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 Comparison of DFOC of Seven-Phase Induction Motor with PI 
and Fuzzy-Logic speed Controller under speed sensor fault 

 
 

Abstract. The paper presents the analysis of the Direct Field-Oriented Control of seven-phase squirrel-cage induction motor with the application of 
the PI and Fuzzy-Logic controller in the speed control loop and with MRASCC estimator. The encoder failure in the DFOC control system has been 
analyzed. The mathematical model of the seven-phase induction motor has been presented and the MRASCC estimator has been described. The 
descriptions of the Space Vector Modulation and Fuzzy-Logic controller have been shown. Results of simulation studies of the Direct Field-Oriented 
Control methods in the speed sensor fault condition are presented. 
 
Streszczenie. W artykule przedstawiono analizę metody bezpośredniego sterowania polowo-zorientowanego siedmiofazowym silnikiem 
indukcyjnym klatkowym z zastosowaniem regulatora PI i regulatora rozmytego w pętli regulacji prędkości i z zastosowaniem estymatora MRASCC. 
Analizowano awarię enkodera w układzie sterowania DFOC. Opisano model matematyczny 7-fazowego silnika indukcyjnego i opisano estymator 
MRASCC. Przedstawiono opis zastosowanej metody modulacji wektorowej i regulatora rozmytego. Przedstawiono wyniki badań symulacyjnych 
analizowanej metody sterowania w stanie awarii czujnika prędkości. (Porównanie sterowania DFOC siedmio-fazowym silnikiem indukcyjnym z 
zastosowaniem regulatorów PI i regulatora rozmytego w stanie awarii czujnika prędkości) 
 
Keywords: seven-phase squirrel-cage induction motor, MRASCC estimator, Direct Field-Oriented Control method, Fault Tolerant Control 
Słowa kluczowe: 7-fazowy silnik indukcyjny klatkowy, estymator MRASCC, bezpośrednie sterowanie polowo-zorientowane, sterowanie 
odporne na uszkodzenia 
 
Introduction 

Nowadays, the development of modern power 
electronics, makes possible to consider the motor with the 
number of stator phases greater than three. The interest in 
induction motors with more than three phases has 
increased, especially for high-power applications. The 
multiphase motors have a lot of advantages in comparison 
with conventional three-phase motors [1, 3-6, 10], for 
example: reducing the amplitude and increasing the 
frequency of torque pulsations, reducing the rotor harmonic 
currents losses, lowering the dc link current harmonics and 
improved reliability. The other important cause is that for 
given motor power, an increase of the number of phases 
enables the reduction of power per phase, that is the 
reduction of power per inverter leg.  

In the literature the different control methods of the 
multiphase motors have been discussed [1, 3-6, 10]. In this 
paper the system of Direct Field-Oriented Control of seven-
phase induction motor has been considered and described. 
In the presented control system the Stator-Current-Based 
Model Reference Adaptive System (MRASCC) estimator has 
been applied [8]. The application of this estimation system 
allows for the elimination of the mechanical sensors and 
increasing of the reliability of the drive system with seven-
phase induction motor. The Fuzzy-Logic controller in the 
speed control loop has been also applied in one of the 
analyzed DFOC systems. This type of controller can give 
much better control results in comparison with conventional 
linear controllers [2, 9]. 

This article presents the analysis of seven-phase 
induction motor with Direct Field-Oriented Control (DFOC) 
during the state of the occurrence of the encoder failure. 
The comparison of impact of this fault-state has been 
analyzed for the DFOC with linear PI controller and for 
DFOC with Fuzzy-Logic controller in the speed control loop. 

 
Mathematical model of seven-phase induction motor 

The mathematical model of the seven-phase induction 
motor has been formulated on the basis of commonly used 
simplifying assumptions [1, 3-6, 10]. The analysis and 
control of this type of motor in the stator and rotor phase 
coordinate system is difficult, because the obtained motor 

model is described by the equations with the time 
dependent coefficients. For this reason, the appropriate 
transformation matrices [4, 5] are applied and a model of 
the seven-phase induction motor with constant coefficients 
is obtained.  

After transformations the original seven-phase system of 
stator and rotor is decomposed into three orthogonal 
subspaces: the α-β, z1-z2, z3-z4 and the system of zero 
components. The stator and rotor α-β components are next   
transformed to the common x-y orthogonal system, which is 
rotating  with arbitrary angular speed ωk relative to the 
stator [4, 5]. 

