s312/3) "2

fen 0] = [ 0] = (26)

sa+2(s4+Isa1?/?sat(s9)) (15l +1542/3) "/

ki(t, s
(8 €ia) [$4l 42184 +15412/3)

where:

1 3
ks (t, €i5a) 5 sat(Iss]) + S kelss|2sat (s, ) + klss;
ka(t, €15q) = 3 5at(Isal) + 2kqls,|Y?sat(Is, ) + k3ls,|; - with  kekg >0

[u%s (k)] are the disturbance vectors be given the system to cancel periodic disturbances and they are defined
in (27):

dis
; k) gisa(k) +v3sat(sz(k + 1))
uds ()] = |15, ¢ =[ls 27
Lt 0T = | s (1) | = Leoq () + yasat sy (k + 1) @n
where: 1234 are positive coefficients. Lyapunov functions are chosen:
1 1
V= Z [V32 + Vi = Z [s3 (k)z + 54(k)2] (28)
Differentiate both sides in (15) we get:
av dss(k) dsy (k)
L= [s500 =28 4 5, (0 =22 (29)
dss(k) _ dleisat+as leisal'/*sat(eisa)] dss(k) _ dligg=isa] | d[A3.leisal'/*sat(eisa)]
at dt N at ~ dt dt (30)
dsy(k) _ d[fisq+/14-|€isq|1/25at(€isq)] dsy(k) _ dlidq=isq] 4 d[/14-|€isq|1/25at(8isq)]
at dt at ~ dt dt

On the other hand, to satisfy the stability condition according to Lyapunov theory, the sliding surface
differential function is chosen as (31).

P = [ (k) + ui* (k)] w

Combining expressions in (29) and in (31), u”sy, U"sq virtual control vectors are chosen as (32).

d[l3-|5isd|1/25at(€isd)
dt

Lt fus () + ugis )]}

2
d[l4.|£i5q|1/ sat(gisq)
dat

N Lg (dil , .
usd(k) = ?s{ dstd + Algqg — stelsq - blprd +

. (32)
s | dis , , i
u;q (k) = L_{ 4 + alsq - stelsd - brwewrd + ] + [u4(k) + uff S(k)]}

c (| dt

where: 134, usa; ys.4are positive coefficients
3.3. Stability analysis

The Lyapunov function of the system is defined in (15). Taking the differentiation of both sides of
the Lyapunov function, we get (16). Combining (16)-(18) we get (33).

T = — 5100 [ua (k) + w5 (] + 5500 [ua (k) + ufS ()] + 55 [us (k) + ufS ()] +
5.0 [ () + ud®s ()] (33)

From (33) we get:
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‘;—f < 0 with V{A; ;> 0} (34)

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

4. SIMULINK AND DISCUSSION

The performance of the DRVGQSTOSM controller for FOC of DSIM 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 [17], DRRISOSM control in [38], these
comparison to make clearly the second order sliding mode control shows that then combination RC control
and improved HOSM 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 engineering
practice. Additionally, DRVGQSTOSM control is also compared with other latest methods in [15], [28], to
confirm the effectiveness of the proposed control structure. The block diagram of the SPIM drive system is
shown in Figure 2. In these simulations, a six-phase squirrel-cage type IM with the rated parameters is given
as follows: 1 HP, 6-phase, 220 V, 50 Hz, 4 poles, 1450 rpm. Rs = 10.142, R, = 9.8546., Ls = 0.833457 H, L, =
0.830811 H, Lm = 0.783106 H, and J = 0.0088 kg.m?.

