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Abstract 

Since 19
th

 century, three-phase Induction motors are the starting point to design an 

electrical drive system which is widely used in many industrial applications. In late 1960s, 

multiphase induction machine is developed and used in many applications like ship 

propulsion system, hybrids motor as multiphase drive several advantage over conventional 

three induction machine drives. The advantage are: reducing the amplitude and increasing 

the frequency of torque pulsations, reducing the rotor harmonic currents, reducing the 

current per phase without increasing the voltage per phase, lowering the dc-link current 

harmonics, and higher reliability.  
 In modern control theory, different mathematical models describe induction motor 

according to the employed control methods. Vector control strategy can be applied to this 

electrical motor type in symmetrical three phase version or in unsymmetrical two phase 

version. The operation of the induction motor can be analyzed similar to a DC motor 

through this control method. 

Using Kron‘s Dynamic machine model, the mathematical model for five phase 

induction machine is developed considering the fundamental flux only. With these 

technological projections, various command approaches have been developed by the 

scientific community to master in real time. In electrical control system, the indirect field 

oriented control (IFOC) scheme being one of the most recent steps in this direction. In this 

control scheme the electromagnetic torque and net flux magnitude are estimated from 

direct axis and quadrature axis stator currents reference and depends on motor parameters. 

In this thesis, a simple and straightforward IFOC scheme has been developed for a 

five phase induction motor and conventional IFOC scheme has been simulated with 

MATLAB Simulink and SIMSCAPE tools and evaluate the performance of motor quantities 

under various speed and load. Literature review has been done to study the recent 

improvements in multiphase induction machine, application areas and various control 

schemes and its advantage.  
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CHAPTER 1 

1. Introduction 

1.1 Induction machine 

           In the last few decades, induction motor has been recognized as a workhouse in the industry 

primarily due to the advantages of: rugged brushless construction, less maintenance, lower cost, 

robustness and no separate need for DC field. Nearly 80% of world‘s ac motors are induction 

motors. The disadvantages of both DC machines and synchronous machine are eliminated in the 

induction machine. The induction machine also has drawbacks of developing low torque, drawing 

heavy starting current, high per phase current during fault and having no easy means of speed 

control. Though induction motors do not inherently have the capability of variable speed operation. 

Due to this reason, earlier dc motors were applied in most of the electrical drives. But the recent 

developments in speed control methods of the induction motor have led to their large scale use in 

almost all electrical drives. Out of the several methods of speed control of an induction such as pole 

changing, frequency variation, variable rotor resistance, variable stator voltage, constant V/f 

control, slip power recovery scheme etc. The closed loop constant V/f speed control method is most 

widely used. In this method, the V/f ratio is kept constant which in turn maintains the magnetizing 

flux constant so that the maximum torque remains unchanged. Thus, the motor is completely 

utilized in this method [1]. 

During starting of an induction motor, the stator resistance and the motor inductance (both rotor 

and stator) must be kept low to reduce the steady state time and also to reduce the jerks during 

starting. On the other hand, higher value of rotor resistance leads to lesser jerks while having no 

effect on the steady state time. The vector control analysis of an induction motor allows the 

decoupled analysis where the torque and the flux components can be independently controlled (just 

as in dc motor) [2]-[4]. This makes the analysis easier than the per phase equivalent circuit. In 
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1969, the concept of multiphase induction machine is first developed and design to reduce the per 

phase current during fault, toque ripple, etc. 

1.2 Five-phase induction machine 

Multiphase machines have been first introduced in late 1960s. They are widely used in 

variable speed applications like aerospace, transportation, electric ship propulsion, hybrid electric 

vehicles and textile industry. The advantages of multiphase machine over general three-phase 

machine are, reducing the current per phase without variation of supply voltage, increased fault 

tolerance level, reducing the rotor harmonic currents, reducing the amplitude and increasing the 

frequency of torque pulsation thus results higher torque density and reliability. Meanwhile, the 

disadvantage is that the drive system is complex and hence a bit costly.     

Many researchers claim that torque per ampere increased with the increased of phase 

number for a certain machine volume. Thus results a rapid pace of development in multiphase 

motor drive area. Multiphase induction machines have been mainly used in high power and/or high 

current applications required multi leg inverter supply. The power rating of the converter should 

meet the required level of the machine and load. However, the converter ratings cannot be 

increased over a certain range due to the limitation of the power rating of semiconductor devices. 

One solution to this problem is using multi-level inverter, where switches of reduced rating are 

employed to develop high power level converters. The advent of inverter fed-motor drives also 

removed the limits of the number of motor phases. This fact allows designing machines with more 

than three-phases and emphasizes investigation and applications of multi-phase motor drives. 

The aim of this thesis is to design and implement a speed control scheme of 5-phase 

induction motor drive system using Indirect Field Orientation Control method (IFOC). This type 

field orientation control demonstration that an induction motor can be controlled like a dc motor. 

IFOC method is very popular in industrial application. In IFOC, initially rotor flux estimation is 

carried out; along with unit vector signals are generated in feed-forward manner. In short, the 
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control system of the drive calculates the corresponding current component references from the flux 

and torque references given by the drive's speed control. Typically, proportional-integral (PI) 

controllers are used to keep the measured current components at their reference values. This type of 

vector control makes the speed control of induction machine smooth speed regulation and high 

dynamic performance [5]-[8]. 

 

1.2.1 Review of Relevant Literature 

The induction machine, invented independently by Nikola Tesla and Galileo Ferraris in 

1889, represents a well-established technology. The primary advantage of the induction machine is 

the rugged brushless construction that does not need a separate DC field excitation makes it highly 

reliable and less maintenance. Basic property, induction motors will accelerate their loads from rest 

and will run without producing a twice line-frequency pulsating torque. Machines having more than 

three phases exhibit the same properties, but those with one or two phases do not. Thus three-phase 

induction machine is adopted universally in electrical power system. In general, during the six step 

operation of three-phase inverter operation, one particular problem at the time was the low 

frequency torque ripple. Since the lowest frequency torque ripple harmonic in an n-phase machine 

is caused by the time harmonics of the supply of the order 2n+1 (its frequency is 2n times higher 

than the supply frequency), an increase in the number of phases of the machine appeared as the best 

solution to the problem. Hence significance effort of introducing five-phase or six-phase variable 

speed drive is introduced. Many researchers point out several reasons to upsurge of interest in 

multiphase induction machine systems.  The chief advantages are, 

(i) In multiphase phase machine, stator excitation produce field contains lower space 

harmonics, thus efficiency is increased. 

