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Abstract 
 

Multi-phase machine and drives is a topic of growing relevance in recent years, and it presents 

many challenging issues that still need further research. Numerous industrial applications, such 

as textile industry, paper mills, robotics and railway traction, require multi-phase electric drive. 

This Thesis work discussed a comprehensive simulation model of a five-phase induction motor 

drive system. Both open loop and closed-loop control is elaborated. Also, discussed the 

advantages of a drive system and identified its potential application areas. Modeling of a five-

phase voltage source inverter was illustrated for step mode of operation and SVPWM mode of 

operation. This was followed by the phase variable model of a five-phase induction motor. The 

model was then transformed into two orthogonal planes, namely d-q, x-y and the torque equation 

is obtained. The scalar control principle was then presented for the five-phase induction motor 

drive system. The difference between the scalar control principle applied to a three-phase system 

and a five-phase system is highlighted.  

Finally, the complete component modeling is developed using „simpower system‟ blocksets of 

Matlab/Simulink. To address the real time implementation issues, dead banding of the inverter 

switches are also incorporated in the simulation model.  

(Key words: Ten-step mode, SVPWM, V/F speed control, phase variable model, PI controller, 

x-y plane, d-q plane, Clark transformation, Park transformation) 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

More than half of the total electrical energy produced in developed countries is converted into 

mechanical energy in electric motors, freeing the society from the tedious burden of physical 

labor. Among many types of the motors, three-phase induction machines still enjoy the same 

unparalleled popularity as they did a century ago. At least 90% of industrial drive systems 

employ induction motors. Most of the motors are uncontrolled, but the share of adjustable speed 

induction motor drives fed from power electronic converters is steadily increasing, phasing out 

dc drives. It is estimated that more than 50 billion dollars could be saved annually by replacing 

all „„dumb‟‟ motors with controlled ones [1-2]. However, control of induction machines is a 

much more challenging task than control of dc motors.  

The induction motor control methods can be broadly classified into scalar and vector control. In 

the scalar control only the magnitude and frequency of voltage, current and flux linkage space 

vectors are controlled. In contrast in vector control not only magnitude and frequency but also 

instantaneous positions of voltage, current and flux space vectors are controlled [6]. Thus in 

vector control scheme the controller acts on the position of the space vectors and provides their 

correct orientation for both steady state and transient condition.  

However, with the advent of cheap and fast switching power electronics devices not only the 

control of induction machine became easier and flexible but also the number of phases of 

machine became a design parameter.  Multi-phase machines (more than three-phases) are found 

to possess several advantages over three-phase machines such as lower torque pulsation, higher 

torque density, fault tolerance, stability and lower current ripple[4]. Thus multi-phase order 

machines are normally considered for niche application areas such as ship propulsion, „more 

electric aircraft‟, and electric/hybrid electric vehicles etc. 

1.2 Problem Description 

In numerous industrial applications, the dynamic performance of the drive is not so important 

especially where sudden change in speed is not required. In such cases the cheap solution is to 
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use open-loop or closed-loop constant v/f control scheme. Induction motors have well known 

advantages of simple construction, reliability, ruggedness, low maintenance and low cost which 

has led to their wide spread use in many industrial applications. The major problem of this 

machine is their complicated control for speed regulation in industrial drive applications. Two 

major difficulties are the necessity of providing adjustable-frequency voltage (dc motors are 

controlled by adjusting the magnitude of supply voltage) and the nonlinearity and complexity of 

analytical model of the motor, aggrandized by parameter uncertainty. 

1.3 Objectives of the Thesis 

1.3.1 General Objective 

Motivated by the above mentioned limitations, the main objective of this thesis work is to 

investigate the performance of closed-loop constant V/F control scheme for five-phase induction 

motor. 

1.3.2 Specific Objectives 

Specifically, considering five phase closed loop V/F control scheme, the objectives of this thesis 

work are: 

 Studying different dynamic models of five-phase induction motor and five phase inverter 

schemes employed in closed loop speed control systems. 

 To incorporate a dead band generators for the five phase inverter switches in the 

simulation model. 

 Propose an effective controlling algorithm sequence for multi-phase induction motor 

systems. 

 To investigate the complexity versus performance improvement trade-off between five 

phase drive system and three phase drive system. 

1.4 Contribution of the Thesis 

In all the literatures seen so far in section (2.5), five phase induction motor drive system has been 

investigated at various levels. However, some of the differences in the previous work and the 

current research are underlined in the following points. 

 Unlike the previous works mentioned in chapter two the closed loop V/F drive system is 

fully implemented. 
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 SVPWM is implemented for four neighboring active vectors instead of two active 

vectors. 

 The advantage of multi-phase motors are shown clearly. 

1.5 Outline of the Thesis 

In this thesis, the phase variable model technique will be proposed for V/F control of five phase 

induction motor. With the phase variable model, a five-phase induction machine is constructed 

using ten phase belts, each of 36 degrees, along the circumference of the stator. The spatial 

displacement between phases is therefore 72 degrees. The rotor winding is treated as an 

equivalent five-phase winding, with the same properties as the stator winding. It is assumed that 

the rotor winding has already been referred to as stator winding, using the winding 

transformation ratio. 

The reminder of the thesis is organized as follows:  

Chapter II over view of five phase induction motor is described. Specifically: Multi phase 

induction motor, five phase induction motor and mathematical analysis of five phase induction 

motor models, d-q Transformation and mathematical analysis of five phase inverter are 

explained in detail.  

Chapter III a comprehensive review of methodology is taking place.   

 Chapter IV presents elaborated analysis of PI and V/F controller for five phase induction 

motor. 

Chapter V compares the theoretical results with the simulation results to verify the quit nature 

and stable operation of proposed five phase induction motor drive.  

Finally, Chapter VI draws the conclusions from the work done in this thesis and discusses 

further research possible in the future. 
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CHAPTER TWO 

FIVE-PHASE INDUCTION MOTOR 

2.1 Introduction 

Three phase electrical power is readily available as the power is generated, transmitted, and 

distributed in three phases. This is the most optimal number of phases for generation and 

transmission, as the tradeoff exists between the complexity and power handling capability of the 

three-phase system. The variable speed electric drive is also developed for three-phase AC 

machines. However, a power electronic converter, most commonly a voltage source or current 

source inverter, is invariably used to supply such three-phase drives. The power electronic 

converters do not pose any limit on their number of legs. The number of output phases in an 

inverter is the same as their respective number of legs. Hence, adding an additional leg to an 

inverter increases the number of output phases [6]. This degree of freedom lead to interest in 

developing variable speed electric drives with more than three phases. The first proposal of a 

variable speed five-phase induction motor drive is believed to have  been made in 1969 [1]. The 

five-phase inverter used initially operated in the square wave mode; however, later the pulse 

width modulation (PWM) mode of operation was used. Six-phase drives have attracted much 

attention in the literature, after their advantages were revealed in 1983 [2]. The research on high 

phase order motor drives remained steady until the end of the 19th century. The multi-phase 

drive attracted much attention from researchers after the advent of cheap and reliable power 

switching devices, as well as powerful digital signal processors.  

2.2 Mathematical Model of Five Phase Induction Motor 

The model of a five-phase induction motor described is developed initially in phase variable 

form. In order to simplify the model by removing the time variation of inductance terms, a 

transformation is applied and a so-called d-q-x-y-0 model of the machine is constructed. It is 

assumed that the spatial distribution of all the magneto-motive forces (fields) in the machine is 

sinusoidal, since only torque production due to the 1st harmonic of the field is considered. 

However, in a five-phase machine with concentrated type of winding, the 3rd harmonic 

component of the current is also used together with the fundamental to enhance the torque 

production.  
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2.2.1 Phase Variable Model 

A five-phase induction machine is constructed using ten phase belts, each of 36 degrees, along 

the circumference of the stator. The spatial displacement between phases is therefore 72 degrees. 

The rotor winding is treated as an equivalent five-phase winding, with the same properties as the 

stator winding. It is assumed that the rotor winding has already been referred to as stator 

winding, using the winding transformation ratio. A five-phase induction machine can then be 

described with the following voltage equilibrium and flux linkage equations in matrix form 

(underlined symbols): 

dt

d
iR

s

abcde
abcde

s

sabcde


sv                        (2.1) 


abcde

s abcde

r

srabcde

s

s iLiL                       (2.2) 

dt

d
iRv

r

abcde
abcde

r

sabcde

r


                        (2.3) 


abcde

r abcde

s

srabcde

r

s iLiL                        (2.4) 

The following definition of phase voltages, currents and flux linkages applies to equations: 

  Tesdscsbsas

s

abcde vvvvvv                       (2.5) 

 Tesdscsbsas

s

abcde iiiiii                         (2.6) 

 Tesdscsbsas

s

abcde
                    (2.7) 

 Terdrcrbrar

r

abcde vvvvvv                       (2.8) 

 Terdrcrbrar

r

abcde iiiiii                         (2.9) 

 Terdrcrbrar

r

abcde
                   (2.10) 

The matrices of stator and rotor inductances are given with (α=π/5): 
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
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
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




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
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







eesdescesbesaes
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LLLLL

LLLLL

LLLLL
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(2.11) 
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


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
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

MLMMMM

MMLMMM

MMMLMM

MMMMLM

MMMMML

L

ls

ls

ls

ls
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



cos2cos2coscos

coscos2cos2cos

2coscoscos2cos

2cos2coscoscos

cos2coscoscos

                          

(2.12) 
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
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

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
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r
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L
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(2.14)                                                                                                              

Mutual inductances between stator and rotor windings are given with: 













































cos)cos()2cos()2cos()cos(

)cos(cos)cos()2cos()2cos(

)2cos()cos(cos)cos()2cos(

)2cos()2cos()cos(cos)cos(

)cos()2cos()2cos()cos(cos

MLsr

                      

(2.15) 

T

srLrsL                                                                    (2.16) 

The angle  denotes the instantaneous position of the magnetic axis of the rotor phase „a‟ with 

respect to the stationary stator phase ‟a‟ magnetic axis.                                                                                                                                                                                         



V/F CONTROL DESIGN AND SIMULATION FOR FIVE PHASE INDUCTION MOTOR 

 

School of Electrical and Computer Engineering, AAiT, AAU Page 7 

 

                                                       
 

  







rrrrrr

SSSSSs

R,R,R,R,RdiagR

R,R,R,R,RdiagR
                                       (2.17) 

Motor torque can be expressed in terms of phase variables as: 

  









r

abcde

s

abcdeabcder

abcde

s

abcde
abcdeT

e
i

i

d

Ld
ii

P
i

d

Ld
i

P
T

TT

 22                      
(2.18) 

r

abcde
srs

abcdee i
d

Ld
iPT

T




                                                                                       
(2.19) 

Substitution of stator and rotor currents from equations (2.6 and 2.9) Yields the torque equation 

in developed form: 

     

     

      





























sin2sin

2sin

sinsin

erasdrescrdsbrcsarbs

erbsdrascresbrdsarcsercsdrbscrasbresards

erdsdrcscrbsbrasareseresdrdscrcsbrbsaras

e

iiiiiiiiii

iiiiiiiiiiiiiiiiiiii

iiiiiiiiiiiiiiiiiiii

PMT

      

(2.20) 

2.2.2 Model Transformation 

In order to simplify the model, it is necessary to apply a co-ordinate transformation, which will 

remove the time varying inductances. The co-ordinate transformation is used in the power 

invariant form. The following transformation matrix is therefore applied to the stator five-phase 

winding: 

       

































