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 The paper deals with utilization of integral sliding mode (SM) in speed 

controller of predictive torque and flux control (PTC) of induction motor 

(IM). At first, the model-based prediction of the motor torque and stator flux 

is presented. Then, the voltage vector of the inverter is selected to minimize 

the errors of the torque and the flux. The proportional-integral (PI) speed 

controller is used to provide the reference torque for the torque controller. 

However, the PI speed controller is not achieved high performance 

especially in cases of high load torque and low speed commands. Then, the 

integral SM one is employed to enhance the speed control performance. 

Simulations of two speed controllers in PTC drive are carried out. 

Evaluations using criterions relevant to speed error confirm the expected 

performance of the integral SM speed controller. 
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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): 

 

𝑋̇ = 𝐴𝑋 + 𝐵𝑈𝑠 (1) 

 

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: 

 

𝑋 =

[
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 (2) 

 

where, m is motor speed; np is number of pole pairs; Lm, Lr, 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): 

 

𝜎 = 1 −
(𝐿𝑚

2 )

(𝐿𝑠𝐿𝑟)
; 𝑎1 = −

(𝐿𝑚
2 𝑅𝑟+𝐿𝑟

2𝑅𝑠)

(𝜎𝐿𝑠𝐿𝑟
2)

; 𝑎2 =
𝐿𝑚𝑅𝑟

(𝜎𝐿𝑠𝐿𝑟
2)

; 𝑎3 =
𝐿𝑚

(𝜎𝐿𝑠𝐿𝑟)
 (3) 

 

Motor torque Te and simplified motor dynamics are computed (4): 

 

𝑇𝑒 = (
(3𝑛𝑝𝐿𝑚)

(2𝐿𝑟)
) (𝑖𝑠𝛽𝜓𝑟𝛼 − 𝑖𝑠𝛼𝜓𝑟𝛽); 𝐽𝑚 (

𝑑𝜔𝑚

𝑑𝑡
) = 𝑇𝑒 − 𝑇𝐿 − 𝐵𝑚𝜔𝑚 (4) 

 

where, TL is load torque; Jm is motor inertia; and Bm is rotational damping constant of the motor. 

In order to obtain the state at the hth instant, the rotor flux vector components are estimated by the 

estimation and prediction using IM model (EPUM) block as (5) and (6): 

 

𝜓𝑠𝛼
ℎ = 𝜓𝑠𝛼

ℎ−1 + 𝑡𝑝(𝑢𝑠𝛼
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ℎ = 𝜓𝑠𝛽

ℎ−1 + 𝑡𝑝(𝑢𝑠𝛽
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ℎ ) (5) 
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ℎ − (
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ℎ
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) (6) 

 

where, tp is predictive period of the PTC drive. For more accurate predicting, the Heun’s method is  

utilized [6]: 

 

𝑋𝑝,𝑣
ℎ+1 = 𝑡𝑝(𝐴𝑋ℎ + 𝐵𝑈𝑠,𝑣

ℎ+1) + 𝑋ℎ; 𝑋𝑣
ℎ+1 = 0.5𝑡𝑝𝐴(𝑋𝑝,𝑣

ℎ+1 − 𝑋ℎ) + 𝑋𝑝,𝑣
ℎ+1 (7) 
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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 (MOCF), the motor torque and the stator flux magnitude are computed: 

 

𝜓𝑠𝛼,𝑣
ℎ+1 = (

𝐿𝑚

𝐿𝑟
)𝜓𝑟𝛼,𝑣
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𝐿𝑟
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ℎ+1 + (
𝐿𝑚
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ℎ+1 (8) 
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2
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ℎ+1 = 1.5𝑛𝑝(𝑖𝑠𝛽,𝑣
ℎ+1𝜓𝑠𝛼,𝑣

ℎ+1 − 𝑖𝑠𝛼,𝑣
ℎ+1𝜓𝑠𝛽,𝑣

ℎ+1) (9) 

 

Two computed quantities are employed to obtain cost function Zv: 

 

𝑍𝑣 = |𝑇𝑒
𝑟𝑒𝑓

− 𝑇𝑒,𝑣
ℎ+1| + (
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where: k is positive weighting factor that is trial and error; Tn and sn are rated torque and rated stator flux 

magnitude, respectively. The MOCF block outputs the voltage vector v that minimizes the cost function [26]. 

