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1. INTRODUCTION

Induction motors (IMs) play an important role in industrial fields [1]. In order to achieve high-
performance, field-oriented control, direct torque control, and model predictive control (MPC) were
presented [2]-[6]. In order to enhance the MPC performance, various techniques were developed [7]-[10].
Cost functions were utilized to regulate the flux and torque, and decrease the harmonic [7]. An observer
integrated the MPC increased the stability at low speed [8]. The voltage vectors-based cost function were
employed to improve the drive [9]. A power-based MPC removed flux angle computation [10].

Versions of sliding mode (SM) theory were selected to control complex systems [11]-[19]. The
hover system was controlled by the SM control in case of disturbances [11]. In switched reluctance drive, the
fractional SM using nonsingular surface was employed under parameter uncertainties and disturbances [12].
To improve performance in frequency control of a power system, an integral was deployed [13]. Parameters
of the SM controllers were optimized by the metaheuristic algorithm in the control of highly nonlinear
system [14]. To stabilize the load frequency, an observer was integrated to estimate variables for the non-
reaching-phase SMC [15]. The space vector pulse width modulation (PWM) directly-driven synchronous
motor control was improved by the prescribed SM [16]. An exoskeleton was robustly controlled by a non-
singular SM [17]. The SMC was utilized in maximum torque per ampere control for synchronous motor [18].
In order to obtain robustness and desired response, a nonlinear switching function was added to minimize the
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integral time absolute error (ITAE) performance index [19]. For the disturbed IM controls, the SM
algorithms were widely utilized [20]-[25].

The super-twisting SM estimation enhanced the performance IM drive [20]. A nonlinear term added
to model predictive torque and flux control (MPTC) using sliding, reduced the uncertainties effect [21]. An
ultra-local model based on an integral SM observer eliminated the uncertainties [22]. The discrete SM
increased the sensorless IM drive accuracy at high-speed region [23]. The flux linkage was modified by the
SM in the linear IM MPC [24]. An adaptive SM reduced the chattering at flux weakening region and the
settling time [25]. Next, the state-space model of the IM is presented. The model is utilized to predict both
the stator flux and the motor torque for the MPTC [26]. Unlike [21], [22] SMs were used to predict the
models for increasing the robustness to uncertainty, the SM control is employed in speed controller.
Boundary of the disturbance is estimated. Finally, the integral SM control is deployed to address the
uncertainties because it enhances the conventional SMC technique by removing the reaching phase,
increasing the robustness, guaranteeing disturbance-free during initialization. The structure of the paper
includes sections: section 1 introduction, section 2 proposed SM predictive torque and flux control, section 3
simulation and discussion, and section 4 conclusion.

2. PROPOSED SLIDING MODE PREDICTIVE TORQUE AND FLUX CONTROL
Proposed MPTC drive integrated integral SM speed controller is shown in Figure 1. The state-space
representation of the IM is given by (1):

X = AX + BU, Q)
where, X is state of the system containing components of the stator current and rotor flux vectors; Us is input

of the system consisting of components of the stator voltage vector; A and B are system matrix and input
matrix:

i [ a, 0 a, a3npwm] 1
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where, @m is motor speed; np, is number of pole pairs; Lm, L, and Ls are magnetizing, rotor and stator
inductances; Rr and Rs are rotor and stator resistances; remaining parameters of A and B are calculated
according to (3):

(L3) . _ (L3Rr+LERy) | _ LmRyr Lm (3)
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Motor torque T, and simplified motor dynamics are computed (4):
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where, Ty is load torque; Jm is motor inertia; and By, is rotational damping constant of the motor.
In order to obtain the state at the h" instant, the rotor flux vector components are estimated by the
estimation and prediction using IM model (EPUM) block as (5) and (6):

;la = ga_l + tp(u?a - Rsi?a); 1/)?[3 = lp?ﬁ’_l + tp(ugﬁ - Rsi?ﬁ) ®)

W = ()l = (52)s0ly = () wls - (%) ©

where, tp is predictive period of the PTC drive. For more accurate predicting, the Heun’s method is
utilized [6]:

XMt = ¢, (AX" + BUMY) + XM X0 = 056, A(X0 — X)) + x5t (7)