The general equations of seven-phase induction motor 
after transformation take the following form [4, 5]:   
- the voltage equations of the stator and rotor in the 
common rotating   x-y coordinate system: 

(1)                
sxsyksxssx dt

d
iRu              

(2)                
sysxksyssy dt

d
iRu              

(3)                  rxryekrxr dt

d
iR  0            

(4)                  ryrxekryr dt

d
iR  0                    

     
- the stator voltage equations in the additional coordinate 
systems z1-z2 and z3-z4: 

(5)                         
111 szszssz d

d
iRu      

(6)                         
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d
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(7)                         
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- the equation of the motor electromagnetic torque: 
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      where: usx, usy, usz1, usz2, usz3, usz4 - components of the 
stator voltage vectors in the x-y, z1-z2 and  z3-z4 coordinate 
systems;   isx, isy, isz1, isz2, isz3, isz4,  irx, iry - components of the 
stator and rotor current  vectors in the x-y, z1-z2 and z3-z4 
coordinate systems; ψsx, ψsy, ψsz1, ψsz2, ψsz3, ψsz4, ψrx, ψry -  
components of the stator and rotor flux linkage vectors in 
the x-y, z1-z2 and z3-z4 coordinate systems; ωe - the 
electrical angular speed of the motor; Te - the motor 
electromagnetic torque; Rs, Rr - stator and rotor phase 
resistance; Lm - motor magnetizing inductance; Lr - rotor 
inductance;  pb - the number of motor pole pairs. 

The variables considered in the coordinate systems z1-
z2 and z3-z4 do not contribute in energy conversion and in 
generation of motor torque. However the stator components 
in these systems must be minimized with the use of the 
appropriate space vector modulation, because they can 
cause enlargement of the amplitude of the stator phase 
currents and extra power losses in the stator windings [1, 3-
6, 10]. The rotor components in the z1-z2 and z3-z4 systems. 
and the stator and rotor zero components are always equal 
to zero because the rotor is short-circuited and the stator is 
assumed to be star-connected with isolated neutral point. 
Because of this, the equations for these components are 
neglected in the further analysis. 

 
Space Vector Modulation method 

In the research presented in this article it was assumed, 
that the considered seven-phase induction motor is 
supplied by the two-level seven-phase Voltage Source 
Inverter (VSI). The seven-phase VSI generates 27=128 
output stator voltage space vectors. In the set of all 
generated voltage vectors, 126 active vectors and 2 zero 
vectors can be identified. The active space vectors have 
different magnitudes and there are 14 sectors that can be 
identified [1, 5]. 

Stator voltage space vectors generated by the seven-
phase Voltage Source Inverter in the coordinate system α-β 
are presented in Figure 1a, in the coordinate system z1-z2 
are presented in Figure 1b and in the coordinate system z3-
z4 are presented in the Figure 1c. All voltage space vectors 
presented in Fig. 1 have been identified with decimal num-
bers and these numbers can be converted into seven-po-
sition binary numbers. These binary numbers determine the 
states of the individual switches of the seven-phase VSI. 

 
Fig.1. Voltage space vectors generated by the seven-phase 
Voltage Source Inverter in coordinate systems: 

a) α-β, b) z1-z2, c) z3-z4 
 
In the selected concept of Space Vector Modulation 

method the six active space vectors and two zero vectors 
are selected per switching period to achieve the given 
voltage vector. Graphical interpretation of the concept of 
Space Vector Modulation method has been presented in 
the Figure 2. The voltage space vectors in the α-β plane and 
the case when the reference voltage vector usref  is situated 
in Sector 1 are considered [1, 5]. 

 7

 
 

Fig.2. The principle of determining the reference voltage vector 
with the choice of six active voltage vectors  
 

 In this case the reference voltage vector is synthesized 
by using six active voltage vectors: two short vectors: u33, 
u117, two medium vectors: u96, u115, two long vectors: u97, u113 
and two  zero voltage vectors: u0, u127. This concept of 
Space Vector Modulation allows to achieve the reference 
voltage vector in the α-β plane and at the same time to 
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achieve the zero values of voltage vectors in the additional 
z1-z2 and z3-z4 planes [1, 5].  

Switching times of voltage vectors are calculated 
according to the equations [1, 5]: 
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where: ta1, tb1 - switching time of long active voltage 

vectors; ta2, tb2 - switching time of medium voltage vectors; 
ta3, tb3 - switching time of short voltage vectors; t0 - switching 
time of zero voltage vectors; usref - magnitude of the 
reference voltage vector; Ts - switching period; ϑ - the angle 
of position of reference voltage vector; s – number of sector. 

