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Abstract: In this paper, a generalized predictive control 

(GPC) application to double stator induction motor is 

introduced. First, a model of DSIM is built to describe the 

prediction model of the process and then the GPC control 

law is derived and used to design the speed controller. It 

output is the future value of the controlled variables which 

is needed by field oriented control procedure (FOC). 

 The applications of this strategy in the field of driving 

machines have been successful for high performance 

applications, with small overshoot, cancellation of 

disturbances, good stability and robustness. After 

analyzing the control strategy, we have shown that it is 

possible to synthesize a speed control of a double stator 

induction motor based on a minimal structure using only a 

simplified model (input-output transfer) and combining in 

a judicial way the vector control for the decoupling and 

the generalized predictive control for adjusting the speed. 

Comparison with results obtained with a more “classical” 

proportional-integral- (PI) controller is finally given. 

Therefore, we believe that this work is a contribution to 

the domain of variable speed multiphase induction motor 

drive. 
 

Keywords: Modeling, Double Stator Induction Machine 

(DSIM), Multilevel Voltage Source Inverter (VSI), Space 

Vector Pulse Width Modulation (SVPWM), Field Oriented 

Control (FOC), Generalized Predictive Control (GPC). 

1. INTRODUCTION 

The fast progress in the development of ac motor 

drives in the past two decades was mainly due to the 

development of power electronic devices [1], 

powerful and inexpensive microprocessors and 

modern ac motor technologies. This modern ac motor 

which has been developed recently is the use of 

multiphase drives where the number of stator phases 

is more than three [2, 3, 4]. All evaluations conducted 

on multiphase drives lead to encouraging results in 

terms of decrease the single switches current stress 

instead of adopting parallel techniques, reduce the 

harmonics content of the DC link current, improve 

the overall system reliability and correcting the torque 

ripple [5]. 

Many scholars have studied multiphase drives with 

dual stator three-phase motors. Of course, the torque 

ripple increases with the number of faulty phases 

because more statorique phase, less disturbance on 

the torque is important but the results of these 

research show that the torque ripple is superior to that 

of normal three-phase motors, in order to reduce this 

distortion, a variety of approaches in inverter control 

strategy and speed controller through multilevel 

converter design and predictive control algorithm [6, 

7].  

The predictive control aims to obtain certain desired 

performances in the presence of disturbances and the 

internal variations, the generalized predictive control 

constitutes one of the new most interesting solutions 

to implant during this last decade, in a general way 

these techniques of predictive controls generated a 

great number of application in various practical fields 

[7]. 

2. MACHINE MODELING 

This typical six-phase induction machine can be 

used in generator systems [8, 9, 10] and in sensorless 

speed control at low speeds [11, 12], this induction 

machine has two sets of three-phase windings which 

are spatially phase shifted by 30 electrical degrees 

with isolated neutrals. The dual stator three-phase 

induction machine is a six dimensional system. The 

original six dimensional machine system can be 
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decomposed into two-dimensional orthogonal 

subspaces dq or (α,β)-axis. 

The model of the DSIM drive will be described in 

stator field coordinates. This system of equations is 

nonlinear. The indices "r", "s1" and "s2" mean rotor, 

stator1 and stator2 respectively. The Park model in 

set of equation of state is presented below [13, 14]. 
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The state matrix A and vector B in the d-q axis are: 
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The mechanical equation is: 

                   mfme
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d
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The equation of the electromagnetic torque is: 
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3. SUPPLY SYSTEM MODELING 

The structure of a typical five-level voltage source 

inverter (VSI) of diode-clamped that uses IGBT 

devices is shown in fig.1. The higher number of 

levels provides the advantages of higher power rating 

and lower output harmonics [15, 16]. 

A five-level inverter has 5
3
= 125 switching states, 

8 switching devices and 6 clamping diodes for each 

phase leg, and 4 DC- side capacitors, where each 

switching device shares Vdc/4 voltage [1]. It produces 

5 level phase voltage, 9 level line voltage waves, 61 

voltage space vectors. (See fig.2) 

Table 1 shows the device switching table for a 

phase group and the corresponding phase voltage 

level or state, e.g. state 1 corresponds to output 

voltage 0.25 Vdc and the switching group is closed 

such that positive current can flow through S4, S5 

and S6, and negative current flow through S7.  