2

1

2

1

2

1

2

1

2

1

)2sin()4sin()4sin()2sin(0

)2cos()4cos()4cos()2cos(1

sin2sin2sinsinsin

)cos()2cos()2cos()cos(cos

5

2









sssss

sssss

sA

                 

(2.21) 

Transformation of the rotor variables is performed using the same transformation expression, 

except that s is replaced by  , where  = s - . Here, s  is the instantaneous angular position 

of the d-axis of the common reference frame with respect to the phase „a‟ magnetic axis of the 

stator, while  is the instantaneous angular position of the d-axis of the common reference frame 

with respect to the phase „a‟ magnetic axis of the rotor. Hence the transformation matrix for rotor 

is: 
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       

































2

1

2

1

2

1

2

1

2

1

)2sin()4sin()4sin()2sin(0

)2cos()4cos()4cos()2cos(1

sin2sin2sinsinsin

)cos()2cos()2cos()cos(cos

5

2









rA

            

(2.22) 

The angles of transformation for stator quantities and for rotor quantities are related to the 

arbitrary speed of the selected common reference frame through 

s dta 
                                                                                                                                                    

(2.23) 

 dtas )(                                                                                                                     
(2.24) 

Where   is the instantaneous electrical angular speed of rotation of the rotor. Correlation 

between original phase variables and new variables in the transformed domain is governed by the 

following transformation expressions: 

     Stator side                                              Rotor side  

s

abcdes

s

dq vAv                                                    
r

abcder

r

dq vAv 
                                                                    

(2.25) 

s

abcdes

s

dq iAi                                                       
r

abcder

r

dq iAi 
                                                                    

(2.26)
      

        

s

abcdes

s

dq
A                                                    

r

abcder

r

dq
A                                                                  (2.27)                                                    

                                                                      
 

Substituting equations (2.1) and (2.5) into equation (2.25) and the application of equations (2.21) 

and (2.22) yield the machine‟s voltage equations in the common reference frame where p=d/dt: 

            Stator side                                                           Rotor side 

dsqsadssds piRv  
          

  drqradrrdr piRv              (2.28) 

qsdsaqssqs piRv  
           

  qrdraqrrqr piRv             (2.29) 

xsxssxs piRv 
                  xrxrrxr piRv                       (2.30) 

ysyssys piRv 
                    yryrryr piRv                     (2.31) 
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ssss piRv 000 
                    rrrr piRv 000                    (2.32) 

Transformation of flux linkage equations (2.1) and (2.2) results in 

  drdslsds MiiML 5.25.2 
                   

  dsdrlrdr MiiML 5.25.2    (2.33)
 

  qrqslsqs MiiML 5.25.2 
                   

  qsqrlrqr MiiML 5.25.2    (2.34)
 

xslsxs iL
                                    xrlrxr iL                   (2.35)

 
yslsys iL
                                    yrlryr iL                  (2.36)

 
slss iL 00 
                                   rlrr iL 00                   (2.37)

 
Introduction of the magnetizing inductance Lm=2.5M enables equations (2.33-2.37) to be written 

in the following form: 

   drmdsmlsds iLiLL 
                                                     

  dsmdrmlrdr iLiLL 
       

(2.38)
 

      qrmqsmlsqs iLiLL 
                                                

  qsmqrmlrqr iLiLL 
                  

(2.39)
     

xslsxs iL
                                                                         xrlrxr iL

                              
(2.40)

 

yslsys iL
                                                                         

yrlryr iL
                             

(2.41)  
 

slss iL 00 
                                                                     

     rlrr iL 00 
                           

(2.42)
 

Finally, transformation of the original torque equation (2.44) yields 

 qrdsqsdre iiiiM
P

T 
2

5

                                       
(2.43)

 
 qrdsqsdrme iiiiPLT                                          (2.44)

 
The mechanical equation of rotor motion is invariant under the transformation and is 

 dt

d

P

J
TT Le




                                         
(2.45)

 
Where J is the inertia and P is the number of poles in machine.  

The difference between a three-phase machine model and a five-phase machine model lies in the 

extra x-y set of components that exist only in a five-phase machine. However, this extra set are 
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non-flux and non-torque producing components. They simply add to the extra losses in the 

machine. 

In a five-phase machine, the x-y components are decoupled from d-q components; also there is 

no coupling of x-y with the rotor circuit. This is true for an n-phase AC machine with sinusoidal 

distributed MMF and hence only one pair of components, i.e.d-q produces torque and the  

Remaining component simply causes losses in the machine. Different harmonics of the stator 

voltage/current map into either the d-q or x-y planes of the stationary reference frame, depending 

on the harmonic order, as shown in. This is a general property of multi-phase systems, which 

lead to distinctions with respect to control of a multi-phase machine. 

Thus the fundamental, 9th, 11th...are produced due to d-q components, while 3rd, 7th,13th...are 

generated due to x-y components and a multiple of the 5th harmonic is produced due to zero-

sequence components. Harmonic mapping for five-phase machine is shown below: 

Component Five-phase system 

d-q 10j 1(j=0,1,2,…) 

x-y 10j 3(j=0,1,2,…) 

Zero sequence 10j 5(j=0,1,2,…) 

 

Table 2. 1: Harmonic mapping 

Figure 2. 1: Steady-state equivalent circuit of a five-phase induction machine. 
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2.3 Five-Phase Two-Level Voltage Source Inverter Model 

A five phase inverter has a similar front-side converter structure to that of a three-phase voltage 

source inverter. The fixed voltage and fixed frequency grid supply voltage is converted to DC by 

using either controlled (thyristor based or power transistor based) or uncontrolled rectifier (diode 

based). The output of the rectifier (AC-DC converter) is filtered to remove the ripple in the 

output voltage signal. The rectified and filtered DC voltage is fed to the inverter (DC-AC) block. 

The inverter block outputs five-phase variable voltage and variable frequency supply to feed 

motor drives or other applications as desired. The five-phase inverter has two additional legs 

when compared to a three-phase inverter. The rectifier, filter, and five-phase inverter constitute 

the complete three-phase fixed voltage and fixed frequency to five-phase variable voltage and 

variable frequency supply system. The power circuit topology of a five-phase voltage source 

inverter is shown in Figure (2.3). This was first proposed by [1]. Each switch in the circuit 

consists of two power semiconductor devices connected in anti-parallel. One of these is a fully 

controllable semiconductor, such as a bipolar transistor, MOSFET, or IGBT, while the second is 

a diode. The input of the inverter is a DC voltage, which is regarded as constant. The inverter 

outputs are denoted in Figure(2.3)  with lower-case letters (a,b,c,d,e), while the points of 

connection of the outputs to the inverter legs have symbols in capital letters (A,B,C,D,E). The 

voltage of this point of connection is called the „Pole voltage‟ or „Leg voltage.‟ The voltage 

between the terminal of the output of the inverter and the neutral of the load is called the „Phase 

voltage‟. The voltage between the neutral of the load and the neutral of the DC link is called 

„Common mode voltage‟. The voltage across the two output terminals of the load is called the 

„Line voltages‟. However, in a five phase system, there exist two different line voltages, called 

non-adjacent and adjacent line voltages, contrary to a three-phase system where only one line 

voltage is defined.  

L

CAC
5 

PHASE 

IM

V f  

Figure 2. 2: Block diagram of five-phase induction motor drive 
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The basic operating principles of the five-phase VSI are developed as follows, assuming ideal 

commutation and zero forward voltage drops. The upper and lower power switches of the same 

leg are complimentary in operation, i.e. if the upper switch is „ON,‟ the lower must be „OFF,‟ 

and vice-versa. This is done to avoid shorting the DC supply. Complimentary operation of the 

switches is obtained by providing a 180-degree phase shifted gate drive signal to the two upper 

and lower switches.  

DCV

 

Figure 2. 3: Power circuit topology of a five-phase voltage source inverter 

However, it is important to provide a time delay between turning „ON‟ and turning „OFF‟ of the 

two complimentary switches. This time delay is called „Dead time,‟ as both the power switches 

remain „OFF‟ simultaneously for a small duration of time. Thus the „ON‟ time of each power 

switch is smaller compared to their corresponding „OFF‟ time, which is illustrated in Figure 

(2.4). The upper trace shows the gate drive signal for upper switch S1and the lower trace shows 

the gate drive signal for lower switch S1. When switch S1goes „OFF,‟ the Switch S1turns off after 

a delay of td (dead time).  

To simulate the dead time for inverter leg switching in MATLAB/Simulink, the block of Figure 

(2.2) can be used. The input to the block is the gate driving signal, where one signal is passed 

directly and the second signal is processed through „Discrete Edge Detector‟ (from„Discrete 

Control blocks‟ of „Extra Library‟ of „Sim Power System‟ block-sets), then multiplied by1 (to 

make a complimentary signal) using a „Gain‟ block. The outputs of the block of Figure (2.4). are 

two complimentary gate drive signals with the desired dead time. The „Discrete Edge Detector‟ 

block is used to provide the desired dead time. This block is used when the inverter is modeled 

using „Sim Power Systems block-sets,‟ using actual components.  

Vd Ve 

S1 S2 S3 S4 S5 

S2
’ 

S1
’ S3

’ S4
’ S5

’ 

Vc Vb Va 
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Figure 2. 4: Illustration for dead time 

The relationship between pole voltage and switching signals is given as 

EDCBAkVSV dckk ,,,,;                              (2.46)
 

Where Sk=1 when the upper power switch is „ON‟ and Sk=0 when the lower switch is „ON.‟ 

If the load is assumed to be a star connected five-phase, then the relation between the phase-to 

neutral load voltage and the pole voltages can be written as: 

     tvtvtV nNaA                                          (2.47)
 

      tvtvtV nNbB                                          (2.48)
 

     tvtvtV nNcC                                          (2.49)
 

     tvtvtV nNdD                                          (2.50)
 

     tvtvtV nNeE                                          (2.51)
 

Where nNV  is the voltage difference between the star point n of the load and the negative rail of 

the DC bus N, called the „Common mode voltage‟. This common mode voltage or neutral 

voltage is responsible of leakage bearing currents and their subsequent failure. The PWM 

techniques should take into account the minimization or elimination of common mode voltage. 