 

Fuzzy - Logic controller 
The Fuzzy-Logic controller in the speed control loop has 

been applied in one of the analyzed DFOC systems with 
seven-phase induction motor. The general diagram of the 
applied Fuzzy-Logic Controller (FLC) has been presented in 
the Figure 3 [2, 9].  

 
 

Fig.3. The general diagram of the Fuzzy-Logic Controller 
 

The block diagram of the Fuzzy-Logic Controller has 
been presented in the Figure 4 [2, 9]. 
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Fig.4. The block diagram of the Fuzzy-Logic Controller  
 

The structure of Fuzzy-Logic Controller has been 
divided  into  five control Layers [2, 9]:  

  Layer 1 is responsible for calculation of two 
control signals. The first input control signal e is the 
difference between the reference and estimated motor 
speed. The second input control signal Δe is the time 
derivative of the first input signal. In this layer of the FLC, 
the ke and kde scalling factors are used. 

  In the Layer 2 the output signals from Part 1 are 
fuzzified with the use of the appropriate membership 
functions. 

  The multiplication of the appropriate output signals 
from Part 2 is carried out in Layer 3. In this part the "prod" 
function is used. 
  Layer 4 is responsible for multiplication of the 

activation levels of the rules and member functions. The 
member functions were chosen as: N (negative), ZE (zero), 
P (positive), NB (negative big), NS (negative small), PS 
(positive small), PB (positive big). Multiplication in this part 
of the Fuzzy-Logic Controller take place in accordance with 
the multiplication rules. Linguistic Rule Table applied in 
Fuzzy-Logic Controller is presented in Table 1. 

 
Table 1. Linguistic Rule Table 

                   Δe 
    N   ZE     P 

 
    e 

N    NB   NS   ZE 
   ZE    NS   ZE   PS 
    P    ZE   PS   PB 

 
 Layer 5 is responsible for calculation of the output 

signal u from FLC. The output signal is calculated according 
to the method of Center of Gravity. In this layer of the FLC, 
the kdu scalling factor is used. 

 
MRASCC estimator 

The MRASCC estimator has been used to the 
reproduction of the speed signal of the seven-phase 
induction motor and the rotor flux vector in the DFOC 
control systems with the seven-phase induction motor, 
resistant to the damage of the motor speed sensor. It is an 
adaptive estimator in which the model of the induction 
motor is implemented as the reference model. The block 
scheme of the MRASCC estimator is presented in Fig. 5 [8]. 

 

 
 

Fig.5. The block scheme of the MRASCC estimator 
 

The stator phase currents of the seven-phase induction 
motor are measured and the components of the stator 
current vector in the α-β coordinate system are afterwards 
determined. These components are compared to the 
components reproduced by using the stator current-voltage 
model of the induction motor [8]. The rotor flux vector 
estimator [7] is tuned by the angular speed signal of the 
rotor of the induction motor, determined by the adaptation 
algorithm. The estimator of the stator current vector can be 
obtained with using the voltage model and the current 
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model of the rotor flux estimator [8]. The operation of the 
estimator of the stator current vector depends on the 
values: components of a stator voltage vector, components 
of a rotor flux vector and the rotor angular speed. 

The errors between the estimated stator current values 
and the measured values are used in the motor speed 
reproduction algorithm, which can be defined as follows [8]: 

(17)            
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represent the 

errors between the measured and estimated values of the 
components of the stator current vector in the α-β 
coordinate system; Kp, Ti are the coefficients of the 
proportional and integral parts of the PI controller.  

 
DFOC control method 

The scheme of the Direct Field-Oriented Control (DFOC) 
of seven-phase squirrel-cage induction motor with  MRASCC 
speed estimator, linear PI controllers and Fuzzy-Logic 
Controller in the speed control loop is shown in Figure 6.  
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Fig.6. The DFOC control system of seven-phase induction 
motor  

 
The MRASCC estimator determines the estimated value 

of motor angular speed (ωm
est) and the instantaneous 

magnitude of the rotor flux vector (ψr
est). In the considered 

DFOC control structure four control loops are applied: the 
control loop for motor angular speed with PI or Fuzzy-Logic 
controller, the control loop for magnitude of the rotor flux 
vector with PI controller and two control loops for x and y 
component of stator current vector. The reference values of 
the stator voltage vector components determined in the x-y 
coordinate system are transformed to the α-β coordinate 
system and are given to the Space Vector Modulation 
(SVM) block. The Space Vector Modulator sets the 
switching states of the seven-phase Voltage Source 
Inverter. In order to improve the dynamical properties of the 
drive systems, the decoupling blocks have been also 
applied in the control systems [7]. 
 