(ii) Higher fault tolerance, as if one phase is open-circuit in 9-phase induction machine, 

still it will be self-starting. 
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(iii)  Pulsating torque is produce at even multiple of fundamental, thus increased the 

dynamic response. 

In late 1960s, primary introduction and investigation of multiphase variable drive is studied 

in [9]. However multiphase induction motor required power from multiphase power electronics 

converter, the input stage of converter is connected to three-phase supply. The output stage of the 

converter and the stator winding of the motor must have the same number of phases, but provided 

this simple requirement is met, any number of phases may be used. The multiphase inverter 

analysis is studied in [08]. The variable speed drive using five-phase and six-phase using VSI and 

CSI is introduce in [10]-[14].  

               In 1990s, research started on the application area of multiphase variable speed drives [15]-

[20]. In [21] –[25], H. A. Toliyat, G. K .Singh and E. Levi make some complimentary review   on 

multi-phase induction machine at 20th century. At the same time, d-q model of five-phase 

synchronous reluctance machine considering the third harmonics is explain in [42].  Speed control 

of five –phase induction machine using Indirect field orientation control method considering the 

space harmonics and DSP based controlled studied is describe in [26]-[29] and fuzzy logic control 

of five-phase induction machine explain in [41]. The torque density improvement, fault tolerance 

capability, efficiency and  multi-motor control to improve the drive system performance is 

presented in [30] – [40].The model of control scheme of five phase induction is design by T A. 

Lipo and H.A. Toliyat in [31]- [32]. The dual plane vector control of five-phase induction machine 

is studied in [43] explain that each space harmonics can be excited separately. In [44], G.K. Singh 

and V. Pant explain that the reliability and performance of 5-phase induction machine can be 

increased by phase redundancy process. Modeling and analysis of five-phase induction machine 

under fault condition due to unbalance condition and open-circuit  is explain in [45]-[46]. 
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1.3 Principles of Vector Control 

Before 1970s, the scalar control method voltage fed and current fed methods are mostly 

used. Scalar control method is very simple to implement, but inherent coupling effect cause 

instability due to higher order harmonics and reduce dynamic response of the system in induction 

machine drives. 

After 1970s, the vector control is introduced by Darmstadt's K. Hasse and Siemens' 

Blaschke. This method is mostly used in speed control of AC machines drive as its can be used as 

separately excited DC motor by decoupling the flux and toque of the AC machine 90 degree to each 

other, it is also called as transvector or orthogonal control As the use of micro-computer or DSP is 

mandatory, its make control circuit a complex one. 

           In vector control, an AC induction or synchronous motor is controlled under all operating 

conditions like a separately excited DC motor.
 
That is, the AC motor behaves like a DC motor in 

which the field flux linkage and armature flux linkage created by the respective field and armature 

(or torque component) currents are orthogonally aligned such that, when torque is controlled, the 

field flux linkage is not affected, hence enabling dynamic torque response. 

          Because of the inherent coupling problem, an induction motor cannot generally give such fast 

response. DC machine like performance can also be extended to an induction motor if the machine 

control is considered in a synchronously rotating reference frame (d
e
-q

e
) where the sinusoidal 

variables appear as dc quantities in steady state. In Fig. 1.1, the induction motor with the Inverter 

drives and vector control in the input site is shown with two control current inputs as ids* and iqs*. 

These current are direct axis component and quadrature axis component of stator in rotating frame. 

In vector control, ids is analogous to field current and iqs is analogous to armature current of a dc 

machine. This means that when iqs* is controlled, it affects the actual iqs current only, but does not 

affect the flux in d-axis and when ids* is controlled, it controls the flux only and does not affect the 

iqs component of current. Thus three-phase (a, b, c) is converted to two-phase (d-q) in this control. 
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In short, vector control makes correct orientation of current in any condition of induction machine 

controlled [2]-[3].  

 

Fig.1.1. Vector control of induction motor. 

 

1.4 Three-phase to Two-phase Transformation  

        In variable speed drive, the drive system within a feedback loop, therefore transient behavior 

along with steady state condition is taken under consideration. Vector control is based on d-q model 

of the system. Basically, it‘s a conversion of three phase to two phase (abc – dq) in stationary stator 

frame than into arbitrary rotating frame. The concept of d-q model is mandatory to understand the 

principle of Vector Control in [2]-[3]. 

           Basically, induction machine is a transformer with rotating secondary. Here, the coupling 

coefficient per phase of rotor and stator change with rotor position. The machine equation can be 

developed as differential equation and matrix form containing self or mutual inductance and 

resistance respectively. In the Fig. 1.2, the three phase machine can be represented as a equivalent 

two-phase machine where d
s
, q

s
, d

r
 and q

r
 are the direct and quadrature axis component in stator 

and rotor on induction machine displace by an angle θr. 

In 1920s, R. H. Park proposed a new theory of electric machine analysis to solve this 

problem. He formulated a change of variables which, in effect, replaced the variables (voltages, 

currents and flux linkages) associated with the stator windings of a synchronous machine with 

variables associated with fictitious windings rotating with the rotor at synchronous speed. 
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Essentially, he transformed, the stator variables to a synchronously rotating reference frame fixed in 

the rotor. With such a transformation (called Park's transformation). He showed that all the time-

varying inductances that occur due to an electric circuit in relative motion and electric circuits with 

varying magnetic reluctances can be eliminated. Later, in the l930s, H. C. Stanley showed that 

time-varying inductances in the voltage equations of an induction machine due to electric circuits in 

relative motion can be eliminated by transforming the rotor variables to variables associated with 

fictitious stationary windings. In this case, the rotor variables are transformed to a stationary 

reference frame fixed on the stator. Later, G. Kron proposed a transformation of both stator and 

rotor variables to a synchronously rotating reference frame that moves with the rotating magnetic 

field. This model is extremely important and will be discussed later in detail in thesis.  