By adding each term of the equation (2.47-2.51), and putting the sum of phase-to-neutral voltage 
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zero (assuming a balanced five-phase voltage whose instantaneous sum is always zero), we 

obtain: 

            tVtVtVtVtVtv EDCBAnN 
5

1
                         (2.52) 

Substituting equation (2.47-2.51) back into equation (2.52), the following expressions for the 

phase-to-neutral voltage are obtained: 

            tVtVtVtVtVtv EDCBAa 


















5

1

5

4

         
(2.53)

 

            tVtVtVtVtVtv EDCABb 


















5

1

5

4

         
(2.54)

 

            tVtVtVtVtVtv EDABCc 


















5

1

5

4

         
(2.55)

 

            tVtVtVtVtVtv EACBDd 


















5

1

5

4

         
(2.56)

 

            tVtVtVtVtVtv ADCBEe 


















5

1

5

4

         
(2.57) 

Equation (2.52-2.57) can also be written using the switching function definition of equation 

(2.46):

 
 

 
   EDCBA

dc
a SSSSS

V
tv 








 4

5                    
(2.58)

 

   EDCAB
dc

b SSSSS
V

tv 







 4

5                    
(2.59)

 

   EDBAC
dc

c SSSSS
V

tv 







 4

5                    
(2.60)

 

   ECBAD
dc

d SSSSS
V

tv 







 4

5                    
(2.61)

 

   DCBAE
dc

e SSSSS
V

tv 







 4

5                    
(2.62) 
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2.4.1 Ten-Step Mode of Operation 

This mode of operation is an extension of the six-step operation of a three-phase voltage source 

inverter. The output phase voltage assumes ten different values, so is called the „Ten-step mode.‟ 

The switching frequency of the power switches in this mode is equal to the fundamental output 

voltage frequency. Each power switch operates for half of the fundamental cycle and so is called 

the 180-degree conduction mode. Thus each power switch turns „ON‟ and turns „OFF‟ only once 

in the whole fundamental cycle. The output in maximum in this mode and switching losses are 

minimal. However, the output in mode contains a considerable amount of low-order harmonics, 

which decreases the performance of the load. The upper power switch is „ON‟ when the load 

current is positive (current flowing from inverter to the load) and the pole voltage is positive, and 

the anti-parallel diode across the upper switch is turned „ON‟ when the load current is negative 

while the pole voltage is also positive. The lower power switch is turned „ON‟ when the load 

current is positive and the pole voltage is zero or negative (depending upon the choice of DC 

link, i.e. +Vdc and 0 or +0.5Vdc and -0.5Vdc) and the lower anti-parallel diode is turned on for a 

negative load current. The possible pole voltages during the step operation of the five-phase VSI 

and the corresponding switches that are „ON‟ are listed in Table (2.2). 

The switching signal for the ten-step mode of operation is given in Figure (2.5). The delay in 

switching between the two consecutive phases are 360/5=72. The complementary gate drive 

signals are also shown. 

Mode Switches ON VA VB VC VD VE 

1 S1,S2,S’3,S’4,S5 Vdc Vdc 0 0 Vdc 

2 S1,S2,S’3,S’4,S’5 Vdc Vdc 0 0 0 

3 S1,S2,S3,S’4,S’5 Vdc Vdc Vdc 0 0 

4 S’1,S2,S3,S’4,S’5 0 Vdc Vdc 0 0 

5 S’1,S2,S3,S4,S’5 0 Vdc Vdc Vdc 0 

6 S’1,S’2,S3,S4,S’5 0 0 Vdc Vdc 0 

7 S’1,S’2,S3,S4,S5 0 0 Vdc Vdc Vdc 

8 S’1,S’2,S’3,S4,S5 0 0 0 Vdc Vdc 

9 S1,S’2,S’3,S4,S5 Vdc 0 0 Vdc Vdc 

10 S1,S’2,S’3,S’4,S5 Vdc 0 0 0 Vdc 

 

Table 2. 2: Pole voltages of the five-phase VSI during step mode of operation  
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For a star connected load. It is evident that the phase-to-neutral voltage takes on four different 

values/levels and ten steps in one fundamental cycle.In a five-phase system, there exist two 

different systems of line voltages, termed „Adjacent line-to-line voltage‟ and „Non-adjacent line-

to-line voltage,‟ as illustrated in Figure (). The phase voltages are represented as (va,vb,vc,vd,ve) 

the adjacent line voltages are denoted as (vab,vbc,vcd,vde,vea) and the non-adjacent line voltages 

are given as (vac,vbd,vce,vda,veb) The relationship between the adjacent, non-adjacent, and phase 

voltages are elaborated upon by using a numerical example. 

 

 

 

Figure 2. 5 Gate drive signal for a ten-step mode of operation 
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Mode Switches ON Va Vb Vc Vd Ve 

1 S1,S2,S’3,S’4,S5 2/5 Vdc 2/5 Vdc -3/5 Vdc -3/5 Vdc 2/5 Vdc 

2 S1,S2,S’3,S’4,S’5 3/5 Vdc 3/5 Vdc -2/5 Vdc -2/5 Vdc -2/5 Vdc 

3 S1,S2,S3,S’4,S’5 2/5 Vdc 2/5 Vdc 2/5 Vdc -3/5 Vdc -3/5 Vdc 

4 S’1,S2,S3,S’4,S’5 -2/5 Vdc 3/5 Vdc 3/5 Vdc -2/5 Vdc -2/5 Vdc 

5 S’1,S2,S3,S4,S’5 -3/5 Vdc 2/5 Vdc 2/5 Vdc 2/5 Vdc -3/5 Vdc 

6 S’1,S’2,S3,S4,S’5 -2/5 Vdc -2/5 Vdc 3/5 Vdc 3/5 Vdc -2/5 Vdc 

7 S’1,S’2,S3,S4,S5 -3/5 Vdc -3/5 Vdc 2/5 Vdc 2/5 Vdc 2/5 Vdc 

8 S’1,S’2,S’3,S4,S5 -2/5 Vdc -2/5 Vdc -2/5 Vdc 3/5 Vdc 3/5 Vdc 

9 S1,S’2,S’3,S4,S5 2/5 Vdc -3/5 Vdc -3/5 Vdc 2/5 Vdc 2/5 Vdc 

10 S1,S’2,S’3,S’4,S5 3/5 Vdc -2/5 Vdc -2/5 Vdc -2/5 Vdc 3/5 Vdc 

 

Table 2. 3 Phase-to-neutral voltages of a star connected load supplied from a five-phase VSI 

 

Figure 2. 6 Phase-to-neutral voltage of a five-phase VSI in ten-step mode 
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Mode Switches ON Vab Vbc Vcd Vde Vea 

1 S1,S2,S’3,S’4,S5 0 Vdc 0 -Vdc 0 

2 S1,S2,S’3,S’4,S’5 0 Vdc 0 0 -Vdc 

3 S1,S2,S3,S’4,S’5 0 0 Vdc 0 -Vdc 

4 S’1,S2,S3,S’4,S’5 -Vdc 0 Vdc 0 0 

5 S’1,S2,S3,S4,S’5 -Vdc 0 0 Vdc 0 

6 S’1,S’2,S3,S4,S’5 0 -Vdc 0 Vdc 0 

7 S’1,S’2,S3,S4,S5 0 -Vdc 0 0 Vdc 

8 S’1,S’2,S’3,S4,S5 0 0 -Vdc 0 Vdc 

9 S1,S’2,S’3,S4,S5 Vdc 0 -Vdc 0 0 

10 S1,S’2,S’3,S’4,S5 Vdc 0 0 -Vdc 0 

 

Table 2. 4: Adjacent line-to-line voltages of the five-phase VSI 

 

Figure 2. 7: adjacent line-to-line voltages of the five-phase VSI 
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Mode Switches ON Vab Vbc Vcd Vde Vea 

1 S1,S2,S’3,S’4,S5 Vdc Vdc -Vdc -Vdc 0 

2 S1,S2,S’3,S’4,S’5 Vdc Vdc 0 -Vdc -Vdc 

3 S1,S2,S3,S’4,S’5 0 Vdc Vdc -Vdc -Vdc 

4 S’1,S2,S3,S’4,S’5 -Vdc Vdc Vdc 0 -Vdc 

5 S’1,S2,S3,S4,S’5 -Vdc 0 Vdc Vdc -Vdc 

6 S’1,S’2,S3,S4,S’5 -Vdc -Vdc Vdc Vdc 0 

7 S’1,S’2,S3,S4,S5 -Vdc -Vdc 0 Vdc Vdc 

8 S’1,S’2,S’3,S4,S5 0 -Vdc -Vdc Vdc Vdc 

9 S1,S’2,S’3,S4,S5 Vdc -Vdc -Vdc 0 Vdc 

10 S1,S’2,S’3,S’4,S5 Vdc 0 -Vdc -Vdc Vdc 

 

Table 2. 5:non-adjacent line-to-line voltages of the five-phase VSI 

 

Figure 2. 8: Non-adjacent line-to-line voltages of the five-phase VSI 
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2.4.2 Fourier analysis of the five-phase inverter output voltages 

In order to relate the input dc link voltage of the inverter with the output phase-to-neutral and 

line-to-line voltages, Fourier analysis of the voltage waveforms is undertaken in this section. Out 

of the two sets of the line-to-line voltages, discussed in the preceding subsection, only non-

adjacent line-to-line voltages are analyzed since they have higher fundamental harmonic values 

than the adjacent line-to-line voltages. 

Using definition of the Fourier series for a periodic waveform: 

   tkBtkAVtv kk  sincos)( 0                                                     (2.63) 

Where the coefficients of the Fourier series are given by 

    


dvdttv
T

V  
2

11
0                                                                 (2.64) 

    


 dkvtdtktv
T

Ak cos
1

cos
2

                                            (2.65) 

    


 dkvtdtktv
T

Bk sin
1

sin
2

                                           (2.66) 

and observing that the waveforms possess quarter-wave symmetry and can be conveniently taken 

as odd functions, we can represent phase-to-neutral voltages and line-to-line voltages with the 

following expressions: 
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In the case of the phase-to-neutral voltage Vb, shown in Figure (), the coefficients of the 

Fourier series are: 
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The expression in brackets in the second equation () equals zero for all harmonics whose order is 

divisible by five. For all the other harmonics, it equals 2.5. Hence, we can write the Fourier 

series of the phase-to-neutral voltage as: 
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 ...9sin
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                          (2.70) 

From equation (2.70) it follows that the fundamental component of the output phase-to neutral 

voltage has an rms value of 

DCDC VVV 45.0
2

1 


                                                                 (2.71) 

It is observed that the fundamental output of a five-phase voltage source inverter is the same as 

that of a three-phase voltage source inverter. Fourier analysis of the non-adjacent line-to-line 

voltages is performed in the same manner. Fourier series remains to be given by equation (2.70). 

Taking the second voltage in Figure (2.71) and shifting the zero time instant by pi/10 degrees to 

the left, we have the following Fourier series coefficients: 
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Hence the Fourier series of the non-adjacent line-to-line voltage is 
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and the fundamental harmonic rms value of the non-adjacent line-to-line voltage is 
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  Figure 2. 9: Phase and adjacent line voltage concept 

2.4 Literature review 

Literature review of some of the relevant research in the areas of multi-phase machines has been 

detailed in Jones (2002) and Jones (2005). The various aspects covered have included 

advantages of multi-phase machines over their three phase counterparts, modelling and control 

of multi-phase machines, three-phase multi-motor drives, etc. This chapter reviews the latest 

progress made in the area of multi-phase machine drives, highlighting several other relevant 

aspects and addressing the features of the drives not covered in Jones (2002) and Jones (2005). 

Although the references are available for drive phase numbers equal to five, six, seven, nine and 

even fifteen, the literature review focuses on five-phase drives. The chapter gives an overview of 

the following aspects relevant for the project: application areas of multi-phase machines, the 

techniques for reduction of the switch power rating and count in three-phase motor drives 

supplied from three-phase inverters, and the modelling and control of multi-phase and three-

phase inverters. It additionally includes a review of the newest developments in five-phase motor 

drives, with an emphasis on papers published from 2002 onwards and not covered by Jones 

(2002) and Jones (2005). 

2.4.1 five-phase motor drives  

Direct torque control (DTC) is one of the powerful methods for high performance control of 

motor drives, which has become an industrially accepted standard for three-phase induction 

machines. The basic operating principle of DTC is based on instantaneous space vector theory 

and relies on utilization of the non-ideal inverter nature to achieve good dynamic control. Toliyat 
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and Xu (2000) have recently extended the DTC concept to a five phase induction motor control 

and they presented a comparison between the three-phase and five-phase DTC drives. The 

implementation of the control system was done using 32 bit floating point TMS320C32 DSP. 

