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Problem Description 
Multiphase machines are of interest to be applied in electric ship propulsion where 

increased power ratings, reliability of operation, redundancy and efficiency are required. 

The study of modelling and control of multiphase drives is important to realize this 

application. A general model of six-phase machines has been developed. Control methods 

for Induction Machine and Permanent Magnet Machines have been simulated in previous 

works. Detailed simulation models of inverters have also been developed. 

A laboratory setup for a six-phase induction machine was assembled and programmed for 

Double Synchronous Frame Current Control in a previous master thesis. In a specialization 

project, the student has carried out a simulation study of modelling and current control 

methods in six-phase machines. This master thesis should build on the previous results. In 

this thesis work, the student should 

• Carry out a more detailed simulation study of both Double Synchronous Frame 

Current Control (DSFCC) & Single Synchronous Frame Current Control (SSFCC) 

using Matlab Simulink/SimPowerSystems.  

• Improve the DSFCC control method using new transformation methods and limiter 

functions in order to avoid unstable oscillations and improve response to DC link 

under-voltage. 

• Implement and test the control methods in the existing laboratory setup for a six-

phase induction machine. 

Assignment given: 30. January 2012 

Supervisor: Tom F. Nestli, Elkraft 

Co-supervisor: Roy Nilsen, Wärtsilä Norway 
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Abstract 
Multiphase machines are of interest to be applied in electric ship propulsion, where 

increased power ratings, reliability of operation, redundancy and efficiency are required. 

The study of modelling and control of multiphase drives is important to realize this 

application.  

The main purpose of this thesis was to implement and test control methods for a six-phase 

induction motor drive. The work focused on continuation and improvement of previous 

results achieved in the same area of application. The modelling of six-phase induction 

machine using two different approaches was studied. Based on these approaches, two types 

of vector control methods were implemented. These are single synchronous frame control 

(SSFC) and double synchronous frame control (DSFC).  

The six-phase induction motor drive was tested for different operating conditions using the 

two control methods. The motor is normally supplied from two inverters with a split DC 

link. The DC link voltages are kept equal and the two 3-phase groups of the motor share the 

torque and power equally. Testing the drive during normal operation showed desired control 

performance using both SSFC and DSFC methods.  

Asymmetrical operation of the drive was also investigated. In this case, the currents in the 

two 3-phase groups of the six-phase motor are unequal. Thus, both do not have equal 

contribution to the torque developed in the motor. The results obtained using SSFC and 

DSFC are as desired in both torque control and speed control modes. 

The third case of interest in the drive testing was the investigation of supply asymmetries 

and faults. During under-voltage in one DC link, failure of one rectifier, or trip of one 

inverter, the DSFC method gave desired response in both torque control and speed control 

modes. Similar results were obtained using SSFC except for the case of inverter trip during 

speed control mode. 

From the results obtained, it was concluded that both SSFC and DSFC methods give desired 

performance during normal operation of the drive. This is also the case for current 

asymmetries in the motor when there are no supply faults. In the case of supply faults, the 

DSFC method gave better control of the drive. The DSFC method was also found to be 

simpler to implement and less computationally demanding. 
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1 Introduction 
1.1 Background 
Electric propulsion for ships emerged during the early 20th century. However, propulsion 

systems driven by diesel engines and gas turbines have been the most widely used. Electric 

ship propulsion has gained a renewed interest during recent decades because it provides 

several advantages. Some of these benefits include reduced fuel consumption and 

maintenance, improved maneuverability, less propulsion noise and vibration, reduced 

vulnerability to a single system failure and flexibility in location of thruster devices [1]. The 

increased interest in electric ship propulsion can be mainly attributed to advances in power 

electronics, digital control systems and electric machine design. These advances have enabled 

the recently increasing applications of electric motor drives in the marine industry [2]. 