 

Fig.1.2. d-q axes equivalent two phase machine. 

 

Later, in 1940s, D. S. Brereton proposed a transformation of stator variables to a rotating reference 

frame that is fixed on the rotor. In fact, it was shown later by Krause and Thomas that time-varying 

inductances can be eliminated by referring the stator and rotor variables to a common reference 

frame which may rotate at any speed (arbitrary reference frame). 
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1.4.1 Axis Conversion  

          Consider a balanced 3-phase system phase displaced by 120
0 

to each other. Our aim is to 

transform the three-phase stationary reference frame (as-bs-cs) variables into two-phase stationary 

reference frame (d
s
-q

s
) variable and then transform those to synchronously rotating reference frame 

(d
e
-q

e
) and vice versa. 

 

Fig.1.3. Stationary frame a-b-c to d
s
-q

s
 axis conversion. 

 

 In the Figure 1.3, the d
s
-q

s
 axes are displaced by an angle θ. The voltage matrix formed by vas-vbs-

vcs resolved in terms of vds
s
 and vqs

s
 as, 

cos sin 1

cos( 120 ) sin( 120 ) 1

cos( 120 ) sin( 120 ) 1

s
qs

as
o o s

bs ds

o o s
cs os

vv

v v

v v

 

 

 

                         

   (1.1) 

The inverse matrix form in shown below, 

cos cos( 120 ) cos( 120 )
2

sin sin( 120 ) sin( 120 )
3

0.5 0.5 0.5

s o o
qs

as
s o o
ds bs

s
csos

v v

v v

vv

  

  

                             

    (1.2) 
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Here, vos is represents as zero sequence component. It can be neglected in many matrix forms for 

simplicity. The current and flux linkage equation can deduce by similar manner. For simplicity θ is 

set to 0
0
, it means that as axis is coincident with q

s
 axis. Ignoring the zero sequence component, the 

transformations are,  

 s
as qsv v        (1.3) 

1 3
 

2 2

s s
bs qs dsv v v    

   
  (1.4) 

1 3
 

2 2

s s
cs qs dsv v v 

      (1.5) 

By taking the inverse,  

                                                    s
qs asv v       (1.6) 

                               
1 1

     
3 3

s
ds bs bsv v v          (1.7) 

Fig. 1.4  shows the synchronously rotating d
e
-q

e
 axes, which rotate at synchronous speed ωe with 

respect of d
s
-q

s
 with an angle θe = ωet  The two-phase d

s
-q

s
 axis  are transformed into the 

hypothetical windings mounted on the d
e
-q

e
 axes. The voltages on the d

s
-q

s
 axes can be converted 

into the d
e
-q

e
 frame as follows,   

                                  e s s
qs qs e ds ev v cos v sin           (1.8) 

                                                               e s s
ds qs e ds ev v cos v sin          (1.9) 

Now, the resolving the rotating frame parameter in stationary frame, the equation becomes, 

                                               s e e
qs qs e ds ev v cos v sin        (1.10) 

                                                         s e e
ds qs e ds ev v cos v sin         (1.11) 
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Fig.1.4. Transformation of stationary frame (d
s
-q

s
) to synchronous rotating frame (d

e
-q

e
). 

Assuming a balanced three-phase supply is given as as-bs-cs, than after some substitution 

from equation, show that the two phase voltage as vds
e 

and vqs
e
 are balanced and 90

0
 out of phase 

with peak value. The summarized equations are, 

                                                   e
qs mV V cos       (1.12) 

                                  e
ds mV V sin          (1.13) 

From the equation 1.2 and 1.3 ,one can conclude that a sinusoidal variable in stationary frame can 

be appear as dc values in synchronously rotating reference frame. Thus stator and rotor circuit 

variable can be determined. In fact, it is not mandatory that stator variable to be balanced, it may be 

any arbitrary time function. 
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1.5 Dynamic Model of Induction Machine by Kron’s Equations 

          For the two-phase machine shown in Figure 1.1, we need to represent both d
s
 -q

s 
and d

r
 - q

r
 

circuits and their variables in a synchronously rotating d
e
 - q

e
 frame. One may write the following 

stator and rotor voltage equations as, 

                                                            s s s
qs s qs qsv R i p         (1.14) 

                                                            s s s
ds s ds dsv R i p        (1.15) 

0 s s s
dr dr dr r qrR i p         (1.16) 

0 s s s
qr qr qr r drR i p         (1.17) 

Where, ψqs
s
, ψds

s
 and ψqr

s
, ψdr

s
 are q-axis and d-axis stator and rotor flux linkages respectively. For a 

singly-fed machine, such as a cage rotor motor, rotor voltages are zero. When above equations are 

converted to d
e
-q

e
 frame, then the following equations can be written in synchronously rotating 

frame,  

                                                                  e
qs

e e e
qs qs qs e dsv R i p                                 (1.18)        

                         e e e e
ds ds ds ds e qsv R i p         (1.19)  

Where, all the variables and parameters are referred to the stator. Since the rotor actually moves at 

speed ωe, the d-q axes fixed on the rotor move at a speed (ωe  ωr) relative to the synchronously 

rotating frame. Therefore, in d
e
-q

e
 frame, the rotor equations are, 

                                     0       e e
qr qr
e

qr e r drR i p            (1.20) 

                                                 0       e e
dr qr
e

dr e r drR i p             (1.21) 

              Figure 1.5 shows the d
e
-q

e
 dynamic model equivalent circuits that satisfy equations (1.18) - 

(1.21). The advantage of the d
e
-q

e
 dynamic model of the machine is that all the sinusoidal variables 

in stationary frame appear as dc quantities in synchronous frame, as explain earlier. The flux 

linkage equations in term of current from Fig. 1.5 are  
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             qs ls qs m qs qrL i L i i         (1.22) 

       qr lr qr m qs qrL i L i i          (1.23) 

      qm m qs qrL i i          (1.24) 

       ds ls ds m ds drL i L i i         (1.25) 

       dr ls dr m ds drL i L i i          (1.26) 

      dm m ds drL i i         (1.27) 

 

 