The three-phase inverter has only eight voltage space vectors that can be applied to a motor, 

while a five-phase inverter has 32 possible voltage space vectors. There is therefore a greater 

flexibility in controlling a five-phase drive system. The authors achieved high performance in 

terms of precise and fast flux and torque control and a smaller torque and flux ripple for five-

phase induction machine as compared to three phase induction machine. 

Vector control and direct torque control of a five-phase induction motor with concentrated full-

pitch winding was also developed and implemented again using 32 bit floating point DSP 

TMS320C32 in Xu et al (2002a). The proposed vector controller uses fundamental current in 

conjunction with 15% third harmonic stator current injection to provide quasi-rectangular 

current, which yields rectangular air gap flux in the concentrated winding induction motor. It was 

shown that this approach enhances torque output by 11.2% under dynamic condition and by 10% 

during steady state operation, compared to the case when only fundamental current is fed to the 

machine. The DTC provides high performance in terms of smaller current, flux and torque 

ripples due to large number of space vectors for controlling the machine. Further, zero switching 

vectors are not needed to implement space vector modulation for five-phase PWM inverter for 

DTC and thus the wear and tear of motor bearing can be avoided. Shi and Toliyat (2002) have 

developed the vector control scheme based on space vector PMW for a five-phase synchronous 

reluctance motor drive. The control system for the proposed drive was again implemented using 

32 bit floating point DSP TMS320C32. 

A special current control scheme has been developed for a five-phase induction motor drive by 

Xu et al (2002b), which enables operation under open-circuit fault condition with loss of one or 

two phases. Concentrated winding induction motor was considered for the study and thus third 

harmonic current was used in conjunction with the fundamental component to obtain rectangular 

air–gap flux profile. The amplitudes of the fundamental and the third harmonic current need 

proper adjustment under fault condition. The speed and load have to be lowered under loss of 

two phases in order to prevent the stator current from exceeding the rated value. The whole 

system was implemented to validate the theoretical findings. 
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A detailed performance analysis of concentrated winding multi-phase induction motors 

encompassing multiple of three and non-multiple of three numbers of phases was carried out by 

Toliyat and Qahtany (2002) using finite element analysis (FEA) method. The study reveals the 

fact that the torque pulsation decreases with an increase in the number of phases due to smaller 

step changes in MMF, except in seven-phase case where ripple was high due to cogging 

phenomena. The efficiency was seen to improve with increasing number of phases because of 

the reduction in ripple in rotor current. Further the five-phase machine was seen to provide the 

highest torque to current ratio due to an increase in the amplitude of fundamental MMF. The 

FEA results also showed a decrease in the stator back iron flux and an increase in stator tooth 

flux if third harmonic current is injected along with the fundamental in the five-phase induction 

motor. This suggests a new geometry (pancake shape) for a five phase machine stator supplied 

by the third harmonic along with the fundamental. A comparison of performance was also given 

for different multi-phase machines with respect to the conventional three-phase distributed 

winding induction motor. 

A general modelling approach encompassing dynamic and control issues for a five phase 

permanent magnet brushless dc machine was presented by Franceschetti and Simoes (2001). 

The simulation was done for a five-phase, twelve-pole machine with rated torque of 30 Nm, with 

concentrated stator winding. The same machine type, which requires square wave current for its 

normal operation, has been considered in Simoes et al (2001) as well, where experimental 

implementation was based on Motorola 56824 DSP. The switching frequency of the inverter was 

set to 10 kHz. Five-phase trapezoidal back-emf permanent magnet synchronous machine was 

elaborated by McCleer et al (1991) as well. The motor was supplied from a five-phase VSI in 

144º conduction mode with square wave currents. The five phase machine was shown to have 

higher torque capacity compared to similar sized three phase machine and lower peak VA 

requirement of the switching devices. 

The modelling and analysis of a five-phase permanent magnet synchronous machine supplied 

from a five-phase PWM inverter under normal and fault conditions (one phase open circuited) 

was examined by Robert-Dehault et al (2002). The linear permanent magnet machine model was 

developed in phase variable form for fault condition and also its d-q form was given for normal 

operating conditions. The machine leakage reactance was considered as 5% with PWM inverter 
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commutating at 2 kHz. The proposed control strategy allows the machine to produce the same 

torque under fault condition as under normal condition, with very small torque ripple (6% torque 

ripple was observed because of the current controller type). Pereira and Canalli (2002) have 

presented the design, modelling and performance analysis of a five-phase permanent magnet 

synchronous machine operating as a generator feeding a resistive load through five-phase bridge 

rectifier. The parameters of the machine were determined using FEA. The performance in terms 

of load voltage versus current, output power, rectified voltage waveform, phase to neutral and 

phase to phase voltages and phase currents of the machine was assessed and examined using 

simulation and actual measurements. 

2.4.2 Control of multi-phase voltage source inverters  

The use of multi-phase inverter was first reported by Ward and Härer (1969) in a variable speed 

five-phase induction motor drive application. It utilized a forced commutated thyristor based 

inverter in ten-step operating mode. The torque ripple was decreased to one third compared to 

the equivalent three-phase case and was at an increased frequency. However, the machine 

current contained strong third harmonic component, which generated additional losses. To avoid 

these losses and to obtain fast current control, several PWM techniques for multi-phase VSIs 

have been developed, such as those reported in Pavitharan et al (1988), Toliyat (1998) and 

Toliyat et al (2000). 

A complete mathematical model of a five-phase VSI, based on space vector representation, was 

developed by Toliyat et al (1993). The inverter operation in ten-step mode and PWM mode was 

discussed. The hysteresis type PWM current regulation was used for the drive under rotor flux 

oriented indirect vector control conditions. A SVPWM was proposed by Gataric (2000) for a 

five-phase VSI control in conjunction with induction motor drives. The same strategy was 

employed by Shi and Toliyat (2002) and Toliyat et al (2000) in a five phase synchronous 

reluctance motor drive. Gopakumar et al (1993) employed SVPWM technique in split-phase 

induction motor drive fed by six-phase VSI. 

Takami and Matsumoto (1993) have proposed optimum pulse pattern PWM for large capacity 

nine-phase VSI feeding a nine-phase induction motor (with three sets of three-phase windings on 

the stator with isolated neutral points and a single three-phase winding on the rotor). The current 

control loop was eliminated from the inverter control system. A new configuration, which 
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includes nine low-rating (20% of the motor capacity) single-phase reactors, was introduced. The 

reactor turns ratio was selected equal to 1:2 sin(π/18):1 so as to eliminate the lower order 

harmonics (5th, 7th, 11
th

 and 13th) from the inverter/motor phase voltages and currents and also 

to balance the fundamental currents in the event of unbalancing. To eliminate even harmonics 

from the current/voltage waveform the optimal pulse pattern was developed based on Lagrangian 

multiplier method. The proposed optimal pulse pattern PWM technique was compared with the 

ramp-comparison PWM and it was shown to reduce the harmonic amplitudes to a significantly 

lower value. The proposed configuration also reduces the electromagnetic noise of the motor to a 

great extent. 

Kelly et al (2001) have examined general n-phase (leg) inverter control techniques taking nine-

phase inverter as a specific example. Ann-phase inverter has (n-1)/2 possible load equivalent 

circuits and each operates in n-step mode to produce a unique step voltage waveform with 

different fundamental and harmonic contents. The nine-phase inverter was examined for four 

different load equivalent configurations in eighteen-step mode and 4-5 configuration was found 

to be the optimum choice because of the highest switching efficiency (only one switch changes 

state between conduction intervals), maximum phase current delivery and maximum 

fundamental content. Four different SVPWM techniques have been developed for the general n-

phase inverter. The first technique is a natural extension of the conventional three-phase 

SVPWM and it resulted in lower dc bus utilization. The second technique asks for injection of 

√n order harmonic, resulting in higher dc bus utilization (maximum attainable fundamental 

component increases). However, √n separate neutrals have to be used. The third proposed 

technique utilizes smaller number of space vectors (74 instead of 512) but the switching 

efficiency was found to be poor in this case (in the case of nine phase inverter, eighteen switches 

change state between conduction intervals). To improve the switching efficiency the fourth 

technique was proposed, which does not use zero space vectors (in the case of a nine-phase 

inverter, only six switches change state between conduction intervals). The first proposed 

technique (SVPWM) in the above referenced work was compared analytically and by 

experimentation to the ramp-comparison PWM by Kelly et al (2003) in conjunction with a nine-

phase inverter fed nine-phase induction motor drive. The SVPWM was shown to enhance the 

fundamental by 1.55% compared to the sine-triangle PWM and thus enables better utilization of 

the dc bus. 
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CHAPTER THREE 

METHODOLOGY 

3.1 Introduction 

The control strategy of the drive system which has three distinct parts: the v-f control, the stator 

resistance voltage compensation and the slip frequency compensation. A strategic block diagram 

of closed loop speed control is shown in Figure 3.1.The actual speed of the secondary member 

m   is compared with its commanded value *  and the error is processed through a PI controller 

and a limiter to obtain the slip-speed command sl .The limiter ensures that the slip speed 

command is within the maximum allowable slip speed of the LIM. The slip speed command is 

added to the speed of the secondary member to obtain the synchronous speed, s for generating a 

frequency command. This frequency command is next multiplied by the number of pole pairs 

(PP) to obtain the reference output frequency, * of the inverter. The frequency command then 

generates a voltage command through a volts/Hz function generator. To compensate for the 

primary-member-resistance-voltage drop, a boost voltage is added to the generated voltage so 

that the desired rated flux and hence the corresponding thrust becomes available down to zero 

speed. Effect of boost voltage, however, becomes negligible at higher frequencies. 
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Figure 3.  1  Constant V/F control scheme for a five phase drive 
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3.2 V/F Control Scheme 

Induction motors employ a simple but clever scheme of electromechanical energy conversion. In 

the squirrel-cage motors, which constitute a vast majority of induction machines, the rotor is 

inaccessible. No moving contacts, such as the commutator and brushes in dc machines or slip 

rings and brushes in ac synchronous motors and generators, are needed. This arrangement greatly 

increases reliability of induction motors and eliminates the danger of sparking, permitting 

squirrel-cage machines to be safely used in harsh environments, even in an explosive 

atmosphere. An additional degree of ruggedness is provided by the lack of wiring in the rotor, 

whose winding consists of un insulated metal bars forming the squirrel cage that gives the name 

to the motor. Such a robust rotor can run at high speeds and withstand heavy mechanical and 

electrical overloads. In adjustable-speed drives (ASDs), the low electric time constant speeds up 

the dynamic response to control commands. Typically, induction motors have a significant 

torque reserve and a low dependence of speed on the load torque. There are various methods for 

the speed control of an Induction Motor. They are:  Pole Changing, Variable Supply Frequency 

Control, Variable Supply Voltage Control, Variable Rotor Resistance Control,V/f Control, Slip 

Recovery and Vector Control. 

Of the above mentioned methods, V/f Control is the most popular and has found widespread use 

in industrial and domestic applications because of its ease-of-implementation. However, it has 

inferior dynamic performance compared to vector control.  Thus in areas where precision is 

required, V/f Control are not used. The various advantages of V/f Control are as follows: 

i.   It provides good range of speed.  

ii.   It gives good running and transient performance. 

iii.   It has low starting current requirement. 

iv.   It has a wider stable operating region. 

v. Voltage and frequencies reach rated values at base speed. 

vi. The acceleration can be controlled by controlling the rate of change of supply frequency.   

vii. It is cheap and easy to implement.  