Figure 3 shows what the space vector d-q plane 

looks like for a five-level inverter [17, 18]. Each 

vector on the space vector plane represents a 

particular three-phase output voltage state of the 

inverter. For example, the vector V
210

 on the space 

vector plane means; that with respect to ground, a 

phase is at 2Vdc, b phase is at 1Vdc, and c phase is at 

0Vdc. For an output voltage state V
xyz

 in five-level 

diode-clamped inverter, the number of redundant 

states available is given by 5 – 1 – max(x, y, z). 

Switch state (2, 1, 0) has redundant states (3, 2, 1) 

and (4, 3, 2). Redundant switching states differ from 

each other by an identical integral value, i.e., (2, 1, 0) 

differs from (3, 2, 1) by (0, 0, 0) and from (4, 3, 2) 

by (1, 1, 1). The number of distinct or unique 

switching states is 5
3
-(5-1)

3
=61. Therefore, the 

number of redundant switching states is 4
3
=64. The 

number of possible zero states is equal to the number 

of levels; for a five-level diode-clamped inverter, the 

zero voltage states are V
000

, V
111

, V
222

, V
333

 and V
444

 

[18]. Table 2 summarizes the available redundancies 

and distinct states for a five-level diode-clamped 

inverter. 

Table 1 

Switching states of a phase group for a five level inverter 

Switching states S1 S2 S3 S4 S5 S6 S7 S8 VN 

4 on on on on off off off off Vdc 

3 off on on on on off off off 3Vdc//4 

2 off off on on on on off off Vdc//2 

1 off off off on on on on off Vdc//4 

0 off off off off on on on on 0 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Five-level diode clamped inverter 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Space vector of multi-level inverter 

The output voltages are:    

                  VabcN =Mabc.Vc                                                           (7) 

 

Where:       Vc=[Vc1 Vc2 Vc3 Vc4]
T
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Where Sabc is the switch state of phases a, b and c 

respectively; and i is an integer from 1 to 4. 

Where      δ(Sabc-i) = 1 if Sabc-i ≥ 0,  

               δ(Sabc-i) = 0 if Sabc-i < 0. 

As an example, for the space vector V
210

; Sa = 2,  

Sb = 1, Sc = 0, the MabcN matrix for this particular 

switching state of a five-level inverter would be:  
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Table 2 

Line-line redundancies of five-level three-phase diode 

clamped inverter. 

Redundancies Distinct 

States 

Redundant 

States 

Unique State 

Coordinates: 

(a, b, c) where 

0≤ a,b,c ≤4 

4 1 4 (0,0,0) 

3 6 18 (0,0,1),(0,1,0), 

(1,0,0),(1,0,1), 

(1,1,0),(0,0,1) 

2 12 24 (p,0,2),(p,2,0), 

(0,p,2),(2,p,0), 

(0,2,p,),(2,0,p) 

where p≤2 

1 18 18 (0,3,p),(3,0,p), 

(p,3,0),(p,0,3), 

(3,p,0),(0,p,3) 

where p≤3 

0 24 0 (0,4,p),(4,0,p), 

(p,4,0),(p,0,4), 

(4,p,0),(0,p,4) 

where p≤4 

Total 61 64 Total=61+64= 

125=53 stats 

4. FIELD ORIENTED CONTROL OF DSIM 

The goal of this method is to make the DSIM 

motor emulate the dc motor control by transforming 

the stator currents to a specific coordinate system 

where one coordinate is related to the torque 

production and the other to the rotor flux [19, 20], by 

eliminating the rotor currents, equations (8) and (9) 

can be derived relating rotor fluxes with stator 

currents. Substituting the conditions 0qr   and 

0
dt

d qr


  for decoupled control and 0
dt

d dr 
  for 

constant flux, equations (10) and (11) can be derived. 

Equation (10) indicates how the control slip 

command *
g  can be derived in feed-forward manner 
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from the control currents 1qsI  and 2qsI , whereas 

equation (11) shows that rotor flux is a function of 

1dsI  and 2dsI  in the steady-state condition. 
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Where:                   mm p  .  