Fig.1.5. Dynamic d
e
 - q

e
 equivalent circuits of machine (a) q

e
- axis circuit, (b) d

e
 - axis circuit. 
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             Combining the voltage and flux expressions, the electrical transient model for induction 

machine in terms of voltages and currents can be given in matrix form as, 

( ) ( )0

( ) ( )0

qsqs s s e s m e m

e s s s e m m dsds

m e r m r r e r r qr

e r m m e r r r r dr

iv R sL L sL L

L R sL L sL iv

sL L R sL L i

L sL L R sL i

 

 

   

   

    
    

       
      
    

           

   (1.28)                                      

Where, s is the Laplace operator. If the speed ωe, is considered constant (infinite inertia load), the 

electrical dynamics of the machine are given by a fourth-order linear system. Then, knowing the 

inputs vqs, vds and ωe, the currents iqs, ids, iqr and idr can be solved from equation (1.26). If the 

machine is fed by current sources are independent. Then, the dependent variables can be solved 

from equation (1.26). The rotor speed ωr, in equation (1.26) cannot normally be treated as a 

constant. It can be related to the torques as, 

                                               
2

   e L m L rT T Jp T Jp
P

         (1.29) 

The Figure 1.6 shows the complex equivalent circuit in rotating frame where vqdr = 0. Note 

that the steady state equations can always be derived by substituting the time derivative 

components to zero. The steady-state equations can be derived as from the Figure 1.6  

 

Fig.1.6. Complex synchronous frame dqs equivalent circuit. 
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  s s s e sV R I j           (1.30) 

                  0    s
r e r

R
I j

s
            (1.31) 

Where the complex vectors are replaced by the corresponding rms phasors. These equations satisfy 

the generalized steady-state equivalent circuit of induction machine. 

In general, torque is developed by the interaction of air gap flux and rotor mmf in induction 

machine. It will be expressed in more general form, relating the d-q components of variables. The 

torque can he generally expressed in the vector form as, 

     
2

3
   

2
e m rI

P
T X

 
  

 
             (1.32) 

 

Resolving the variable into d
e
 -q

e
 component as shown in Figure. 1.7,  

                         (
3

   –  
2 2

)e dm qr qm dr

P
T i i 

 
  

 
    (1.33) 

          ( )
3
  –  
2 2

m qs dr ds qr

P
L i i i i

 
  

 
     (1.34) 

      ( )
3

  –  
2 2

dr qr qr dr

P
i i 

 
  

 
     (1.35) 
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Fig.1.7. Flux and current vector in d
e
 -q

e
 frame. 

Equations (1.26), (1.27) and (1.33) give the complete model of the electro-mechanical dynamics of 

an induction machine in synchronous frame [4]. Using this Kron‘s dynamic model of three-phase 

machine, the dynamic model of five-phase induction machine is designed and explained in this 

thesis using MATLAB Simulink and SimPowerSystems toolbox.  
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CHAPTER 2 

2. Model of Five-Phase of Induction machine 

 2.1 Mathematical model of five-phase induction motor  

         A two-pole five-phase induction machine with identical phase windings, which are evenly 

distributed with a 72
o
 angle between them and with each phase occupying four stator slots is shown 

in Fig.2.1. 

 

 

Fig 2.1.Cross sectional view of a five-phase machine with windings. 

 

For the five phase machine, the stator as-bs-cs-ds-es voltages can be converted into 

d1−q1−d3−q3−n arbitrary reference frame by, 
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 
  
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e
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e e e e e


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   
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  
    

  
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            
               

            

        
               

        
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1
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3
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1 1 1 1 1

2 2 2 2 2
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qs
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qs

ns

v

v

v

v

v


 
 
 
 

  
  
  
  
  
  

            
 
 
 
 

            (2.1)  

 Similar expressions hold true for stator currents also. By vector space decomposition, the 

first and third space harmonics of the machine are modeled in the d1−q1−d3−q3−n arbitrary 

reference frame. This model is similar to that in [32] and [33]. 

A. The machine in the d1 – q1 vector plane, 

                          1 1 1 1 1      d s s d s d s e q sV R i p          (2.2) 

                          1 1 1 1 1      q s s q s q s e d sV R i p          (2.3) 

     1 1 1 1 10      r d r d r e r q rR i p                                            (2.4)    

                           1 1 1 1 10       r q s q r e r d rR i p            (2.5)  

Where, 

     1 1 1 1 1     d s ls m d s m d rL L i L i        (2.6) 

                                                 1 1 1 1     q s ls m q s m q rL L i L i        (2.7) 

     1 1 1 1 1     d r ls m d r m d sL L i L i        (2.8) 

                                                1 1 1       q r ls m q r m q sL L i L i         (2.9) 

B. Machine in the d3 – q3 vector plane,  

          3 3 3 3 3   3-d s s d s d s e q sV R i p        (2.10) 

                                    3 3 3 3 3     3q s s q s q s e d sV R i p          (2.11) 



 

 

18 
 

     3 3 3 3 30    3  r d r d r e r q rR i p          (2.12) 

                           1 3 3 3 30    3  r q r q r e r d rR i p           (2.13) 

Where, 

     3 3 3 3 3 3    d s s m d s m d rL L i L i         (2.14) 

                                                 3 3 3 3      q s ls m q s m q rL L i L i         (2.15) 

     3 3 3 3 3    d r ls m d r m d sL L i L i         (2.16) 

      3 3 3    q r ls m q r m q sL L i L i         (2.17) 

          In (2.2) - (2.17), Rs and Lls are stator resistance and stator leakage inductance. Rr1 (3) and Llr1(3) 

are stator referred rotor resistance and rotor leakage inductance. Lm1(3) is the magnetizing 

inductance. The subscript number indicates the associated vector plane. ωe1, ωe3 are the rotating 

speeds of the d1−q1 and d3−q3 axes, and ωr is the rotor angular speed. p is the differential operator. 