In the V/Hz control, the speed of induction motor is controlled by the adjustable magnitude of 

stator voltages and frequency in such a way that the air gap flux is always maintained at the 



V/F CONTROL DESIGN AND SIMULATION FOR FIVE PHASE INDUCTION MOTOR 

 

School of Electrical and Computer Engineering, AAiT, AAU Page 29 

 

desired value at the steady-state. Sometimes this scheme is called the scalar control because it 

focuses only on the steady state dynamic. It can explain how this technique works by looking at 

the simplified version of the steady state equivalent circuit as seen in Figure 3. According to in 

this figure, the stator resistance (Rs) is assumed to be zero and the stator leakage inductance (Lls) 

is embedded into the (referred to stator) rotor Leakage inductance (Llr) and the magnetizing 

inductance, which is representing the amount of air gap flux, is moved in front of the total 

leakage inductance (Ll = Lls + Llr). As a result, the magnetizing current that generates the air gap 

flux can be approximately the stator voltage to frequency ratio. 

 

Figure 3.  2   v/f profile 

Assuming that the voltage drop across the stator resistance is small in comparison with the stator 

voltage, the stator flux can be expressed as 
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Where, S
 
is flux linkage and  is the angular velocity of the motor. 

3.3 Space Vector Pulse Width Modulation (SVPWM) Technique 

SVPWM has become one of the most popular PWM techniques, because of its easier digital 

implementation and better DC bus utilization, when compared to the carrier-based sinusoidal 

PWM method. The principle of SVPWM lies in the switching of the inverter in a special way, so 

as to apply a set of space vectors for a specific time. As seen in the previous section, a five-phase 

VSI yields 32 space vectors spanning over 360 degrees, forming a decagon with 10 sectors of 36 

degrees each. The reference voltage is synthesized by switching between the neighboring 

vectors, such that the volt-second balance is maintained. Two neighboring active vectors are 
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employed to implement SVPWM, thus as an extension in a five-phase VSI, also two neighboring 

active space vector can be used. However, the next section shows that simple extension of 

SVPWM leads to distortion in the output voltage. Hence, it is realized that instead of two, four 

neighboring vectors when used to implement SVPWM will lead to sinusoidal output voltages. As 

a rule of thumb=n-1(n phase number) numbers of active space vectors are needed to generate 

sinusoidal output in multi-phase voltage source inverter [4]. 

Thus there exists more than one method of implementing SVPWM in a multi-phase voltage 

source inverter. Nevertheless, an ideal SVPWM of a five-phase inverter should satisfy a number 

of requirements. First, in order to keep the switching frequency constant, each switch can change 

state only twice in the switching-period (once „ON‟ to „OFF‟ and once „OFF‟ to „ON‟, or vice-

versa). Second, the rms value of the fundamental phase voltage of the output must equal the rms 

of the reference space vector. Third, the scheme must provide full utilization of the available DC 

bus voltage [5]. Finally, since the inverter is aimed at supplying the load with sinusoidal 

voltages, the low-order harmonic content needs to be minimized (this especially applies to the 

3rd and 7th harmonics). These criteria are used in assessing the merits and demerits of various 

SVPWMs. Two methods are elaborated here, one with two active space vectors and one with 

four active vectors. 

Two neighboring active space vectors and two zero space vectors are used in one switching 

period to synthesize the input reference voltage. There are five legs in a five-phase inverter, each 

with two power switches whose operations are complimentary. In one switching period, each 

power switch will change its state twice (from „OFF‟ to „ON‟ and then from „ON‟ to „OFF‟), 

hence in total, ten switching‟s take place in one switching period. The switching patterns are pre-

formulated and stored in a look-up table. The switching is done in such a way that in the first 

switching half-period, the first zero vector is applied, followed by two active state vectors and 

then by the second zero state vector. The second switching half-period is the mirror image of the 

first. The symmetrical SVPWM is achieved in this way. This method is the simplest extension of 

space vector modulation of three-phase VSIs. 

When using two large length and two medium length active vectors, their mapping in the x-y 

plane is such that they cancel each other, as illustrated in Figure.3.4 for sector I and it follows for 

the rest of the sectors. Since vector numbers 16 and 25 are opposite to each other, and so are 24 
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and 29, their lengths are different (ratio of lengths of larger to smaller be 1.618). Thus if the time 

of application of the smaller vector is increased in the same proportion, they will have equal volt-

second and will cancel each other, eliminating the x-y components and generating sinusoidal 

output. 

Since a five-phase system is under consideration, the vector needs to be analyzed in a five 

dimensional space. Decoupling transformation leads to two orthogonal planes, namely d-q, x-y 

and a zero sequence component. The space vectors in the two orthogonal planes are defined as 

 e

6

d

4

c

2

ba vavavavav
5

2
v 

                                         (3.2)
 

 e

12

d

8

c

4

b

2

ayx vavavavav
5

2
v 

                                                 (3.3)                                      
 








 








 








 


5

2
jnexpa,

5

4
jexpa,

5

2
jexpawhere

n2

 

The space vector is a complex quantity, which represents the five-phase balanced supply with a 

single complex variable. Substituting equation (3.2) into equation (3.3) yields an ideal sinusoidal 

source, the space vector: 

  tjexpVv                                                                            (3.4)
 

The space vector model of a five-phase voltage source inverter can be obtained by substituting 

the phase voltages in equation (2.6) and determining the corresponding space vectors in the 

alpha-beta and x-y planes , as given in Table 3.1. 
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Switching 

No. 

Switching 

States 

Space vectors in 

α-β plane

 

Space vectors in 

x-y plane 

 

0 0 0 0 0 0 0 0 

1 0 0 0 0 1 







 

5

8
jexp2V

5

2
DC

 







 

5

6
jexp2V

5

2
DC

 

2 0 0 0 1 0 







 

5

6
jexp2V

5

2
DC

 







 

5

2
jexp2V

5

2
DC

 

3 0 0 0 1 1 







 







 

5

7
jexp

5
cos2V

5

2
DC

 







 







 

5

4
jexp

5

2
cos4V

5

2
DC

 

4 0 0 1 0 0 







 

5

4
jexp2V

5

2
DC

 







 

5

8
jexp2V

5

2
DC

 

5 0 0 1 0 1 







 







 

5

6
jexp

5

2
cos4V

5

2
DC

 







 







 

5

7
jexp

5
cos2V

5

2
DC

 

6 0 0 1 1 0 
 







 
jexp

5
cos2V

5

2
DC

 
 0exp

5

2
cos4V

5

2
DC 







 

 

7 0 0 1 1 1 







 







 

5

6
jexp

5
cos2V

5

2
DC

 







 







 

5

7
jexp

5

2
cos4V

5

2
DC

 

8 0  1 0 0 0 







 

5

2
jexp2V

5

2
DC

 







 

5

4
jexp2V

5

2
DC

 

9 0 1 0 0 1 
 0exp

5

2
cos4V

5

2
DC 







 

 
 







 
jexp

5
cos2V

5

2
DC

 

10 0 1 0 1 0 







 







 

5

4
jexp

5

2
cos4V

5

2
DC

 







 







 

5

3
jexp

5
cos2V

5

2
DC

 

11 0 1 0 1 1 







 







 

5

7
jexp

5

2
cos4V

5

2
DC

 







 







 

5

4
jexp

5
cos2V

5

2
DC

 

12 0 1 1 0 0 







 







 

5

3
jexp

5
cos2V

5

2
DC

 







 







 

5

6
jexp

5

2
cos4V

5

2
DC

 

13 0 1 1 0 1 







 







 

5

3
jexp

5

2
cos4V

5

2
DC

 







 







 

5

6
jexp

5
cos2V

5

2
DC
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14 0 1 1 1 0 







 







 

5

4
jexp

5
cos2V

5

2
DC

 







 







 

5

3
jexp

5

2
cos4V

5

2
DC

 

15 0 1 1 1 1  jexp2V
5

2
DC

 
 jexp2V

5

2
DC

 

16 1 0 0 0 0  0jexp2V
5

2
DC

 
 jexp2V

5

2
DC

 

17 1 0 0 0 1 







 







 

5

9
jexp

5
cos2V

5

2
DC

 







 







 

5

8
jexp

5

2
cos4V

5

2
DC

 

18 1 0 0 1 0 







 







 

5

8
jexp

5

2
cos4V

5

2
DC

 







 







 

5
jexp

5
cos2V

5

2
DC

 

19 1 0 0 1 1 







 







 

5

7
jexp

5
cos2V

5

2
DC

 







 







 

5
jexp

5

2
cos4V

5

2
DC

 

20 1 0 1 0 0 







 







 

5

2
jexp

5

2
cos4V

5

2
DC

 







 







 

5

9
jexp

5
cos2V

5

2
DC

 

21 1 0 1 0 1 







 







 

5

9
jexp

5

2
cos4V

5

2
DC

 







 







 

5

7
jexp

5
cos2V

5

2
DC

 

22 1 0 1 1 0 
 







 
jexp

5

2
cos4V

5

2
DC

 
 0jexp

5
cos2V

5

2
DC 







 

 

23 1 0 1 1 1 







 

5

7
jexp2V

5

2
DC

 







 

5

9
jexp2V

5

2
DC

 

24 1 1 0 0 0 







 







 

5
jexp

5
cos2V

5

2
DC

 







 







 

5

2
jexp

5

2
cos4V

5

2
DC

 

25 1 1 0 0 1  
 0jexp

5
cos2V

5

2
DC 







 

 
 







 
jexp

5

2
cos4V

5

2
DC

 

26 1 1 0 1 0 







 







 

5
jexp

5

2
cos4V

5

2
DC

 







 







 

5

2
jexp

5
cos2V

5

2
DC

 

27 1 1 0 1 1 







 

5

9
jexp2V

5

2
DC

 







 

5

3
jexp2V

5

2
DC

 

28 1 1 1 0 0 







 







 

5

2
jexp

5
cos2V

5

2
DC

 







 







 

5

9
jexp

5

2
cos4V

5

2
DC
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Figure 3.  3: Phase voltage space vector α-β plane 

 

 

Figure 3.  4:  Phase voltage space vector x-y plane 

29 1 1 1 0 1  







 

5
jexp2V

5

2
DC

 







 

5

7
jexp2V

5

2
DC

 

30 1 1 1 1 0 







 

5

3
jexp2V

5

2
DC

 







 

5
jexp2V

5

2
DC

 

31 1 1 1 1 1 0 0 

Table 3. 1
 
Space vector table of phase voltages for a five-phase VSI 
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3.3.1 Application of the large space vectors only 

The SVPWM scheme discussed in this section considers the outer-most decagon of space vectors 

in α- β plane. The input reference voltage vector is synthesized from two active neighboring and 

zero space vectors. To calculate the time of application of different vectors, consider Fig. 3.5, 

depicting the position of different available space vectors and the reference vector in the first 

sector.  

 

Figure 3.  5: Maximum possible output in SVPWM for a five-phase VSI 

When the reference voltage is in sector I, the reference voltage can be synthesized by using the 

vectors va,vb, and vo(zero vector), applied for time ta,tb, and to, respectively. Hence, using the 

equal volt-second principle, for sector I. The time of application of active space voltage vectors 

is found from Fig. 3.5 as 

vs
*
ts = va ta + vb tb                                                                                                                                                               (3.5) 

In Cartesian form, this equation can be written as: 

          bbaas

*

s t
5

sinj
5

cosvt0sinj0cosvtsinjcosv 














 







 


                        (3.6) 
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Figure 3.  6:  Principle of space vector time calculation for a five-phase VSI.  