I | 1 _ i
| DRVGQSTOSM for FOC of DSIM Drives {1 ACSuly3 |
| e |
I i H

3 ]
1 Lo e < =
| 4 b |_| =
| . . . Park N Lo H g !
L isg Va [ 4 Voo AN 1
L O——b ——» b » .q » A P
b owr o & Y Do J g !
Poor % | veQsTosm Iiq lsa VGQSTOSM PWM ¥ > =
1 > integrated [————><)——> | Integrated - * . =
] b RC . A RC Vsq VSQ N A [
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Figure 2. FOC Vector control of DSIM drive using DRVGQSTOSM control structure

4.1. The dynamic performance of the proposed controller under variable speed and torque disturbance

The dynamic performance of the DRVGQSTOSM controller was confirmed through the starting and
reversing mode investigation tests. Figure 3 shows the speed, torque, current, and rotor flux responses as the
reference speed increases from 0 to 1440 rpm at t = 0.5 s; then reversed to -1440 rpm then decreased to 0 at
t = 3.4 s, respectively, and increased to 100 rpm at t = 5.5 s, rated load applied at t = 1.5 s. This survey was
carried out based on the experiments in [16], in which FC combined with the SOSM (FSOSMC) was
proposed. This investigation was also carried out with the PI, SOSM control in [18], and DRRISOSM control
in [38] to get comparison data.

The results show that the DRVGQSTOSM controller can provide faster dynamic responses and
stabilization time. The start-up time from 0 to 1440 rpm in the case of the drive system using PI, SOSM,
DRRISOSM, and DRVGQSTOSM controllers is 0.19 s, 0.125 s, 0.105 s, and 0.09 s, respectively. Att =
1.5 s, the rated torque is applied, negatively affecting the performance of the Pl controller, causing a sudden
speed drop of 29.11 rpm (2.06%) and taking 0.135 s to stabilize. The steady state error (SS error) is 3.89 rpm
(0.27%). The load disturbance also impacted the performance of SOSM [18], DRRISOSM [38] controllers,
and the proposed DRVGQSTOSM controller, but these control strategies performed quite well; the speed
distortions were not too serious due to the load disturbance being identified and put into SOSM,
DRRISOSM, and DRVGQSTOSM controllers, which indirectly helps effectively reconstruct the load
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disturbance and allows this control faster compensation than Pl control. The speed drop of SOSM and
DRRISOSM when applying load disturbance is similar at 12.23 rpm (0.849%), 0.011s to stabilize, the SS
error is 0.05% (SOSM), and almost zero DRRISOSM. Comparing Simulink results, it is easy to see that
DRVGQSTOSM controls the load disturbance better. The transient parameters of the DRVGQSTOSM
proposed controller are 5.12 rpm (0.35% drop) speed drop, and 0.003s to stabilize, SS error almost zero. 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 Pl, SOSM, DRRISOSM, and DR VGQSTOSM controllers is 0.283 s, 0.217 s, 0.188 s, and
0.121 s, respectively. When observing the FSOSMC controller in [15] under variable speed and torque
disturbance shown that this strategy also performs the good reversal; however, torque and rotor flux
oscillations appear during the survey, and the chattering phenomenon has not been eliminated.
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Figure 3. Performance of Pl, SOSM, DRRISOSM, and DRVGQSTOSM controllers under reverse speed

As we knew, to deal with the tracking and harmonic disturbance rejection performance and
robustness of the controllers, a DRVGQSTOSM control strategy with improved HOSM combined with RC is
proposed using the variable (adaptive) gains k(t,e) that are functions of the system's state, specifically
adapting based on the magnitude of the s sliding variables. These gains increase when the system state is far
from the sliding surface ([si| is large) and decrease when the state is close (|si| is small), making the control
effort automatically adjust to the system's proximity. High gain far away promotes fast convergence; low
gain nearby reduces chattering. By reducing this gain near the sliding surface, the high-frequency switching
(chattering) inherent in SMC can be significantly attenuated. It also helps potentially improve performance,
offer a better balance between fast transient response and smooth steady-state behavior, and may use control
energy more efficiently by avoiding unnecessarily high gains when the system is already near the target. RC
is also integrated into VGQSTOSM to further enhance noise cancellation. It is these things that enable the
proposed DRVGQSTOSM controller to provide superior control and disturbance rejection capability.