 

 

 
 

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 = 𝑒̇𝜔 + 𝑘𝑒𝜔; 𝑆̇ = 𝜔̈𝑚,𝑟𝑒𝑓 − 𝜔̈𝑚 + 𝑘𝜔̇𝑚,𝑟𝑒𝑓 − 𝑘𝜔̇𝑚 (11) 

 

where, e=(m,ref−m) is speed error, k>0. By replacing (4) into (11), the derivative is simplified as (12): 

 

𝑆̇ = 𝐹 − 𝑢 (12) 

 

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

 

𝐹 = 𝜔̈𝑚,𝑟𝑒𝑓 − 𝜔̈𝑚 + 𝑘𝜔̇𝑚,𝑟𝑒𝑓 + (
𝑘𝐵𝑚

𝐽𝑚
)𝜔𝑚 + (

𝑘

𝐽𝑚
)𝑇𝐿; 𝑢 = (

𝑘

𝐽𝑚
)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 =
𝑆2

2
; 𝐿̇ = 𝑆𝑆̇ ≤ −𝑘𝑐|𝑆| (14) 

 

where: kc>0. The control law is chosen as (15): 
 

𝑢 = 𝑔 × 𝑠𝑖𝑔𝑛(𝑆) (15) 
 

where: g>0. By substituting (12) and (15) into the left side of (14), following inequality is obtained: 
 

𝐿̇ ≤ |𝑆|𝐹𝑀 − 𝑆 × 𝑔 × 𝑠𝑖𝑔𝑛(𝑆) (16) 
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Equating the right side of (14) and (16), leads to: 
 

𝑔 = 𝐹𝑀 + 𝑘𝑐, 𝑓𝑜𝑟𝑆 ≠ 0 (17) 
 

In the SM S=0, equivalent control law ueq is derived to satisfy the condition dS/dt=0: 
 

𝑆̇ = 𝐹 − 𝑢𝑒𝑞 = 0 ⇒ 𝑢𝑒𝑞 = 𝐹 (18) 
 

Assuming that Te,ref=Te, the reference motor torque is computed as (19): 
 

𝑇𝑒,𝑟𝑒𝑓 = {

𝐽𝑚(𝐹𝑀+𝑘𝑐)𝑠𝑖𝑔𝑛(𝑆)

𝑘
, 𝑓𝑜𝑟 𝑆 ≠ 0

𝐽𝑚𝐹

𝑘
, 𝑓𝑜𝑟 𝑆 = 0

 (19) 

 

For the integral SM, an auxiliary control law is defined to compensate for the disturbance boundary: 
 

𝑢 = 𝑢1 + 𝑢2; 𝑉 = 𝑆 − 𝑍; 𝑍̇ = −𝑢2 (20) 
 

The derivative of the function V is given by: 
 

𝑉̇ = (𝐹 − 𝑢) − (−𝑢2) = 𝐹 − 𝑢1 (21) 
 

Similarly, definition of Lyapunov function L1, condition of its time derivative, and selection of the control 

law u1, are presented in (22): 
 

𝐿1 =
𝑉2

2
; 𝐿̇1 = 𝑉𝑉̇ ≤ −𝑘𝑐|𝑉|; 𝑢1 = (𝐹𝑀 + 𝑘𝑐)𝑠𝑖𝑔𝑛(𝑉), 𝑓 𝑜𝑟 𝑉 ≠ 0 (22) 

 

In the SM V=0, equivalent control u1eq is also found to guarantee the condition 𝑉̇ = 0: 
 

𝑉̇ = 𝐹 − 𝑢1𝑒𝑞 = 0 ⇒ 𝑢1𝑒𝑞 = 𝐹; 𝑇𝑒1,𝑟𝑒𝑓 = {

𝐽𝑚(𝐹𝑀+𝑘𝑐)𝑠𝑖𝑔𝑛(𝑉)