The electromagnetic torque can be derived from the partial variation of the co-energy with respect 

to rotor angular position, 

                                1 1 1 1 1 3 3 3 3 3    3
2

[ ( ) ( )]e m q s d r d s q r m q s d r d s q r

P
T L i i i i L i i i i       (2.18) 

   

In [26], the machine model is represent as fundamental flux component along with third order 

harmonics as they acquire orthogonal property between the vectors planes (d1-q1 & d3-q3). The 

higher order harmonics are mapped into the d1-q1 and d3-q3 vector plane. In this thesis, only the first 

space harmonics (fundamental component of flux) is taken in consideration. The model is similar to 

that in [41]. At first the as-bs-cs-ds-es five phase stator voltages are converted into stationary d
s
-q

s
 

axes voltage components as, 
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 
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            (2.19) 

Where, the third space harmonic stationary components are equated to zero as shown in 

(2.19). The general equation of five-phase induction motor in stationary d
s
-q

s
 reference frame is 

given by equations (1.14) – (1.15). The flux linkage equations are, 

                                                   qs ls qs m qs qrL i L i i          (2.20) 

            ds ls ds m ds drL i L i i                             (2.21) 

   qr lr qr m qr qsL i L i i          (2.22)

    dr lr dr m dr dsL i L i i                             (2.23) 

 The electromagnetic torque equation is expressed as, 

                            
5

    –  
2

( )
2

e ds qs qs ds

P
T i i 

 
  

 
                                     (2.24) 

             e l r

d
T T J B

dt


         (2.25) 

2.2 Modeling of a five-phase system 

A balanced AC five phase system will consist of five individual sinusoidal phases which are 

displaced in space by 72
o
 electrical degrees. The five-phase voltages can be represented 

mathematically as, 
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 

      (2.24) 

The equation (2.24) can be represented in MATLAB/Simulink using the Sine wave source block as 

shown in Fig. 2.2 (a) below. The output is shown in Fig. 2.2 (b). 

 

(a) 
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(b) 

Fig. 2.2. (a) Five-phase supply and (b) five-phase voltage waveform. 

The above model can be used in Simulink to supply a five-phase machine with balanced windings. 

The five phase induction modeling is discussed in the next section. 

2.3 Modeling of proposed five-phase induction machine 

The five-phase induction machine is modeled using the stationary d
s
-q

s
 axes equations (2.20)-(2.25) 

and (1.14)-(1.17). The five-phase induction machine model is shown in Fig. 2.3.  

 

Fig.2.3.Simulation model of five-phase induction machine. 
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The parameters of the induction machine are given in Table-2.1. The d-q axes flux linkage blocks 

are modeled separately using the equations (2.20)-(2.23). The input voltage for the machine block 

is provided using two-phase d-q axis signal which is obtained from conversion of the five-phase 

input voltages as given in equation (2.19). Fig. 2.4 shows the d-q axes flux trajectory in steady state 

for the simulated induction machine. The flux trajectory is a circle indicating a balanced simulated 

machine fed from a balanced supply. The detailed description of the five-phase drive and control is 

explained in next chapter. 

 

Fig. 2.4. d-q axes flux trajectory for the induction machine. 

 

Table 2.1: Induction machine parameters 

Power rating 1.5 kW 

Voltage rating 400V, 50Hz 

Stator poles 4 

Stator resistance  6.03 Ω 

Rotor resistance 6.085 Ω 

Stator leakage inductance 0.039 mH 

Rotor leakage inductance 0.039 mH 

Magnetizing inductance 0.45 mH 

Inertia constant  0.0158  

Friction coefficient 0.00 
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CHAPTER 3 

3. Speed control of five-phase induction motor using 

IFOC method 

3.1 Introduction  

The vector control can be implement either by direct method or indirect method. The methods can 

be distinguished by how the unit vectors (cosθe and sinθe) are generated for the control scheme. In 

direct control, flux vector are computed from terminal quantities of the motor, but in indirect 

control, motor slip frequency ωsl is required to compute the desired flux vector. Fig. 3.1 (a) 

explains the fundamental principle of indirect vector control. The flow diagram for the same is 

shown in Fig.3.1 (b). The d
e
-q

e
 axes are fixed on the stator and the d

r
-q

r
 axes, which are fixed on 

the rotor, are moving at speed ωr as shown. Synchronously rotating axes d
e
-q

e
 are rotating ahead of 

the d
r
-q

r
 axes by the positive slip angle θsl corresponding slip frequency ωsl. Since the rotor pole is 

directed on the d
e
 axis, thus   e r sl    . θe is expressed as, 

( )dt e r sl r sl              (3.1) 

 

(a) 
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Read torque, flux command and induction 

machine parameters

Calculate 

Te*,ωsl*,ψ, ωr

Compute ids*,iqs*,θe,|ψr|

Transformation 

dq => abcde

Compute stator current 

command with hysteresis 

based current controller 
 

(b) 

Fig.3.1. (a) Phasor diagram: Indirect Vector Control (b) Process flow diagram for Indirect Vector Control. 

 

The phasor diagram Fig.3.1.(a) suggests that for decoupling control, the stator flux component of 

current ids should be aligned on the d
e
 axis and the torque component of current iqs should be on the 

q
e
 axis. 

 

3.2 IFOC based speed control 

For decoupling control in d
e
-q

e
 frame, the rotor circuit equations can be written as, 

 0        s dr dr e r qrR i p            (3.2) 

      ( )0   s qr qr e r drR i p            (3.3) 

The rotor flux linkage equations are, 

 

 

dr r dr m ds

qr r qr m qs

L i L i

L i L i





 

 

       (3.4)  
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From the above equation, expressing d-axis rotor current in terms of q-axis stator current and 

corresponding rotor flux, 

1

1

m
dr dr ds

r r

m
qr qr qs

r r

L
i i

L L

L
i i

L L





 

 

       (3.5) 

Replacing idr and iqr from (3.5) in (3.2) and (3.3), 

          0mr
dr dr s ds sl qr

r r

LR
p R i

L L
           (3.6) 

          0mr
qr qr s qs sl dr

r r

LR
p R i

L L
           (3.7) 

For decoupling control, the total rotor flux is aligned to d-axis. Thus,   0qr   and thus, 0qrp  . 