Now equating the real and imaginary parts, the following relations are obtained: 

ta = 
)5/sin(V

v

l

*

s


tssin 











k

5
                                                                             (3.7) 

tb = 
)5/sin(V

v

l

*

s


tssin 







 


5
)1k(                                                                   (3.8) 

  to= ts – ta –tb                                                                                                               (3.9) 

Where k is the number of the sector, symbol vs
*
 denotes the reference voltage space vector, 

Indices “l” stand for large vector. The largest possible fundamental peak voltage magnitude that 

may be achieved using this scheme corresponds to the radius of the largest circle that can be 

inscribed within the decagon. The circle is tangential to the mid-point of the lines connecting the 

ends of the active space vectors. Thus the maximum fundamental phase to neutral peak output 

voltage is: 

Vmax =(2/5)2cos (
5


) cos (

10


) VDC= 0.61554 VDC                                                                                         (3.10) 

.The maximum peak fundamental output in ten step mode is, from expression (2.71), given with 

Vmax,ten step = DCV
2


 . Thus the ratio of the maximum possible fundamental output voltage with 

SVPWM and in ten-step mode is Vmax/V max,ten step  = . 0.96689 
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Figure 3.  7: Switching pattern for SVPWM using only two active vectors 

3.3.2 Combined application of medium and large space vectors 

Use of four active space vectors per switching period requires the calculation of four application 

times, labeled here as tal, tbl, tam, tbm. The expressions used for calculation of dwell times of 

various space vectors are: 

vs
*
ts= val tal + vbl tbl + vam tam + vbm tbm                                                                  (3.11) 

Where  

val= vbl= vl = 
 

 
VDC2                                                                                             (3.12) 

 

Figure 3.  8: Principle of space vector time calculation for a five-phase VSI. 

 

vam= vbm= vm = 
 

 
VDC                                                                                                                              (3.13) 
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and  

am

al

t

t
=

bm

bl

t

t
=

m

l

v

v
= =1.618                                                                  (3.14) 

Separating the real and imaginary parts of equation and substituting equation, the following 

equations result: 

tal = 








 2

*

1)5/sin( 



m

s

V

v
tssin 











k

5
                                                                     (3.15) 

tbl = 








 2

*

1)5/sin( 



m

s

V

v
tssin 










5
)1(


 k                                                            (3.16) 

tam = 








 2

*

1)5/sin( 



m

s

V

v
tssin 











k

5
                                                                    (3.17) 

tbm = 








 2

*

1)5/sin( 



m

s

V

v
tssin 










5
)1(


 k                                                         (3.18) 

to= ts – tal –tbl – tam–tbm                                                                                                                                                  (3.19) 

Where ta = tal + tam ,tb = tbl + tbm. This allocates 61.8% more dwell time to a large space vector 

compared to a medium space vector, thus satisfying the constraints of producing zero average 

voltage in the x-y plane. The constraint imposed on the time of application of each vector is that 

they cannot be less than zero, and also the sum of time of application of active and zero vectors 

cannot exceed the switching time. With these constraints, the maximum possible output with this 

approach is 0.5257VDC, which is almost 16% less than with the previous method.  

After locating the reference location and calculating the dwell time, the next step in SVPWM 

implementation is the determination of the switching sequence. The requirement is the minimum 

number of switching‟s to reduce switching loss, ideally one power switch should turn „ON‟ and 

turn „OFF‟ in one switching period. 
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Figure 3.  9:  Switching pattern for SVPWM using four active vectors 

3.4 PI Control Scheme 

PI  controller  will  eliminate  forced  oscillations  and  steady  state  error  resulting  in operation 

of on-off controller and P controller respectively. However,   introducing   integral   mode   has   

a negative   effect   on   speed   of   the response and overall stability of the system. Thus, PI 

controller will not increase the speed of response.  

The dynamics of induction motor (IM) is traditionally represented by differential equations. The 

space-vector concept [13] is used in the mathematical representation of IM state variables such 

as voltage, current, and flux. By using stator field orientation, the torque and stator flux must 

become parts of a complex number, where the magnitude of the stator flux is the real component 

and the torque is the imaginary component. Hence, the reference signals and the error become a 

complex number. Thus, the PI regulators presented in the section [23] has the function to 

generate a voltage reference space vector using the stator flux-torque error vector. 

In order to tune the PI regulator it is necessary the closed-loop complex transfer function of the 

controlled induction motor. The complex transfer function of the controlled induction motor was 

also used to tune a complex gain controller in which has been presented in [7]. 
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Figure 3.  10:  Limited authority PI control systems model 
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CHAPTER FOUR 

CONTROLLER DESIGN 

4.1 Introduction  

The basis of scalar control is the selection of the speed of the common reference frame. In v/f 

control scheme the speed of the reference frame is selected as equal to the rated speed of the 

induction motor. Due to the lack of data for multi-phase machines, it is assumed that per-phase 

parameters and ratings of the multi-phase induction machines are the same as for the three-phase 

machine. 

4.2 Parameter Selection of the motor 

The basis for all the simulations is a two-pole, 50 Hz three-phase induction machine, with 

magnetizing inductance of 0.42 H and rated torque of 1.066 Nm. Rated rotor flux (RMS) for this 

benchmark three-phase machine is equal to 0.5683 Wb [Jones (2005)]. Due to the use of power 

invariant transformation the following values of rotor flux and rated torque are used for 

simulation:  

Five-phase machine:  

wbrnr 2707.15*    

NmTT nen 33.85 
 

The simulation model is developed in a Matlab/Simulink environment. The simulation parameters 

for five-phase induction motor are shown in Table 4.1. 

No Description Parameter Value Unit 

1 Stator resistance Rs 0.045 Ω 

2 Rotor resistance Rr 0.045 Ω 

3 Stator inductance Ls 1.927 H 

4 Rotor inductance Lr 1.927 H 

5 Mutual inductance Lm 1.85 H 

6 Inertia J 59 Kg.m
2
 

7 Rated speed ω 1500 rpm 

8 No of poles P 4 - 
 

Table 4. 1: electrical and mechanical parameter of the motor 
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4.3 Design of PI controller 

PI speed controller is considered next. There are two types of PI speed controllers, a continuous 

one and a discrete one. The type of the speed controller used in this specific simulation is 

continuous type speed controller. The design of continuous speed controller is presented here. 

For this purpose, and having in mind that the inverter current control will be performed in the 

stationary reference frame using hysteresis or ramp comparison technique, the whole current 

control loop is approximated with unity gain and zero time delay. The structure of the speed 

control loop is then as shown in Fig. (4.1). 

       dt

d

P

J
TT Le


                                                                                                                                              (4.1) 

      
dtT

J

P
e                                                                                                                       (4.2) 

PI P/(JS)

+

-

 

Figure 4. 1: PI speed controller 

The transfer function of the PI speed controller is: 

 
S

1
KK

S

1
1KSG IP

i

PPI 









                                                        (4.3) 

The characteristic equation of the above speed control loop is solved for  

    0SHSG1 PI                                                                     (4.4) 

Where according to Fig. (4.1)   
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 SH = 
P/SJ

1
                                                                                  (4.5) 

The parameters are P=2, J=0.03 kgm
2
. Hence the characteristic equation is: 

0K67.66SK67.66S IP

2                                                   (4.6) 

The coefficients in the above equation are equated with those in the following equation, which 

defines the desired closed loop dynamics in terms of the damping ratio ξ and natural frequency 

ω0: 

0S2S
2

00

2                                                                     (4.7) 

Damping ratio is selected as 0.707. The natural frequency for the speed control loop is dependent 

on the bandwidth of the inner current control loop. Maximum practical value of the current 

control loop bandwidth in the case of ramp frequency is 1 kHz. For the purpose of the speed 

controller design, current loop bandwidth is taken as one tenth of the maximum value (i.e. as 100 

Hz). Taking the speed control bandwidth as one tenth of this value (10 Hz) and approximating 

the natural frequency with the bandwidth, one has  

ω0 = 2π*10 = 62.8318 rad/s                                             (4.8) 

Substitution of the damping ratio and natural frequency values into (4.4) and comparison with 

(4.5) yields the following values for the speed controller parameters: 

PK  IK  i (S) 

1.332 59.214 0.0225 

Table 4. 2: PI coefficients 

The step response of the PI controller 
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The following result is obtained from the simulation of the PI controller: 

Rise Time(s) Settling Time(s) Over shoot (%) Peak 

8.2365e-04 0.0015 0.0067 1.0001 
 

Table 4.3 result of the step response 

     

4.4 Design of scalar controller 

In this type of control, a constant ratio between the voltage magnitude and frequency is 

maintained. This is to keep it constant and is the optimal flux in the machine. 

sdSsd iRU   + 
sqa

sd

d

d






                                                                             (4.9)
 

sqSsq iRU   + sda

sq

d

d






                                                                           (4.10)
 

It is assumed that the co-ordinate system is connected with stator current, hence: 

ssd 
                                                                                                            (4.11)                                                             

 

                  
0sd                                                                                                               

(4.12)      
 

Which is a steady state would be 
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0
d

d sd 




                                                                                         (4.13)
 

Therefore: 

sdSsd iRU 
                                                                                                             

(4.14)  
 

sqSsq iRU  + sda
                                                                                              

(4.15)
 

The voltage vector magnitude is  

sq
2

sd
2

s UUU 
                                                                                      (4.16)

 

      sdasqs

2

sdasqs

2

sdss .iR.2iRiRU 
                          (4.17)

 

Neglecting stator resistance, the following is achieved: 

sU  2

sda
                                                                                                   (4.18)

 

Keeping constant motor flux magnitude at rated value (in per unit, this is 1), the following is 

correct: 

s =1                                                                                                    
(4.19)

 

Therefore: 

sU =  2

a
                                                                                                            (4.20)

 

Where 

a = f2                                                                                                                     
(4.21)

 

 

The control law of five phase drive 

0

n

n Vf
f

V
KV 










                                                                                      (4.22) 
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Thus, in V/f control, a constant ratio between the voltage magnitude and frequency is 

maintained. This is to keep constant and optimal flux in the machine. Therefore, the stator 

voltage is adjusted in accordance to the following rule: 

 












rr

r0

r

0r

ffforV

ffforV
f

f
VV                                                                                           (4.23) 

Where Vs is the stator voltage, Vr is rated stator voltage, V0 denotes the rms value of the stator 

voltage at zero frequency, fr  is rated frequency. 
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CHAPTER FIVE 

SIMULATION RESULTS AND DISCUSSION 

 

5.1 Steady state performance of the five-phase induction motor drive 

This section illustrates the steady state performance of the five-phase induction motor drive. At 

first the results for the five-phase induction motor are presented. This is followed by the 

presentation of the performance for constant v/f speed controller.  

Input five-phase Voltage to the stator of machine 

 

Figure 5. 1 stator voltages 

To observe the behavior of the machine under loaded conditions, a rated load of 8.33 Nm is 

applied to the motor shaft at a time instant of 1 sec. The load is applied once the motor reaches a 

steady-state condition after excitation and acceleration transients. The resulting waveforms are 

shown in the following Figures. 
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Figure 5. 2: responses of the machine under no load and rated load condition 

 

Figure 5. 3:Torque versus speed response of five-phase motor under no-load 
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Speed reversal of the motor study is also simulated and the resulting responses is shown in Fig. (5.4.) 