A number of requirements exist for the application of electric drives in ship propulsion. These 

include high power ratings, efficiency, reliability and fault tolerant operation. In meeting these 

requirements, multiphase machine drives can be better alternatives as compared to the 

conventional three-phase machine drives [3]. Multiphase drives possess several advantages 

over conventional three-phase drives such as: reduced current stress on power electronic 

switches without reducing the power, lower electromagnetic torque pulsations, reduced rotor 

harmonic losses, reduced harmonic currents of the DC link current, and improved overall 

system reliability [4]-[6], [22]. Multiphase machines can have various possible phase numbers 

including 5, 6, 7, 9, 12 and 18 [4]. Among these the six-phase machine with two sets of three-

phase windings spatially shifted by 30 electrical degrees is probably the most widely studied. 

Wärtsilä, a leading company in marine solutions and flexible power plants, has been 

conducting research on the application of multiphase drives in electric ship propulsion. Some 

of the work has served as the main reference for this thesis. Modelling of synchronous 

machines with 2, 3, 6 and 9 phases was presented in [7], whereas [8] discussed modelling 

techniques for six-phase PM machines. Modelling and control of a six-phase permanent 

magnet synchronous machine (PMSM) was discussed in [9]. This work presented simulation 

results of double synchronous frame current control (DSFCC) in six-phase PMSM supplied 

by two three-phase inverters with separate DC links. In [10] simulation results on control of 

six-phase PMSM using two different current control methods were presented. The control of a 

six-phase induction motor drive was implemented in a laboratory setup in the work 

documented in [11]. Based on this work, study of the drive system and implementation of 
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limiter functions was done on the same laboratory setup in [12]. The modelling and control of 

six-phase PM machine was carried out in [13], and simulation results were presented. The 

modelling of six-phase induction machine was also presented in the same work. 

The work done in this thesis concentrates on the modelling and control of six-phase induction 

machine. Theoretical study and experimental implementation are both presented. The models, 

control methods and results in the aforementioned works are the bases for this project. The 

challenges documented in these papers are studied to get insight for improved modelling and 

control methods.  

1.2 Literature Review 
The study of electrical machines with more than three phases dates back to the 1910s. The 

theory for three, four and six – phase armature windings for a symmetrical poly-phase system 

was presented in [14]. Double winding generators were proposed later in order to reduce the 

fault current stress on circuit breakers [15]. The extension of Park’s 2-reaction theory to 

multiphase synchronous machines was discussed in [16]. However, there was limited 

opportunity for application of multiphase machines. One of the reasons for this is the 

machines had to be supplied from three phase sources as power processing units were yet to 

come.  

Research on multiphase machines started to get more attention in early 1970s with the advent 

of power diodes and thyristors. Nelson and Krause [17] presented analysis of multiphase 

induction machines with arbitrary displacements between winding sets. They also indicated 

that, in a machine with two three phase groups, an arrangement with 30 electrical degree 

displacement between the two phase groups gives significantly improved torque 

characteristic. Lipo [18] presented a d-q model for a six-phase machine supplied from a 

current source inverter (CSI). A comprehensive work including space harmonics, time 

harmonics and symmetrical component analysis of multiphase induction motors was done by 

Klingshirn [4]. Experimental work on six- and nine-phase machines was also presented by the 

same author [19]. A six-phase induction motor voltage driven by a voltage source inverter 

(VSI) was presented in [20].  

Lipo and Zhao [21] introduced the modelling of six-phase induction machine using vector 

space decomposition. This was an important work that simplified the modelling and control of 

six-phase machines. It simplified the vector control of these machines using space vector and 

other PWM techniques. Research on multiphase machines has proliferated over the last 
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decade. In many of the publications, the most widely discussed multiphase machine is a six-

phase induction machine with 30 electrical degree separation between phase groups and with 

isolated neutral points [5], [6], [20]-[26]. 