FOC needs two constant input references the 

torque component and the flux component [4, 12], by 

maintaining the amplitude of the rotor flux ( r ) at a 

fixed value we have a linear relationship between 

torque and flux: 
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The relations between voltages and currents 

components are:  
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For a perfect decoupling we will add new currents 

regulators [15, 20], command *
1dqsI generated by *

dr  

(constant or programmed with speed for field-

weakening control) is compared with the 

corresponding machine value, which then generates 
*

1dqs
V  and *

2dqs
V  command after adding the decoupling 

compensation voltages c1dqsV and 
c2dqs

V  in the control 

loop. 
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In indirect vector control (IVC), the slip command 

signal *
g  is derived from the command 1qsI  through 

the slip gain
r

m

T

L2 . This signal is then added to the 

speed signal m , and then the slip *
s  command is 

derived. In the constant torque region, the rated flux 

is generated by constant 1dsI  command. For closed-

loop flux control in both constant-torque and field-

weakening regions, 1dsI  can be controlled within the 

programmed flux control loop so that the inverter 

always operates in SVPWM mode. The loss of flux 

in the field-weakening region causes some loss of 

torque from that of the square-wave mode, but fast 

vector control response is retained. 

5. GENERALIZED PREDICTIVE CONTROL 

This part reviews the main developments in 

generalized predictive control (GPC) [7, 21, 22]. 

The predictive strategy can be summarized by the 

following points: 

1 - Predict each time, the output on a finite horizon, 

and that using a numerical model of the system. 

2 - Develop a sequence of future control by 

minimizing a quadratic criterion on the future errors 

between the output and the trajectory to be followed, 

with a weight on the command. 

3- Implement a strategy based on the principle of 

receding horizon. 

A. PREDICTION MODEL 

The numerical prediction model is classically defined 

by input/output transfer function. The model is 

represented as CARIMA (Controlled Auto-

Regressive Integrated Moving Average) by fixing the 

polynomial „noise‟ 1)q(C 1  : 

)q(/)k()dk(T)q(B)k()q(A 1
em
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11 q1)q(   , )k(Tem and )k(  are respectively 

the input  and output of the model,  k  is a centered 

white noise, 1q  is the delay operator, d is the delay 



introduced by the system and )q(A 1  and )q(B 1 are 

two polynomials defined by: 
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The introduction of the difference operator )( 1 q in 

the disturbance model helps to find an integral action 

in the controller and so eliminate static errors [21].  

B. MATRIX OPTIMAL PREDICTOR 

In this section, we calculate Ω(k+j), the prediction 

at time k of Ω at j sampling step ahead. This 

calculation requires the solution of two Diophantine 

equations, based on the model mentioned in (16) and 

applying the ideas of modeling presented by Clarke 

and his co-authors [7], the predicted output Ω(k+j) is 

decomposed in a conventional manner in response 

free and forced, including a polynomial form to 

complete the synthesis polynomial final, single 

solution of Diophantine equations: 
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With:   Fj, Gj, Hj, Jj polynomials single solutions 

of the following Diophantine equations:  
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The optimal predictor is then defined by 

considering that the best prediction of noise in the 

future is its medium (supposed zero here), either: 
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To simplify the notations, it is possible to use a 

matrix representation of this predictor. Let us pose 

for that: 
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With:    0jkTem   for   uNj   

The criterion requires the definition of four 

parameters of adjustment: 

 N1: Initialization horizon; 

N2: Prediction horizon; 

Nu: Control horizon; 

λ: Control weighting coefficient. 

With these notations, the optimal predictor with j-

step can be written in matrix form: 
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C. MATRIX COST FUNCTION 

The minimization of the criterion is based on the 

setting in matrix form of the cost function (32): 
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The optimal control is obtained finally by 

analytical minimization of the criterion in matrix 

form, .0
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 what leads to the optimal sequence 

of future control: 
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In a traditional way in generalized predictive 

control, only the first value of the sequence, equation 

(30) is applied to the system, according to the 

principle of the receding horizon [23]: 

])1k(T)q(h)k()q(f[
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T
1emem
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  (31) 

With: Tm1  first line of the matrix M 

6. SIMULATION RESULTS 

The double stator three phase induction motor 

(Fig.3) with the parameters shown in Table 3, is 

controlled by a cascades type control, the internal 

loops of torque and flux being conceived around a 

vector control, the external speed loop including the 

predictive law. The internal loop east gathers two 

current loops imposing the currents Ids12 and Iqs12. The 

external loop includes the GPC controller (providing 

the reference torque to the intern loop). Simulations 

and the tests carried out were focused around this 

external speed loop. 