 

Figure 5. 4: Speed reversal of the motor  

5.2 SVPWM Result   

The SVPWM can be developed in MATLAB/Simulink by using different approaches. The 

model presented here uses the Simulink and MATLAB function block. The MATLAB/Simulink 

model is presented in Figure B.1. The five-phase voltage reference is generated using the „sine 

wave‟ generator and then transformed into alpha-beta and x-y components.  

The reference space vector magnitude and angle is thus generated from the „reference voltage 

generator‟ block. The magnitude is constant, while the angle changes from 0 to pi and then pi to 

0 as a saw tooth waveform. The angle is held for one sample time, so as to keep its value 

constant during the calculation of times of application of vectors. Another repetitive signal (time 

[0 Ts], amplitude [0 Ts]) is used to compare with the angle to determine the location of the 

reference signal.  

The MATLAB function block contains the switching table and sector determination algorithm. 

The MATLAB function block outputs the switching functions and is given to the five-phase 

inverter model. The algorithm inside the MATLAB function block can be changed to implement 

two-vector or four-vector SVPWM.  
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Figure 5. 5: switching pattern for sector I for the application of four active vectors 

Simulation results are shown for two SVPWM techniques, using two active vectors (Figure 3.14) 

and using four active vectors (Figure 3.15). The fundamental frequency is kept at 50 Hz, the 

switching frequency is chosen as 5 kHz, the output is set at maximum value (0.6115 Vdc for two 

vectors case and 0.5257 Vdc for four vectors case), and the DC link voltage Vdc is set to 1 p.u. 

The output phase voltages are distorted if only two active vectors are employed for SVPWM. 

The distortion appears due to the presence of the x-y plane vectors, as evident from Figure 3.12. 

The phase voltages are completely sinusoidal when using four active vectors for the 

implementation of SVPWM. This is due to the fact that the x-y components are completely 

eliminated. The value of THD drops while shifting from a two active vector application (85%) to 

a four active vector application (70%) in one switching period. 

0 0.0001 0.0002
0

0.5
1

1.5
SVPWM Genertaed signals

time(s)

v
o
lt
a
g
e
(v

)

0 0.0001 0.0002
0

0.5
1

1.5

time(s)

v
o
lt
a
g
e
(v

)

0 0.0001 0.0002
0

0.5
1

1.5

time(s)

v
o
lt
a
g
e
(v

)

0 0.0001 0.0002
0

0.5
1

1.5

time(s)

v
o
lt
a
g
e
(v

)

0 0.0001 0.0002
0

0.5
1

1.5

time(s)

v
o
lt
a
g
e
(v

)



V/F CONTROL DESIGN AND SIMULATION FOR FIVE PHASE INDUCTION MOTOR 

 

School of Electrical and Computer Engineering, AAiT, AAU Page 51 

 

 

 

Figure 5. 6: application of two active space vectors 
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Figure 5. 7: application of four active space vectors 
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5.3 Fault tolerance results 

Fault tolerant feature of the 5-phase induction motor is observed from 1
st
 and 1

st
 and 5

th
 stator 

windings opened condition is shown in Figs. 5.8 and 5.9. It is seen that the number of lost phase 

increases, the starting current of the rest of the phases increases and rated torque decreases 

gradually. 

 

Figure 5. 8: Fault tolerant results of 5-phase induction motor with one (1
st
) of the phase is opened 
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Figure 5. 9: Fault tolerant simulation results of 5-phaseinduction motor with two (1
st
 and 5 

th
) of the 

phases are opened 

5.4 Torque pulsation 

It is realized that the five-phase induction motor drive systems offered some distinct advantages 

over three-phase drive system counterparts. Torque pulsation will be reduced except those 

pulsations which are due to slot permeance effects. The simulation is incorporated with the same 

specification of three phase and five phase induction motors. The simulation result is illustrated 

as in fig.(5.22)and fig.(5.23) . Torque pulsation stays for 0.2 sec in five phase induction motor 

and stays more than 0.5 sec for its three phase counterpart. 
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Figure 5. 10:Torque pulastion for five phase induction motor 

 

Figure 5. 11:Torque pulastion for three phase induction motor 
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5.5 The overall performance of the drive 

The refrence speed of 1000 rpm is given intially the refrence speed is step raised to 1200 

rpm,1400 rpm and 1500 rpm at t=1sec,2sec and 3sec,respectively.the actual speed very well 

follows the refrence as illustated in the following figures. 

 

Figure 5. 12: step Speed response for closed loop v/f control 

 

  Figure 5. 13: v/f  response 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

200

400

600

800

1,000

1,200

1,400

1500

1,600
Dynamic Performance

time(s)

s
p
e
e
d
(r

p
m

)

 

 

refrence speed

actual speed

0 0.5 1 1.5 2 2.5 3 3.5 4
-1

-0.75
-0.65
-0.55
-0.45
-0.35
-0.25

0

0.25
0.35
0.45
0.55
0.65
0.75

1

time(s)

V
o
lt
a
g
e
(V

)

V/F profile

33.33Hz 40Hz 46.67Hz 50Hz



V/F CONTROL DESIGN AND SIMULATION FOR FIVE PHASE INDUCTION MOTOR 

 

School of Electrical and Computer Engineering, AAiT, AAU Page 57 

 

The simulation result is carried out to implement the open loop constant v/f control technique 

using the developed simulation model. The reference speed of 1500 rpm is given initially and 

then the load toque is applied after 1s duration. The actual speed very well follows the reference 

speed as illustrated below. 

 

Figure 5. 14:Open loop Stator Phase current 

 

Figure 5. 15:.Open loop speed response 
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The simulation result is carried out to implement the closed loop constant v/f control technique 

using the developed simulation model. The machine is first started at no-load condition and the 

reference speed is given as 1500 rpm .once the machine attains the steady state speed, rated load 

of 8.33Nm is applied to the machine at t=1sec. 

 

Figure 5. 16:Closed loop Phase Stator current 

 

 

Figure 5. 17:Closed loop speed response 
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The steady state offset speed error is completely elimnated in the closed loop constant v/f control 

method.however a small overshoot in the speed response is observed ,this is due to the 

PIcontroller setting.the dip in speed due to loading is quickly recovered by the corrective PI 

controller.  

Finally, some measures have been performed in closed-loop speed control with Volts/Hz control 

and slip regulation. Due to the slip regulation, the IM is able to rotate at the synchronous speed 

(1000 rpm at 33.33Hz,1200 rpm at 40 Hz,1400 rpm at 46.67 Hz and 1500 rpm at 50 Hz as P= 2) 

and, therefore, the torque-speed curves become vertical lines and constant at maximum torque 

for all speed variation as shown in Fig.5.23.  

 

  Figure 5. 18: Speed Torque response in scalar control 
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CHAPTER SIX 

CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 

6.1 Conclusions 

An Induction Motor was run with the help of a SVPWM Inverter without implementing any kind 

of speed control mechanisms and the various characteristic curves were obtained. It was 

observed that there were a lot of transient currents in the stator and rotor at the time of starting 

and they took some time to settle down to their steady-state values. The lower the stator 

resistance, the quicker the transients died down and hence, the stator resistance should be kept 

very low. In an uncontrolled Induction Motor, torque was observed to rise to a maximum value 

and then settle at the  base  value,  while  rotor  speed  was  observed  to  rise  to  its  rated  value  

and  remain constant there. 

Closed-loop V/f Control used a PI Controller to process the error between the actual rotor speed 

and reference speed and used this to vary the supply frequency. The Voltage Source Inverter 

varied the magnitude of the Terminal Voltage accordingly so that the V/f ratio remained the 

same. It was observed that again the maximum torque remained constant across the speed range. 

Hence, the motor is fully utilized and successful speed control is achieved.  

The first method of SVPWM technique uses vectors from large and middle sets. The simulation 

results show a considerable amount of low-order harmonic content (3rd) in the output phase 

voltages, which remains more or less constant (approximately 20%) throughout. The low-order 

harmonic content in the output phase voltages is due to the presence of zero-sequence 

components of large vectors. The second method uses only large set of space vectors and yields 

approximately 40% of the 3rdharmonic in output phase voltages, due to the presence of zero-

sequence components of large vectors. 

By comparing the work described in this thesis with the research objectives listed in section (1.3) 

it can be concluded that all the set goals have been achieved successfully. 

 

6.2 Recommendation 

In this thesis the scalar speed control of five phase induction motor is handled by assuming 

application areas where the   dynamic performance of the machine is not coming into priority 
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However, there are different application areas where the dynamic performance of the drive 

system is so important and the instantaneous position of voltage, current and flux needed. This 

leads to the investigation of vector control instead of scalar control. 

6.3 Future Work 

This thesis explores the feasibility of v/f control of five-phase induction motor drive systems, fed 

from a five-phase SVPWM voltage source inverter. Since this drive structures are novel, it is 

believed that there is plenty of scope for further research. Some possible directions are the 

following: 

 The multi-phase machines do not have perfect sinusoidal spatial distribution of windings, 

which leads to production of unwanted spatial air-gap harmonics. This aspect should be 

addressed in order to arrive at appropriate machine designs for five phase drive 

applications. 

 An evaluation of the overall efficiency of the proposed drive systems for specific 

applications. 

 Detailed study of the rating of the power switches for five-phase and VSIs aimed at 

supplying two series-connected machines. 
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APPENDIX 
 

Appendix A: Five phase induction motor model 
 

 

Figure A. 1: five phase induction motor model 
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Figure A. 2: complete transformation of d-q model 

 

 

Figure A. 3: transformation of d-q model 
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Appendix B: v/f block 
 

 

Figure B. 1: Variable voltage variable frequency block 
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Appendix C: Closed loop v/f speed Control scheme 
 

 

 

Figure C. 1: V/F Drive system 
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Appendix D: SVPWM implementation 

 

 

 

Figure D. 1: SVPWM 
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Appendix E: SVPWM code for four vector application 
 

 

function [sf]=svpwm(u) 

     
    ts=0.0002;  vdc=200; k=1.618; 

     
    x=u(2); 

  
    m=5*u(1)*ts/(2*vdc*sin(pi/5)*(1+k^2)); 

        
    y=u(3); 

     

    
    % sector I 
    if (x>=0) && (x<pi/5) 

  
        ta1=m*k*sin(pi/5-x); 
        ta2=m*sin(pi/5-x); 
        tb1=m*k*sin(x); 
        tb2=m*sin(x); 
        t0=ts-ta1-ta2-tb1-tb2; 

         
        t1=[t0/4 ta2/2 tb1/2 ta1/2 tb2/2 t0/2 tb2/2 ta1/2 tb1/2 ta2/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0  1  1  1  1 1  1  1  1  1 0]; 
        v2=[0 0  1  1  1 1  1  1  1 0 0]; 
        v3=[0 0 0 0  1 1  1 0 0 0 0]; 
        v4=[0 0 0 0 0 1 0 0 0 0 0]; 
        v5=[0 0 0  1  1 1  1  1 0 0 0]; 

         

         
        for j=1:11 
            if(y<t1(j)) 
                break 
            end 
        end 

     
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 

  
    end 

  
    % sector II 
    if (x>=pi/5) && (x<2*pi/5) 
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        adv= x-pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  
        t1=[t0/4 tb2/2 ta1/2 tb1/2 ta2/2 t0/2 ta2/2 tb1/2 ta1/2 tb2/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0  1  1  1 1  1  1  1 0 0]; 
        v2=[0  1  1  1  1 1  1  1  1  1 0]; 
        v3=[0 0 0  1  1 1  1  1 0 0 0]; 
        v4=[0 0 0 0 0 1 0 0 0 0 0]; 
        v5=[0 0 0 0  1 1  1 0 0 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 