The six-phase induction machine can be modelled using the technique of vector space 

decomposition as demonstrated in [21], [24]-[26]. This method results in a model of the 

machine in single six-phase reference frame with three pairs of axes decoupled from one 

another. A less common modelling technique is the dual stator approach mentioned in [23], 

[24] and [26]. It considers the six-phase machine as two coupled three-phase machines, and 

uses three phase transformations. 

Vector control is the commonly used control technique for multiphase induction machines 

although direct torque control can also be used [22]-[24]. Two different current control 

techniques can be used in vector (field oriented) control: double synchronous frame control 

(DSFC) and single synchronous frame control (SSFC) [24]. Current control in stationary 

reference frame is also mentioned in [25]. There are various pulse width modulation (PWM) 

techniques for VSI driven multiphase induction machine. Sinusoidal PWM, sinusoidal PWM 

with third harmonic injection, and different variations of space vector PWM are the most 

common as discussed in [6], [22] and [27]. 

In many of the publications referred, only normal operation of six-phase induction machine is 

considered [5][21] [24][25]. The two stator phase groups of the machine share the power 

equally. Moreover, the machine is supplied using a six-phase VSI. The analysis in [26] 

considered unbalanced current sharing between the two phase groups. Fault tolerance 

operation of multiphase drives to open circuit in one or some of the phases is discussed in [28] 

and [29]. The work in [30] analyzed the fault tolerant operation to one or more failed inverters 

in a six-phase induction machine supplied by four 2-level three-phase inverters.  

In this thesis, the modelling and control of six-phase induction machine in both single and 

double synchronous frames is investigated. The machine is supplied from two 2-level three-

phase inverters with split DC link. Modelling of these inverters is also discussed. The results 

of experimental work are presented and discussed. Normal drive operation, and fault tolerant 

operation during current asymmetries, supply asymmetries and failures are investigated.   
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1.3 Thesis Scope and Limitations 
This thesis focuses on modelling and control of six-phase machine. Scope of the work 

includes: 

 Modelling of six-phase induction machine in single and double synchronous frames, 

 Modelling of inverters for six-phase machine, 

 Control techniques for six-phase induction motor drive in single and double 

synchronous frames, 

 Experimental results of normal and fault tolerant operation of  the drive, and 

 Analysis of the results, including comparison between the two techniques. 

 
Limitations of the work include: 

 Experimental parameter identification of the six-phase induction machine is not 

considered. 

 Field weakening operation of the drive is not studied. 

 PWM techniques considered are SPWM and SPWM with 3rd harmonic injection. 

In addition to these limitations, a number of simplifying but appropriate assumptions are 

taken into account in the modelling of the machine, inverters and control structures. These 

have been explained in their respective topics. 

1.4 Organization of the Report 
In chapter 1, the background and motivation for the thesis, the scope and limitations of the 

work, and a brief literature review are presented. Chapter 2 deals with the modelling of six-

phase induction machine in both single and double synchronous reference frames. Modelling 

and modulation techniques for 2-level three-phase inverters are discussed in chapter 3. 

Chapter 4 presents control methods (DSFC and SSFC) for six-phase induction machine. The 

experimental setup used in the thesis work is discussed in chapter 5, whereas chapter 6 

presents the simulation and experimental results. The results for different operating conditions 

are included. In chapter 7, discussion of the experimental results is presented. Finally, chapter 

8 concludes the report with recommendations for further work. Moreover, the machine 

nameplate data and parameters, control parameters and additional simulation results are 

included in the appendix.  
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2 Modelling of Six-Phase Induction Machine 
2.1 Introduction 
An induction machine is a type of AC machine in which alternating current is supplied to the 

stator windings directly. Alternating current also flows in the rotor due to electromagnetic 

induction from the stator. The rotor, which is separated from the stator by an air-gap, can be 

of two types. A wound rotor has a winding similar to and with the same number of poles as 

the stator, and slip rings are used to connect it to external circuit. A squirrel-cage rotor, on the 

other hand, is built with conducting bars embedded in the rotor iron and short-circuited at 

each end by conducting rings [31]. 