Also,   dr r  . Replacing these conditions in equations (3.6) and (3.7),  

   r r
r

r r
r m ds

L R
p

R
L

L
i       (3.8) 

r r
sl qs

r r

L R
i

L



       (3.9) 

If rotor flux is constant, from (3.8), 

   r m dsL i        (3.10) 

  
r

ds
m

i
L


       (3.11) 

From the torque equation of five-phase motor, iqs can be expressed as, 

2 2

5

m e
qs

r r

L T
i

P L

 
  

 
      (3.12) 

Comparing equation (3.1) and (3.9), 

 dt 
m qs

e r
r r

L i

T
 



  
    

  
     (3.13) 

Where, r
r

r

L
T

R
 . 
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Considering the equations (3.1), (3.9), (3.11)-(3.13), the indirect vector control model is 

implemented in Fig 3.2 [3],[5]-[6]. In this diagram, the induction motor is fed by a current-

controlled PWM inverter, which operates as a three-phase sinusoidal current source. The d
e
-axis 

control is responsible for maintaining the rotor flux at rated value while the q
e
-axis control is 

responsible for controlling the torque. Control of both these quantities can be achieved by using 

proportional-integral (PI) controllers since the signals in 𝑑e
-q

e
 reference frame are typically steady 

DC quantities. The motor speed ωr is compared to the reference ωr* and the error is processed by 

the speed controller to produce a torque command Te*. The stator quadrature-axis current reference 

iqs* is calculated using the torque reference Te* as in equation (3.12). The stator direct-axis current 

reference ids* is obtained from rotor flux reference input | r|* in equation (3.11). The rotor flux 

position θe required for coordinates transformation is generated from the rotor speed r and slip 

frequency sl. The slip frequency is calculated from the stator reference current iqs* and the motor 

parameters in equation (3.13). The iqs* and ids* current references are converted into phase current 

references Ic* (phases- a-b-c-d-e) for the current regulators. The regulators process the measured 

and reference currents to produce the inverter gating signals.  

The role of the speed controller is to keep the motor speed follow to the speed reference input in 

steady state and to provide a good dynamic response during transients. The controller used here is a 

PI type as already mentioned due to its obvious advantages. 
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Fig.3.2. Block diagram of indirect vector control of five-phase induction motor. 

For the simulated five-phase induction machine, the parameters considered for the equations (3.1), 

(3.9), (3.11)-(3.13) are, 

2.22ds ri        (3.14) 

0.3622 e
qs

r

T
i


      (3.15) 

5.6
qs

sl
r

i



       (3.16) 

0.080419rT       (3.17) 

 



 

 

28 
 

CHAPTER 4 

4. Simulation Results  

4.1 Introduction  

Induction motors and their drives have been an active area of research due to their ruggedness and 

longevity. Advances in power electronic devices have enabled implementation of new control 

topologies besides upgrading the existing ones. To estimate and verify and validate the 

performance of five-phase induction machine and to study the performance of its control strategy, a 

simulation study is performed in MATLAB/Simulink R2012b, a simulation tool developed by ‗The 

Mathworks Inc.‘. MATLAB is chosen for the simulation study as it is inherently advantageous as 

regards ease of implementation in block diagram form, availability of good solver modules, ease of 

calculations and easier interface. The system can also be effectively close loop controlled using 

different available toolboxes. 

4.2 Simulation of a five-phase inverter  

For driving the five-phase induction machine, a five-phase inverter system is used. The five-phase 

inverter is built in Simulink platform using the Simulink and SimPowerSystem toolboxes. IGBT 

devices are used for this purpose. The model of IGBT available in SimPowerSystem toolbox is used 

with internal resistance of 1e-3 and snubber resistance and capacitance of 1e5 and infinity. 

The induction machine stator coils when excited by balanced five-phase sinusoidal supply produces 

a rotating magnetic field of constant magnitude. The revolving field interacts with rotor to produce 

useful torque. It is difficult to obtain pure sinusoidal voltages from static inverters. The inverter 

output voltage will contain time harmonics which will inject harmonic currents into the machine 

stator. The five-phase connection effectively eliminates the fifth- and other quintuple-order 

harmonics. However, the other harmonics will be present with varying magnitudes and phase 

sequences. The topology of a five-phase inverter with a five-phase motor is shown in Fig.4.1. 
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Fig.4.1. Five-phase inverter driving a five-phase motor. 

The simulation diagram of the five-phase inverter is shown in Fig.4.2 below. 

 

Fig.4.2. Simulation diagram for five-phase inverter. 

In this inverter, generally, three switches from the upper limb and two from the lower switches are 

turned on at a time during positive half and vice versa during negative half of a full cycle. The 

switching sequence and the mode of operation of a five-phase inverter are shown below in Fig.4.3. 
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Fig.4.3. Switching sequence of five-phase inverter. 

 

Table 4.1 shows the switching states of the individual switches pertaining to Fig.4.3.  

Sinusoidal pulse width modulation (SPWM) based switching technique is used to generate the 

pulses for the IGBTs. In this technique, a triangular carrier wave is compared with the sine wave to 

generate the pulses.  
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Table 4.1: Switching states of the individual switches pertaining to Fig.4.3 

MODE                                                   SWITCHES ‗ON‘ TERMINAL POLARITY 

9 1 7 8 9 10           A
+
 B

-
 C

-
  D

+
 E

-
 

10   8 9 10 1 2         A
+
 B

-
 C

-
  D

-
 E

+
 

1    9 10 1 2 3        A
+
 B

+
 C

-
  D

-
 E

+
 

2     10 1 2 3 4       A
+
 B

+
 C

-
  D

-
 E

-
 

3      1 2 3 4 5      A
+
 B

+
 C

+
  D

-
 E

-
 

4       2 3 4 5 6     A
-
 B

+
 C

+
 D

-
 E

-
 

5        3 4 5 6 7    A
-
 B

+
 C

+
  D

+
 E

-
 

6         4 5 6 7 8   A
-
 B

-
 C

+
  D

+
 E

-
 

7          5 6 7 8 9  A
-
 B

-
 C

+
  D

+
 E

+
 

8           6 7 8 9 10 A
-
 B

-
 C

-
  D

+
 E

+
 

 

The output line-line voltages from the five-phase inverter are shown in Fig. 4.4. The five-phase 

voltage and its filtered form when passed through a low pass filter of cut off frequency 200Hz and 

damping factor of 0.707 is shown in Fig. 4.5 (a) and Fig.4.5 (b) respectively. 