The construction of the predictive control laws 

requires the existence of a prediction model of the 

machine resulting from a step of experimental 

identification [24]. The electric part is represented by 

a transfer function of one order. This function thus 

uses a time-constant: e  

                   
s1

1

T

T

e
*
em

em


                                  (32) 

            s   : Variable of Laplace 

 Tem : Electromagnetic torque  

 T
*
em: Reference torque.  

The mechanical part of DSIM is characterized by 

inertia J, the coefficient of viscous friction Kf and the 

torque load Tr. The time constant e represent the 

electric part of the DSIM. The relation between the 

electromechanical torque Tem and speed Ω is thus of 

the form: 
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           (33)              

These elements (electrical and mechanical part) 

make it possible to build a complete model of the 

system to be controlled, used during the synthesis of 

the predictive laws. Figure 4 summarizes this model, 

showing the mechanics and electric parts as well as 

the blocker of zero order [25]. Finally, the model 

used is represented by a discrete transfer function (for 

one period of sampling of Ts = 101[μs]) between the 

electromechanical torque and the angular velocity: 
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By considering the rules of stability and 

robustness, a corrector GPC can be synthesized with 

the set of parameters: N1 = 1; N2= 15, Nu = 2 and λ= 

53 

A five-level inverter has several advantages over a 

conventional two-level inverter (see fig.5); one 

particular not only can generate the output torque 

with very low distortion. 

The results of the speed regulation with GPC 

regulator are shown in figure (6), the corresponding 

speed and torque of motor tends to its reference 

command in the proposed control. The speed is 

linearly increased from zero to 2751[rpm] in 0.9 

second without overtaking. After 1.5 seconds, a 

nominal load torque of 14 [N.m] is applied to 

appreciate the dynamic response of the DSIM. 

Fig.7 shows the simulation results of the speed 

reversal test, in this test the DSIM runs with positive 

nominal speed, and then the speed is reversed linearly 

in 2 sec. The amplitude of rotor flux is kept constant 

on 1[Wb]. These results verify the ability of IFOC 

during speed reversal. It is evident that the flux of the 

DSIM remains unaffected during the transient of the 

speed. 

Fig.8 shows the simulation results of the 

robustness test, in this test the DSIM runs with 

positive unmeasured disturbance of 7 [N.m], these 

results verify the ability of GPC controller during 

load change. We remark that the GPC and PI 

response time control are evaluated at 1 sec and 1.2 

sec respectively. The GPC overshoot is evaluated at 

3%, these PI overshoot is equal to 9%. 

One notes according to the simulation results that 

the variations of the real and reference speed present 

a similar dynamic in terms of continuation and 

establishment. This dynamic is sensitive for the 

inverter levels and modulation strategy. 
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8. CONCLUSION 

In this paper, we might focus the GPC 

performances of DSIM by using GPC controller for 

mechanical speed adjustment. The proposed strategy 

was applied to a double stator induction motor 

operating under FOC technique.  

The obtained simulation results show a clear 

improvement on the level of the machine response by 

using the simplified model of the machine. High 

robustness with respect to the unmeasured 

disturbance load is checked during simulation 

compared to the traditional control.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Cascade Control of DSIM 
 

Table 3 

Double Stator Induction Motor Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig.4. Simplified model of the control law 

 

 

 

 

 

 

 

 
                      

 

 

 

 

(a) Two-level VSI                           (b) Five-level VSI 

Fig.5. The electromagnetic torque 

 

 

 

 

 

 

 

 

 

 
                        

 

 

 

(a) PI regulator                               (b) GPC regulator 

Fig.6. The mechanical speed 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. The inversion speed test 

Nominal values Value IS-Unit 

Power 4.5 kW 

Frequency 50 Hz 

Voltage  ( /Y) 220/380 V  

Current  ( /Y) 5.6 A 

Speed 2751 rpm 

Poles of pair 1  

Rs1= Rs2 3.72 Ω 

Rr 2.12 Ω 

Ls1= Ls2 0.022 H 

Lr 0.006 H 

Lm 0.3672 H 

J 0.0625 Kgm2 

Kf 0.001 Nm(rad/s)-1 
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Fig.8. The robustness test (unmeasured disturbance) 
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