Bulletin of Electr Eng & Inf, Vol. 15, No. 3, June 2026: 2045-2053



Bulletin of Electr Eng & Inf ISSN: 2302-9285 a 2047

where, v=1 to 7 are one of seven voltage vectors for utilized 2-level inverter. To obtain the inputs of the
minimization of cost function (MOCEF), the motor torque and the stator flux magnitude are computed:

h+1 _ (Lm\ ., h+1 Lm \:h+1..,h+1 _ (Lm) ; h+1 Lm jht1

sa,v — (Lr) ra,v + ((a3Lr)) Lsa,vs 1/15;;,1; - ( )lprﬁv ((a3Lr)) spv (8)
2 2

mt = ) + )T = Lm0t — Ul ©

Two computed quantities are employed to obtain cost function Z,:
Z, = |Te7’ef _ Te}}+1| + <k1,an) |¢ref g;l (10)

where: ky is positive weighting factor that is trial and error; T, and ys, are rated torque and rated stator flux
magnitude, respectively. The MOCF block outputs the voltage vector v that minimizes the cost function [26].
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Figure 1. The MPTC drive integrated integral SM speed controller

For the SM control, commonly-used switching function S and its time derivative are:
S =€y +keyS=dmrer — Om + k@Dmrer — ko (12)
where, e.=(wm,rei—@m) is speed error, k>0. By replacing (4) into (11), the derivative is simplified as (12):
S=F—u (12)

where, F and u are respectively the disturbance term and control law of the system (4):

kB

. k
F= W ref — O + ko, ref T ( )wm + ( )TL' (E)Te (13)

The disturbance is assumed to be bounded: |F|<Fm. In order to asymptote the error e, to zero, Lyapunov
function L and its time derivative must satisfy:

L—S?'=S< —k,|S| (14)

where: k:>0. The control law is chosen as (15):
u =g xsign(S) (15)
where: g>0. By substituting (12) and (15) into the left side of (14), following inequality is obtained:

L < |S|Fy — S x g x sign(S) (16)
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Equating the right side of (14) and (16), leads to:
g=Fy+k.,forS+0 17)
In the SM S=0, equivalent control law ueq is derived to satisfy the condition dS/dt=0:
$=F—ueq=0:ueq=F (18)
Assuming that Te e=Te, the reference motor torque is computed as (19):
]m(FM+kC)Sign(S),fOTS +0

Ty ror = K (19)
eref %,fors =0

For the integral SM, an auxiliary control law is defined to compensate for the disturbance boundary:
u=u, +tuyV=S-22=-u, (20)
The derivative of the function V is given by:
V=F-u)—(~uy))=F—uy (21)

Similarly, definition of Lyapunov function L1, condition of its time derivative, and selection of the control
law ug, are presented in (22):

2, .
L = "7;L1 =VV < —k|V];uy = (Fy + k)sign(V), for V £ 0 (22)

In the SM V=0, equivalent control useq is also found to guarantee the condition V = 0:

' /m(Fm+k]:)sign(V),f0r V0
V=F—=Ueq=0Uey = F;Terref = ImF (23)
T,fOT' V=0
To move S to zero, thanks to (12), (20), and (23), the control law u; is chosen as (24):

3.  SIMULATION AND DISCUSSION

Parameters of the simulated motor are given in Table 1. Simulations of the MPTC drive for two
speed controllers: the proportional-integral (PI) and the integral sliding mode (ISMC) ones are implemented
at T.={0.55T,, 0.95T,} and @mre={200 rpm, 20 rpm, 2 rpm}. In order to evaluate the performance of speed
controllers, undershoot/overshoot (UOS) and normalized integral time absolute speed error are utilized:

ITAE, = ([} tle,(D)|dt)/wprer (25)

Table 1. IM parameters [2]

Symbol Quantity Value Symbol Quantity Value
Th Rated torque 14.8 N-m I Moment of inertia 0.0047 kg-m?
Wen Rated stator flux 0.78 Wb Rs Stator resistance 3.179Q
Omin Rated speed 1420 rpm R: Rotor resistance 2118 Q
Pn Rated power 2.2 kW L=L,  Stator and rotor inductances 0.209 H
Np Number of pole pairs 2 L Magnetizing inductance 0.192 H