4.2. Test for robustness against harmonic disturbance

In this part, to validate the robustness of the proposed controller, the first test was performed with a
harmonic load disturbance added to the system. Specifically, the test is implemented with the motor load
having a significant cogging torque due to the motor and load being coupled by a coupler below, where
considerable misalignment appears [28]. The drive system appears to have 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 the 12th harmonic is generated by the mutual torque and
cogging components of the load, both at the same frequency [28]. In this part, the speed was surveyed at 100
rpm and 600 rpm with an extended harmonics load activated at t = 1 s. The harmonic torque disturbance can
be described in terms of the rotor position, 0, as:

T (k) =T, cos(m0) + T, sin(m80) (35)

where Ts, Tc are the mth harmonic sine and cosine components. 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). Figure 4 illustrates the speed and torque responses for Pl, SOSM, and the proposed
DR VGQSTOSM controllers under these conditions. The results indicate that the Pl controller, while
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attempting speed regulation, suffers from significant performance degradation due to its fixed gains (Kp, Ki)
and the absence of a torque estimation mechanism. This leads to the largest speed and torque oscillations
when harmonic disturbances are present. The SOSM controller performs reasonably well under normal
torque disturbances but struggles with harmonic disturbances, exhibiting increased speed and torque
oscillations, albeit smaller than those observed with the Pl controller. Comparatively, the adaptive
feedforward controller (AFC) presented in [28] under harmonic disturbance conditions shows an inability to
completely reject all external disturbances. In contrast, the proposed DR VGQSTOSM controller effectively
eliminates harmonic effects, ensuring robust and stable operation at both speeds, 100 (shown in Figure 4(a))
and 600 rpm (shown in Figure 4(b)).
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Figure 4. The speed, torque, isq torque current responses of Pl, SOSM, DR VGQSTOSM under harmonic
torque disturbance at (a) 100 rpm and (b) 600 rpm

A second test to confirm the robustness of the proposed controllers to step load disturbances is
conducted, and the speed is kept constant at 1440 rpm. This investigation replicates the test conditions
outlined in [25] under step torque disturbance at high speed, load torque is setup: T, =[7,0, -7, 0, 7] Nm at t
= [0, 0.8, 1.6, 2.1, 3] s. The resulting waveforms, shown in Figure 5, show that the Pl controller's
performance was significantly affected by the load torque disturbances. Observe the subplot (zoom Figure 5)
at time t = 3 s when applying a step load disturbance, the Pl controller has steady state and transient
parameters quite large (speed drop is 25.3 rpm (1.76%), convergence time is 0.07s, steady state error (SS
error) is 4.63 rpm (0.32%)). This step load disturbance also impacted the SOSM and DR VGQSTOSM
controllers; however, their performance was considerably better than PI controller. Both strategies effectively
mitigate speed distortions because the load disturbance is estimated and incorporated into their respective
control laws. The inherent robustness of SM control further contributes to effective disturbance
reconstruction and faster compensation compared to the PI controller. For SOSM, the drop speed is 9.85rpm
(0.68%), the converge time is 0.0089s, SS error is 1.23 rpm (0.085%). Notably, the DR VGQSTOSM
controller, utilizing a combination of an improved high-order sliding mode structure with variable gain and
RC, achieved superior dynamic and SS performance compared to the standard SOSM controller, with a drop
speed is 5.81 rpm (0.4%), a convergence time is 0.003s, SS error is 0.08 rpm (0.005%).