 

 

Fig.4.4. Line-line voltages for the inverter. 
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(a) 

 

(b) 

Fig.4.5. (a) Five-phase voltage output from the PWM inverter (b) filtered voltage output for the same. 

 

4.3 Simulation of inverter fed five-phase induction motor drive 

 The five-phase induction motor model is briefly presented in Section 2.3. In the simulation model, 

stationary d
s
-q

s
 axes equations (2.20)-(2.25) and (1.14)-(1.17) are used. The internal model is based 

on the flux equations and the flux to torque speed equations. The same is shown in Fig.4.6 (a), (b) 

and (c) respectively. 
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(a) 

 

(b) 
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(c) 

Fig.4.6. (a) d
s
-axis flux model (b) q

s
-axis flux model and (c) flux-torque-speed model. 

The d
s
-q

s
 axes flux linkage and voltage equations are represented in Fig.4.6 (a) and Fig.4.6 (b) 

respectively. The Fig.4.6 (c) represents the torque equation and the speed output from the motor. 

Thus it can also be regarded as the machine mechanical model as given in (2.24)-(2.25). The 

overall model of the inverter fed five-phase induction machine model is shown in Fig.4.7. 

 

Fig.4.7. Open-loop five-phase inverter fed five-phase induction motor drive system. 
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The steady state waveforms for the inverter fed five-phase induction machine is shown next in the 

thesis. Fig.4.8 (a) shows the stator d-q axes currents when the PWM inverter-fed open-loop 

induction machine of Fig.4.7 is loaded with a torque of 2 N-m. Fig.4.8 (b) shows the corresponding 

stator fluxes. 

 

(a) 

 

(b) 
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(c) 

Fig.4.8. Five-phase induction machine d
s
-q

s 
axes (a) stator currents (b) stator fluxes and (c) flux trajectory. 

As observed from the induction machine sinusoidal stator currents and flux linkages, the machine is 

balanced and gives good transient and steady state performance. The same is verified from the 

stator flux linkage trajectory of Fig.4.8 (c). The induction machine speed and torque waveforms are 

shown in Fig. 4.9 (a) and Fig.4.9 (b) respectively. 

 

(a) 
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(b) 

Fig.4.9. Five-phase induction machine (a) speed and (b) electromagnetic torque (TL = 2 Nm). 

The induction motor exhibits a steady speed of 1480 r/min as it reaches the steady state as observed 

from Fig.4.9 (a). Also as observed from Fig.4.9 (b), at steady state, the electromagnetic torque 

matches the load torque. The torque waveform is observed to be having steady pulsations of about 

0.25 Nm and it is attributed to some minor unbalance in the stator currents caused due to some error 

in calculation of the machine parameters. 

4.4 Simulation of IFOC based five-phase induction motor drive 

For the closed loop speed control of the five-phase induction motor, IFOC based control is 

proposed in this thesis. The block diagram of the proposed control scheme is shown in Fig.3.2. In 

this scheme, the control structure has been obtained from the dynamic model of five-phase 

induction motor drive system using the vector control technique. The effectiveness of the control 

has been ascertained by performance prediction of a MATLAB based simulation of five-phase 

induction motor drive over a wide range of operating conditions. The Simulink block diagram of the 

proposed control scheme is shown in Fig.4.10. 
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Fig.4.10. Five-phase induction machine IFOC model in MATLAB/Simulink. 
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The controller is implemented in Simulink using the (3.1), (3.9), (3.11)-(3.13) with the parameters 

used from (3.14)-(3.17). The controller block in Simulink is shown in Fig.4.11. 

 

Fig.4.11. Five-phase induction machine IFOC controller model in MATLAB/Simulink. 
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4.4.1 Description of the controller 

The proposed control system block is shown in Fig.4.11. In the control block, the reference stator 

currents ids* and iqs* are generated using equations (3.11) and (3.12) respectively. The equations 

use the machine parameters as given in Table 2.1. After calculations, the equations (3.14)-(3.15) are 

used to simulate the model stator reference currents. Similarly, for finding the θe, equation (3.13) is 

used where the value of Tr is taken from equation (3.17) obtained by putting the machine circuit 

parameters. The value of ωsl is calculated from equation (3.9) and the final equation obtained which 

is used for θe calculation is equation (3.16).  

Finally, the obtained ids*, iqs* and θe are used to calculate the as-bs-cs-ds-es currents after 

converting the former into αs-βs axes reference stator currents as, 

**

**

sin cos

cos sin

dss e e

e e qss

ii

ii





 

 

    
    
       

    (4.1) 

Where, * denotes reference quantities. Equation (4.1) is then converted back to as-bs-cs-ds-es 

currents using inverse of equation (2.19). The obtained as-bs-cs-ds-es reference stator currents are 

then compared with actual as-bs-cs-ds-es currents in a hysteresis band based current controller to 

generate the pulses for driving the inverter. 

4.4.2 Variation of speed and torque references 

The induction motor controller can work with varying speed and torque set references. For this 

purpose, provision is kept to externally vary the speed and load torque input to the five-phase 

induction machine. This is achieved with the proposed control and is implemented in the simulation 

model using the manual switch as shown in the Fig.4.10. The speed reference and the actual speed 

of the machine are compared and fed to a proportional-integral (PI) based controller for generating 

the theta as shown in Fig.4.11. 
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4.5 Simulation Results 

The IFOC based control of the five-phase induction machine is simulated using discrete time 

sampling with sample time of 50e-6 seconds. The machine is run with a steady load torque (TL) of 2 

Nm. The reference speed is set at 1450 r/min. The simulated stator currents, speed and torque 

response are shown in Fig.4.12 (a) and stator fluxes Fig.4.12 (b) respectively.  

 

(a) 
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(b) 

Fig.4.12. Five-phase induction machine IFOC waveforms for (a) stator currents, speed and torque response 

(b) stator flux linkages in d
s
-q

s
 frame. 

The stator flux trajectory is shown in Fig.4.13 below. 