Figures 2-4 show all simulated cases. Two speed controllers provide higher UOSs at larger load
torques. The UOS seems negligible in the case of the ISMC (see enlarged image in Figures 2-4). For the PI,
the UOS rapidly increases with load torque magnitude. Tables 2-5 list all UOSs for operating modes
including starting (0 s-0.5 s), forward motoring (0.5 s-1 s), forward unloading (1 s-1.5 s), reverse (1.5 s-2 s),
reverse loading (2 s-2.5 s), and reverse unloading (2.5 s-3 s) ones.
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Figure 2. Speed responses at aret =200 rpm, T.=0.55
Tn (upper), and T =0.95 T, (lower)
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Figure 4. Speed responses at wrer=2 rpm, T.=0.55 T, (upper), and T.=0.95 T, (lower)

Table 2. Overshoot [%] at starting mode

Controller

Omref =200

Om ref =20 Om ref =2

Pl

4.68

3.05 294

Table 3. Undershoot/overshoot [%] at forward motoring/forward unloading modes

Forward motoring

Forward unloading

TL (Dm,ref :200 (Dm,ref :20 (Dm,ref :2 mm,ref :200 mm,ref :20 (Dm,ref :2
Pl ISMC Pl ISMC  PI ISMC Pl ISMC Pl ISMC _ PI ISMC
055T, 16 0.08 16 0.77 160 7.7 1.6 0.06 16 0.76 160 7
095T, 276 025 276 231 276 23 2.76 0.2 276 226 276 218

Figure 3. Speed responses at aret =20 rpm, T.=0.55
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Table 4. Overshoot [%] at reverse mode
T Om,ref =200 Om ref =20 Om ref =2
- Pl ISMC Pl ISMC Pl ISMC
055T, 286 021 286 0025 286 0.025
095T, 286 023 286 0025 287 0026

Table 5. Undershoot/overshoot [%] at reverse loading/reverse unloading modes
Forward motoring Forward unloading
To ®myref =200 ®myref =20 Omyref =2 ®mref =200 Om,ref =20 Omyref =2
PI__ISMC P Pl ISMC ISMC Pl ISMC Pl Pl ISMC _ISMC
055T, 159 009 16 073 160 75 159 007 16 072 160 7.7
095T, 275 023 276 263 276 234 276 02 216 2 276 234

In the starting mode (see Table 2), the UOS is approximately the same for both controllers. For the
remaining modes (see Tables 3-5), the ISMC yields a 90.8%-99.1% reduction in the UOS. The reason for this
improvement is that the motor response of the ISMC is significantly faster than that of the PI (see torque
peaks at times 0.5 s, 1's, 2 s, and 2.5 s in lower sub-images of Figure 5). It can be seen that the switching
function and the auxiliary one approach the sliding line very quickly after leaving the surface due to the
change of load (see extra figure in Figure 6).
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Figure 5. Motor torque responses at aret =200 rpm (upper), wret=20 rpm (center), and wrer=2 rpm (lower)
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Figure 6. Switching function at arer=2 rpm
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Unlike conventional SMC [20], ISMC reduces chattering almost completely due to its ability to
eliminate the reaching phase. Table 6 indicates that the ITAE, index for the ISMC is also decreased 96.9%-
99.8% compared to that for the Pl. Although evaluated indices are reduced significantly, the UOS can be up
to 23.4% at lowest speed command and highest load torque (see Table 5).

Table 6. ITAExx102 [$7]
T Om,ref =200 Om,ref =20 Om,ref =2
- Pl ISMC Pl ISMC Pl ISMC
055T, 129 041 62 011 574 1.00
095T, 171 043 104 037 987 336

4. CONCLUSION

The MPTC utilizing the PI and the integral SM speed controllers were presented and simulated in
regions of low speed command and high load torque. The ISMC dedicates the benefits up to 99.1% and
99.8% in the UOS and the ITAE, indices, respectively. The proposed ISMC almost eliminates the reaching
phase but the load torque needs to be estimated. In addition, there is still chattering phenomenon and high
UOS at highest load torque and lowest speed command. The twisting or super-twisting or non-singular
terminal SM algorithms and the load torque estimators can be employed to address the problems. MPC
techniques such as flux control method can be deployed to eliminate weighting factor tuning for the stator
flux. Design and analysis based on the robustness to uncertainties of parameters and measured quantities such
as stator current and rotor time constant, can be developed. The proposed method can be implemented using
embedded controllers and inverter platforms.
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