Simulation results  
Simulation studies were carried out for the seven-phase 

squirrel-cage induction motor with the following data and 
parameters: fN=50Hz, pb=2, Rs=10Ω, Rr=6.3Ω, Lls=Llr=0.04H, 
Lm=0.42H.  

In the simulation tests, it was assumed, that damage of 
the speed sensor occurs at any time during start-up of the 
seven-phase induction motor. The failure of the speed 
sensor is detected by the appropriate diagnostic system. 
After this failure the signal obtained from the motor speed 

sensor was replaced by the estimated speed signal.  The 
estimated speed signal was delivered through the designed 
MRASCC estimator. The simulation studies have been 
performed for the DFOC method with PI controllers and for 
the DFOC method with Fuzzy-Logic Controller in the speed 
control loop.  

The waveforms of the reference speed ωm
* (black color), 

simulated speed ωmm (blue color) and estimated speed 
ωmest (green color) of the seven-phase induction motor for 
the analyzed DFOC methods are presented in the Figure 7. 
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Fig.7. The waveforms of speeds of seven-phase induction motor for 
DFOC method with: a) PI controllers; b) FLC speed controller 

 
Based on the analysis of the results of simulation studies, 

it can be stated that the both DFOC methods provides 
accurate control of the induction motor speed before the 
occurrence of the speed sensor failure and after the failure 
and switching the control system to the sensorless speed 
control. The decrease of the measured motor speed to a 
value equal to zero after the failure of the speed sensor has 
been visible. The time of switching to sensorless speed 
control is not noticeable in the waveform of the estimated 
speed for both analyzed DFOC methods. 

The waveforms of the load torque Tm and the 
electromagnetic torque Te of seven-phase induction motor 
for DFOC methods are presented in the Figure 8 and the 
waveforms of the y component of the stator current vector 
of the seven-phase induction motor for the DFOC methods 
have been shown in Figure 9. 
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Fig.8. The waveforms of load torque and electromagnetic torque   
of seven-phase induction motor for DFOC method with: 
a) PI controllers; b) FLC speed controller 
 

The analysis of the obtained simulation results allows to 
state that oscillations and overshoots in the waveform of the 
motor electromagnetic torque and in the waveform of the y 
current component are smaller for the DFOC method with 
FLC applied in the speed control loop. 
The waveforms of the all stator phase currents of seven-
phase induction motor for the considered control systems 
are presented in the Figure 10. The amplitudes of the stator 
phase currents depend on the state of the drive system and 
the value of the load torque. 
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Fig.9. The waveforms of the y current component of seven-phase 
induction motor for DFOC method with: a) PI controllers; b) FLC 

speed controller 
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Fig.10. The stator phase currents of the seven-phase motor            
for DFOC method with: a) PI controllers; b) FLC speed controller 

 
In the Figure 11 the trajectories of the current 

components in the α-β, z1-z2 and z3-z4 coordinate systems 
are presented. The components of the stator current vector 
in the z1-z2 and z3-z4 coordinate systems reach small values 
in comparison with the values of the stator current 
components in the α-β coordinate system. 
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Fig.11. The trajectories of the components of the stator phase 
currents of the seven-phase motor for DFOC method with:             
a) PI controllers; b) FLC speed controller 

 
The trajectories of the estimated magnitude of the rotor 

flux vector is presented in Figure 12. It can be stated, that 
the rotor flux vector is controlled properly at the nominal 
value for both analyzed DFOC methods. 
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Fig.12. The trajectories of the estimated magnitude of the rotor flux 
vector of the seven-phase motor for DFOC method with: 
 a) PI controllers; b) FLC speed controller 

Conclusions  
The mathematical model of the seven-phase squirrel-

cage induction motor has been presented. The description 
of the Space Vector Modulation method, Fuzzy-Logic 
Controller and MRASCC estimator have been shown. In the 
Space Vector Modulation method for seven-phase VSI the 
long, the medium, the short and the zero voltage vectors 
have been used. DFOC system with a seven-phase 
induction motor with linear PI controllers and nonlinear 
Fuzzy-Logic Controller in the speed control loop has been 
analyzed. 

The fault state in the drive system consisting in the 
damage of the speed sensor has been chosen to the 
analysis and the simulation studies for DFOC system with 
different controllers have been carried out. Selected results 
of the simulation studies are presented and discussed. 

From the comparative analysis of simulation studies of 
DFOC with linear PI controllers and simulation studies of 
DFOC with Fuzzy-Logic Controller in the speed control loop 
follows that the DFOC with FLC provides the better 
accuracy of the control of variables of seven-phase 
induction motor. 
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