  
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 
    end 

     
    %sector III 

  
    if (x>=2*pi/5) && (x<3*pi/5) 

  
        adv=x-2*pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  
        t1=[t0/4 ta2/2 tb1/2 ta1/2 tb2/2 t0/2 tb2/2 ta1/2 tb1/2 ta2/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0 0  1  1  1  1  1 0 0 0]; 
        v2=[0  1  1  1  1  1  1  1  1  1 0]; 
        v3=[0 0  1  1  1  1  1  1  1 0 0]; 
        v4=[0 0 0 0  1  1  1 0 0 0 0]; 
        v5=[0 0 0 0 0  1 0 0 0 0 0]; 

     
    for j=1:11 
        if(y<t1(j)) 
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            break 
        end 
    end 

  
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 
end 

  
    %sector IV 

  
    if (x>=3*pi/5) && (x<4*pi/5) 

  
                adv = x-3*pi/5;  

  
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  

  
        t1=[t0/4 tb2/2 ta1/2 tb1/2 ta2/2 t0/2 ta2/2 tb1/2 ta1/2 tb2/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0 0 0  1 1  1 0 0 0 0]; 
        v2=[0 0  1  1  1 1  1  1  1 0 0]; 
        v3=[0  1  1  1  1 1  1  1  1  1 0]; 
        v4=[0 0 0  1  1 1  1  1 0 0 0]; 
        v5=[0 0 0 0 0 1 0 0 0 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 

  
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 

  
end 

     
    % sector V 

  
    if (x>=4*pi/5) && (x<=pi) 

  
        adv = x-4*pi/5; 

  
        ta1=m*k*sin(pi/5-adv); 
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        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  
        t1=[t0/4 ta2/2 tb1/2 ta1/2 tb2/2 t0/2 tb2/2 ta1/2 tb1/2 ta2/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0 0 0 0 1 0 0 0 0 0]; 
        v2=[0 0 0  1  1 1  1  1 0 0 0]; 
        v3=[0  1  1  1  1 1  1  1  1  1 0]; 
        v4=[0 0  1  1  1 1  1  1  1 0 0]; 
        v5=[0 0 0 0  1 1  1 0 0 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 

  
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    %Sector VI 

  
    if (x>=-pi) && (x<-4*pi/5) 

  
        adv = x+pi; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  

  
        t1=[t0/4 tb2/2 ta1/2 tb1/2 ta2/2 t0/2 ta2/2 tb1/2 ta1/2 tb2/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0 0 0 0 1 0 0 0 0 0]; 
        v2=[0 0 0 0  1 1  1 0 0 0 0]; 
        v3=[0 0  1  1  1 1  1  1  1 0 0]; 
        v4=[0  1  1  1  1 1  1  1  1  1 0]; 
        v5=[0 0 0  1  1 1  1  1 0 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
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        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 
    % sector VII 

  
    if (x>=-4*pi/5) && (x<-3*pi/5) 

  
        adv = x+4*pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  
        t1=[t0/4 ta2/2 tb1/2 ta1/2 tb2/2 t0/2 tb2/2 ta1/2 tb1/2 ta2/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0 0 0  1 1  1 0 0 0 0]; 
        v2=[0 0 0 0 0 1 0 0 0 0 0]; 
        v3=[0 0 0  1  1 1  1  1 0 0 0]; 
        v4=[0  1  1  1  1 1  1  1  1  1 0]; 
        v5=[0 0  1  1  1 1  1  1  1 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    %sector VIII 

  
    if (x>=-3*pi/5) && (x<-2*pi/5) 

  
        adv = x+3*pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
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        t0=ts-ta1-ta2-tb1-tb2; 

  

  
        t1=[t0/4 tb2/2 ta1/2 tb1/2 ta2/2 t0/2 ta2/2 tb1/2 ta1/2 tb2/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0 0  1  1 1  1  1 0 0 0]; 
        v2=[0 0 0 0 0 1 0 0 0 0 0]; 
        v3=[0 0 0 0  1 1  1 0 0 0 0]; 
        v4=[0 0  1  1  1 1  1  1  1 0 0]; 
        v5=[0  1  1  1  1 1  1  1  1  1 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

     
    % sector IX 

  
    if (x>=-2*pi/5) && (x<-pi/5) 

  
        adv = x+2*pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  
        t1=[t0/4 ta2/2 tb1/2 ta1/2 tb2/2 t0/2 tb2/2 ta1/2 tb1/2 ta2/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0  1  1  1 1  1  1  1 0 0]; 
        v2=[0 0 0 0  1 1  1 0 0 0 0]; 
        v3=[0 0 0 0 0 1 0 0 0 0 0]; 
        v4=[0 0 0  1  1 1  1  1 0 0 0]; 
        v5=[0  1  1  1  1 1  1  1  1  1 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
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    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    % sector X 

  
    if (x>=-pi/5) && (x<0) 

  
        adv = x+pi/5; 

         
        ta1=m*k*sin(pi/5-adv); 
        ta2=m*sin(pi/5-adv); 
        tb1=m*k*sin(adv); 
        tb2=m*sin(adv); 
        t0=ts-ta1-ta2-tb1-tb2; 

  

  
        t1=[t0/4 tb2/2 ta1/2 tb1/2 ta2/2 t0/2 ta2/2 tb1/2 ta1/2 tb2/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0  1  1  1  1 1  1  1  1  1 0]; 
        v2=[0 0 0  1  1 1  1  1 0 0 0]; 
        v3=[0 0 0 0 0 1 0 0 0 0 0]; 
        v4=[0 0 0 0  1 1  1 0 0 0 0]; 
        v5=[0 0  1  1  1 1  1  1  1 0 0]; 

  
    for j=1:11 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

     

                 
   sf=[sa,sb, sc, sd, se]; 
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Appendix F: SVPWM code for two vector application 
 

function [sf]=sp5onlyl(u) 
ts=0.0002;  vdc=1;  
    %peak_phase_max = ((2/5)*vdc*2*cos(pi/5)*cos(pi/10)); 

  
    x=u(2); 

  

    
    y=u(3); 

  
    VL=0.8*cos(pi/5)*vdc; 
    mag=(u(1)/(VL*sin(pi/5)))*ts; 
    %1.618123 = 1/(2*sin(pi/10)); 

     

  

  
    % sector I 
    if (x>=0) && (x<pi/5) 

  
        ta = mag * sin(pi/5-x); 
        tb = mag * sin(x); 
        t0 =(ts-ta-tb); 

         
        t1=[t0/4 tb/2 ta/2 t0/2 ta/2 tb/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0  1  1 1  1  1 0]; 
        v2=[0  1  1 1  1  1 0]; 
        v3=[0 0 0 1 0 0 0]; 
        v4=[0 0 0 1 0 0 0]; 
        v5=[0 0  1 1  1 0 0]; 

         

         
        for j=1:7 
            if(y<t1(j)) 
                break 
            end 
        end 

     
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 

  
    end 

  
    % sector II 
    if (x>=pi/5) && (x<2*pi/5) 

  
        adv= x-pi/5; 
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        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0  1  1 1  1  1 0]; 
        v2=[0  1  1 1  1  1 0]; 
        v3=[0 0  1 1  1 0 0]; 
        v4=[0 0 0 1 0 0 0]; 
        v5=[0 0 0 1 0 0 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 

  
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 
    end 

     
    %sector III 

  
    if (x>=2*pi/5) && (x<3*pi/5) 

  
        adv=x-2*pi/5; 

         
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 tb/2 ta/2 t0/2 ta/2 tb/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0  1 1  1 0 0]; 
        v2=[0  1  1 1  1  1 0]; 
        v3=[0  1  1 1  1  1 0]; 
        v4=[0 0 0 1 0 0 0]; 
        v5=[0 0 0 1 0 0 0]; 

     
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 

  
        sa=v1(j); 
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        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 
end 

  
    %sector IV 

  
    if (x>=3*pi/5) && (x<4*pi/5) 

  
                adv = x-3*pi/5;  

  
        ta= mag * sin(pi/5 - adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0 0 1 0 0 0]; 
        v2=[0  1  1 1  1  1 0]; 
        v3=[0  1  1 1  1  1 0]; 
        v4=[0 0  1 1  1 0 0]; 
        v5=[0 0 0 1 0 0 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 

  
        sa=v1(j); 
        sb=v2(j); 
        sc=v3(j);  
        sd=v4(j); 
        se=v5(j); 

  
end 

     
    % sector V 

  
    if (x>=4*pi/5) && (x<=pi) 

  
        adv = x-4*pi/5; 

  
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 tb/2 ta/2 t0/2 ta/2 tb/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0 0 1 0 0 0]; 
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        v2=[0 0  1 1  1 0 0]; 
        v3=[0  1  1 1  1  1 0]; 
        v4=[0  1  1 1  1  1 0]; 
        v5=[0 0 0 1 0 0 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 

  
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    %Sector VI 

  
    if (x>=-pi) && (x<-4*pi/5) 

  
        adv = x+pi; 

         
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0 0 1 0 0 0]; 
        v2=[0 0 0 1 0 0 0]; 
        v3=[0  1  1 1  1  1 0]; 
        v4=[0  1  1 1  1  1 0]; 
        v5=[0 0  1 1  1 0 0]; 
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 
    % sector VII 

  
    if (x>=-4*pi/5) && (x<-3*pi/5) 

  
        adv = x+4*pi/5; 
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        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 tb/2 ta/2 t0/2 ta/2 tb/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0 0 0 1 0 0 0]; 
        v2=[0 0 0 1 0 0 0]; 
        v3=[0 0  1 1  1 0 0]; 
        v4=[0  1  1 1  1  1 0]; 
        v5=[0  1  1 1  1  1 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    %sector VIII 

  
    if (x>=-3*pi/5) && (x<-2*pi/5) 

  
        adv = x+3*pi/5; 

         
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0 0  1 1  1 0 0]; 
        v2=[0 0 0 1 0 0 0]; 
        v3=[0 0 0 1 0 0 0]; 
        v4=[0  1  1 1  1  1 0]; 
        v5=[0  1  1 1  1  1 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
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    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

     
    % sector IX 

  
    if (x>=-2*pi/5) && (x<-pi/5) 

  
        adv = x+2*pi/5; 

         
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 tb/2 ta/2 t0/2 ta/2 tb/2 t0/4]; 

         
        t1=cumsum(t1); 

  
        v1=[0  1  1 1  1  1 0]; 
        v2=[0 0 0 1 0 0 0]; 
        v3=[0 0 0 1 0 0 0]; 
        v4=[0 0  1 1  1 0 0]; 
        v5=[0  1  1 1  1  1 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

  
    % sector X 

  
    if (x>=-pi/5) && (x<0) 

  
        adv = x+pi/5; 

         
        ta = mag * sin(pi/5-adv); 
        tb = mag * sin(adv); 
        t0 =(ts-ta-tb); 

  
        t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4]; 
        t1=cumsum(t1); 

  
        v1=[0  1  1 1  1  1 0]; 
        v2=[0 0  1 1  1 0 0]; 
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        v3=[0 0 0 1 0 0 0]; 
        v4=[0 0 0 1 0 0 0]; 
        v5=[0  1  1 1  1  1 0]; 

  
    for j=1:7 
        if(y<t1(j)) 
            break 
        end 
    end 
    sa=v1(j); 
    sb=v2(j); 
    sc=v3(j);  
    sd=v4(j); 
    se=v5(j); 

     
end 

     

         
   sf=[sa, sb, sc, sd, se]; 
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