From the above comparative analyses confirmed that the proposed DRVGQSTOSM scheme offers
superior overall control capability. It tracks the reference speed quickly and accurately, and it also
demonstrating robustness against load disturbances. When comparing with the results in [17], [28], [38]
shown the DRVGQSTOSM controller provides more effective control tools with low steady-state error,
reduced torque ripple, and better overall dynamic control performance.
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Figure 5. The speed, torque, isq torque current responses of PI, SOSM, DRRISOSM, and
DR VGQSTOSM under step torque disturbance at high speed

4.3. Test for robustness against SPIM parametric uncertainties

To more clearly demonstrate the proposed controller's robustness to load disturbances and the
impact of DSIM parameter variations, another survey was conducted under load disturbance conditions, the
machine parameters Rs, Rr will be increasing to 1.25 and 1.5 times the normal stator and rotor resistance, the
speed is keep by constant at low speed (95 rpm), external load step changes of 0 to rated load at 0.2 s, both Rs
and Rr are increased 25% and 50% at 1s and 1.5 s (R"=1.25 Ry, R%=1.25 Rs; R"=1.5 R, R":=1.5 R) and at
t=2 s decreasing to nominal value. Figure 6 shows the speed, rotor flux, and torque responses when
parameters Rs, Rr change for the Pl and the DRVGQSTOSM controller. Attimet=1sandt=1.5s, Rs, Rr
increase; the response of speed, flux, and torque is affected by this change. They are speed decreases and
oscillations appear; these oscillations increase when Rs, R, increase. The results in Figure 6 show that when
the variables Rs, Ry with a PI controller appear, the oscillation phenomenon of speed, torque, and flux, the SS
error of Pl is 9.14% and tends to increase. Opposite, the proposed DRVGQSTOSM schemes have the

capability to control the speed very well. It is almost unaffected by this parameter change. The SS error of
DRVGQSTOSM does not change and is almost zero.
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Figure 6. The speed, rotor flux, and torque responses when parameters Rs, R; change

4.4. Test for robustness against open circuit fault

To confirm the performance and the robustness under open circuit fault at low speed and high speed,
two surveys are made at constant speed (100 rpm and 1000 rpm) with rated load torque with open phase fault
at t = 0.5 s (phase a opened). Figure 7 and Figure 8 show the performance of the Pl, DRRISOSM, and
DRVGQSTOSM controllers at low and high speeds. At time t = 0.5 s, phase a of the DSIM is opened, the PI
controller is severely affected, causing loss of convergence and stability when the fault. In contrast, because
RC improves HOSM in [38] and in DRVGQSTOSM made to both loop control is made, so both these
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controllers have superior robustness, stability, and high-speed convergence. In particular, the DRVGQSTOSM
controller shows the ability to eliminate disturbances, chattering, and fast convergence in the fault case.
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Figure 7. The speed, torque, and rotor flux responses under open phase fault (phase a opened at low speed)
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Figure 8. The speed and speed error responses under open phase fault (phase a opened at high speed)

5. CONCLUSION

This paper proposes an adaptive DRVGQSTOSM control strategy with improved HOSM combined
RC. In this proposed VGQSTOSM strategy uses the improved high order (third order) sliding integrated RC
and a load torque disturbance estimator help to reduce chattering, cancel the periodic and extended load
disturbances effectively. The improved high order third order sliding provides a smoother control tool
compared to SOSM, potentially lead to ultra-low torque ripple and minimal vibration, offers superior
chattering suppression compared to SOSM, higher precision. Furthermore, the variable (adaptive) gains k(t,e)
that are functions of the system's state. These gains will increase when the system state is far from the sliding
surface (|si| is large) and decrease when the state is close (|si| is small). This makes the control effort
automatically adjusts to the system's proximity. High gain far away promotes fast convergence; low gain
nearby reduces chattering. By reducing this gain near the sliding surface, the high-frequency switching
(chattering) inherent in SMC can be significantly attenuated. It also helps potentially improved performance
and offers a better balance between fast transient response and smooth steady-state behavior and may use
control energy more efficiently by avoiding unnecessarily high gains when the system is already near the
target. Simulation results confirm the reference tracking and periodic disturbance rejection performance,
robustness of the proposed controllers for FOC of DSIM drives.
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