𝑘
, 𝑓𝑜𝑟 𝑉 ≠ 0

𝐽𝑚𝐹

𝑘
, 𝑓𝑜𝑟 𝑉 = 0

 (23) 

 

To move S to zero, thanks to (12), (20), and (23), the control law u2 is chosen as (24): 
 

𝑆̇ = −𝑢2; 𝑢2 = 𝑘2𝑆(𝑘2 > 0) (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 TL={0.55Tn, 0.95Tn} and m,ref={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: 
 

𝐼𝑇𝐴𝐸𝑛 = (∫ 𝑡|𝑒𝜔(𝑡)|𝑑𝑡
3

0
)/𝜔𝑚,𝑟𝑒𝑓 (25) 

 
 

Table 1. IM parameters [2] 
Symbol Quantity Value Symbol Quantity Value 

Tn Rated torque 14.8 Nm Jm Moment of inertia 0.0047 kgm2 

sn Rated stator flux  0.78 Wb Rs Stator resistance 3.179  

m,n Rated speed  1420 rpm Rr Rotor resistance 2.118  

Pn Rated power 2.2 kW Ls=Lr Stator and rotor inductances 0.209 H 

np Number of pole pairs 2 Lm 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 ref =200 rpm, TL=0.55 

Tn (upper), and TL =0.95 Tn (lower) 

Figure 3. Speed responses at ref =20 rpm, TL=0.55 

Tn (upper), and TL=0.95 Tn (lower) 
 

 

 
 

Figure 4. Speed responses at ref =2 rpm, TL=0.55 Tn (upper), and TL=0.95 Tn (lower) 
 

 

Table 2. Overshoot [%] at starting mode 
Controller m,ref =200 m,ref =20 m,ref =2 

PI 4.68 3.05 2.94 
 

 

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

TL 
Forward motoring Forward unloading 

m,ref =200 m,ref =20 m,ref =2 m,ref =200 m,ref =20 m,ref =2 

PI ISMC PI ISMC PI ISMC PI ISMC PI ISMC PI ISMC 

0.55 Tn 1.6  0.08 16  0.77 160  7.7 1.6  0.06 16  0.76 160 7 

0.95 Tn 2.76  0.25 27.6  2.31 276  23 2.76  0.2 27.6  2.26 276  21.8 
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Table 4. Overshoot [%] at reverse mode 

TL 
m,ref =200 m,ref =20 m,ref =2 
PI ISMC PI ISMC PI ISMC 

0.55 Tn 2.86  0.21 2.86  0.025 2.86  0.025 
0.95 Tn 2.86  0.23 2.86  0.025 2.87  0.026 

 

   

Table 5. Undershoot/overshoot [%] at reverse loading/reverse unloading modes 

TL 
Forward motoring Forward unloading 

m,ref =200 m,ref =20 m,ref =2 m,ref =200 m,ref =20 m,ref =2 

PI ISMC PI PI ISMC ISMC PI ISMC PI PI ISMC ISMC 

0.55 Tn 1.59  0.09 16  0.73 160  7.5 1.59  0.07 16  0.72 160  7.7 
0.95 Tn 2.75  0.23 27.6  2.63 276 23.4 2.76  0.2 27.6  2 276  23.4 

 

 

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).  

 

 

 
 

Figure 5. Motor torque responses at ref =200 rpm (upper), ref =20 rpm (center), and ref =2 rpm (lower) 

 

 

  

 
  

Figure 6. Switching function at ref =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 ITAEn index for the ISMC is also decreased 96.9%-

99.8% compared to that for the PI. 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. ITAEn10-3 [s2] 

TL 
m,ref =200 m,ref =20 m,ref =2 
PI ISMC PI ISMC PI ISMC 

0.55 Tn 12.9 0.41 62 0.11 574 1.00 
0.95 Tn 17.1 0.43 104 0.37 987  3.36 

 

 

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 ITAEn 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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