 

 

Fig.4.13. Five-phase induction machine stator d
s
-q

s
 axis flux trajectory with IFOC. 

Next, the dynamic response of the IFOC is checked by keeping the torque reference same at 2 Nm 

and varying the reference speed first from 1400 r/min to 800 r/min and again from 800 r/min to 
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1400 r/min as shown in Fig.4.14 (a) and Fig.4.14 (b) respectively. The change in speed is brought 

about at t = 2 sec and t = 1.5 sec respectively. 

 

(a) 

 

(b) 

Fig.4.14. Variation of speed for the induction motor (a) step decrease from 1400 r/min to 800 r/min (b) step 

increase from 800 r/min to 1400 r/min. 

For decrease in reference speed, the corresponding waveforms of the stator currents and torque are 

shown in Fig.4.15 (a) and flux trajectory in Fig.4.15 (b) respectively. As observed from the figures, 

the control scheme is shown to be giving good dynamic response. Similarly for increase in speed, 

the corresponding waveforms of the stator currents and torque are shown in Fig.4.15 (c) and flux 

trajectory in Fig.4.15 (d) respectively. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig.4.15. (a) stator currents and the torque with IFOC at constant load and varying speed from 1400 r/min to 

800 r/min (b) flux trajectory for the same (c) stator currents and the torque with IFOC at constant load and 

varying speed from 800 r/min to 1400 r/min (d) flux trajectory for the same. 
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The dynamic response of the drive with changing torque reference is studied next. The torque 

reference is varied from 0 Nm to 3 Nm keeping the motor speed reference constant at 1450 r/min as 

shown in Fig.4.16. The plots for stator currents, speed and stator flux trajectory are as shown in 

Fig.4.17 (a) and Fig.4.17 (b) respectively. 

 

Fig.4.16. Variation of torque for the induction motor. 

 

(a) 
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(b) 

Fig.4.17. (a) stator currents and the speed with IFOC at varying load and constant speed (b) flux trajectory 

for the same. 

As observed from the simulation results, with higher load, the stator currents are increased and thus 

the flux is increased as shown by the outer circle of the flux trajectory. At about t = 1.5 sec, the load 

is increased to 3 Nm and thus the current is increased with an outer circular trajectory as shown in 

Fig.4.17 (b). Over the whole operating range the machine speed is shown to be at a constant value 

as set by the external speed reference. 

In Fig.4.15 (a) and Fig 4.17(a), while varying the speed reference at constant load torque or 

vice-versa, here is a sudden dip in speed (or toque) at time t = 2 sec (Fig.4.15 (a)) and t= 1.5sec 

(Fig.4.17. (a)) because the system is influenced by uncertainties, which usually composed of 

unpredictable variations in the machine parameters, external load disturbances and modeled and 

non-linear dynamics. 
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CHAPTER 5 

5. Conclusions and future scope 

5.1 Conclusions 

In this thesis, IFOC based five-phase induction motor drive is implemented. Initially, the dynamic 

model (d-q model) in state space form is developed for transient analysis of induction motor 

particularly for computer simulation study in MATLAB/Simulink. The motor can be modeled in 

rotating reference frame and stationary frame. The electrical variables in the model are chosen as 

fluxes, currents, and voltages for simulation modeling. Latter on for speed control, a voltage source 

inverter (VSI) is used for five-phase supply to induction machine. In a machine drive system, 

Hysteresis Current Control scheme is done as control of machine current is important because it 

influences the flux and developed torque directly. High performance drives invariably require 

current control. 

The simulation indicated good performance, good efficiency, less current per phase and smooth 

torque. The speed and torque ripple are small at steady state. A simple and straightforward 

approach to the indirect FOC of a five-phase induction machine has been presented. The validity of 

the scheme was verified by several informative simulation results. The key features of the scheme 

are the following: 

• It is based on a two-axes (d-q) model of the five-phase machine that can be easily extended to any 

multiple number of phases as per requirement. 

• The d-q model of the machine and FOC provide the scope for extension of the scheme for 

operation and control of multiphase induction machines even under fault condition with little 

modification in the modeling and can calculate torque and speed pulsation during post fault. In 

general, no separate machine model and control scheme is required for operation under fault 

condition. 
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• The stator currents are independently controlled. Thus the problem of unbalance current sharing is   

eliminated. 

 

Using IFOC methods, faster response of stator fluxes is done. Thus conclude that vector control is 

rapid and robust compare to scalar control (a sluggish control). 

The main disadvantage is complexity and cost of driver circuit is high. Nevertheless it is a high 

performance control technique. 

 

5.2 Future scope  

Multiphase machine systems have attracted much attention in recent past both for power 

transmission and electric motor drives application. In 21
st
 century, there is a rapid growth of 

multiphase induction machine and its control strategy. Multiphase machines along with control 

electronics are design as a system. They are ideally suitable for high power application like marine 

application, hybrid vehicles, etc. as fault tolerance, high efficiency, low noise are the prime 

requirement. Variable speed multiphase drive will gain industrial acceptance in future. 

For future research using multiphase induction machine drives, the following areas can be explored, 

  

 Rather than vector filed control and direct torque control schemes, one can control the 

multiphase induction motor drive using sensor-less speed control and fuzzy logic based 

control using DSP a smooth operation can be performed, etc. 

 Operation of the machine under fault condition (more than one phase) can be implementing 

in future and response of torque and speed can be evaluated. 

 Synchronous current controller can be used instead of hysteresis band PWM current control. 

In hysteresis current control method, its harmonic content is not optimum. 
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Besides, at higher speeds, the current controller will tend to saturate because of higher       

back emf. In this condition the fundamental current magnitude and its phase will lose 

tracking with the command current. Thus vector control will not be valid. All these 

problems can be solved in a synchronous current controller. 

 Application of multi-phase generator in power transmission can be topic of research in 

future, because supply from grid prone to unbalance and the effect of these unbalanced 

factors on parameter like efficiency, power factor, stator copper loss can be investigated.  

 To provide better control in the presence of such uncertainties (variation of machine 

parameters, external loads, etc) PI controller can be replaced by other robust control 

techniques, such as optimal control, Variable structure control, Adaptive, Fuzzy and neural 

control. 
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