The three-phase induction machine with squirrel-cage rotor is the most widely used electrical 

machine industry. Single-phase induction machines have also been commonly used in 

household appliances, whereas two-phase induction machines are mainly used as servomotors 

in a control system [32]. Recently multiphase induction machines, i.e. having more than three 

phases, have gained increased interest mainly in some specialized applications including 

electric ship propulsion and traction. This is because multiphase machines have better 

efficiency, greater fault tolerance and less susceptibility to time harmonics than their three-

phase counterparts [22]. 

In this work a six-phase induction machine with squirrel-cage rotor is considered.  The stator 

of the machine has two three-phase winding sets which are separated by 30 electrical degrees 

in space. Each phase group is star-connected and has three windings separated by 120 

electrical degrees. The two phase groups have isolated neutrals. All the stator phase windings 

are distributed sinusoidally, giving a synchronously rotating sinusoidal magnetic field around 

the air gap of the machine. A schematic representation of the machine is shown in Figure 2.1. 

A machine with one pole pair is shown for simplicity, whereas the actual machine considered 

has two pole pairs (four poles). Phase group 1 stator winding axes are labeled as a1
S, b1

S and c1
S; 

whereas a2
S, b2

S and c2
S indicate axes of phase group 2 stator windings. Each winding is shown 

as a concentrated coil along its own magnetic axis.  
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Figure 2.1: Schematic representation of six-phase induction machine 

Modelling of the machine is needed in order to implement control of the machine practically. 

Moreover, it is also important to model the machine and test the control principles using 

simulation software.  

Different modelling approaches can be used depending on the control technique desired. For a 

stationary frame control, modelling of the machine is done in coordinates that are fixed to the 

stator [25].  If rotor field oriented control is desired, the modelling is done in synchronous 

reference frame, i.e. a reference frame rotating with the rotor flux. Two modelling approaches 

can be used in the synchronous frame, namely single synchronous frame modelling and 

double synchronous frame modelling. These approaches lead to two types of control 

techniques [24]. These techniques are discussed in chapter 4. 

The following assumptions are taken into account in the machine modelling [7], [24]: 

 The stator windings give a sinusoidally distributed magnetic field around the air-gap 

of the machine, i.e. only the fundamental component of the field is modelled.  

 The stator windings are all equal, but have different directions of winding axes.  
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 Resistances and inductances are assumed to be independent of temperature and 

frequency. 

 Magnetic saturation, hysteresis and eddy currents are not considered. 

 The rotor cage is equivalent to a wound rotor.  

2.2 Modelling in Single Synchronous Reference Frame  
This modelling approach is based on the vector space decomposition technique introduced in 

[21], which transforms the stator and rotor quantities into a single six-phase stationary frame. 

To transform these quantities into a common six-phase rotating frame, a modified 

transformation based on [7] and [8] is used.  

Initially the equations of the machine are established by modelling the physical system. Then 

appropriate transformation and per unit system is used to obtain the per unit model of the 

machine in synchronous reference frame.  

2.2.1 Physical Modelling  

For simpler analysis, the squirrel cage rotor can be replaced by equivalent windings [24]. 

Thus the rotor cage is taken as equivalent to a six-phase wound rotor as shown in Figure 2.2.  

In this modelling approach twelve voltage and flux linkage equations can be obtained, six in 

the stator and six in the rotor. The voltage and flux linkage equations are given compactly in 

matrix form as 

                            
dt

dIU
SR

SRRSR Ψ
+⋅= SR

        (2.1) 

SRSRSR I⋅=Ψ L              (2.2) 

These equations describe the electromagnetic system in the machine. The vectors and 

matrices in the equations contain stator and rotor quantities in their original frames of 

reference, i.e. stator quantities in stator frame and rotor quantities in rotor frame. The voltage, 

current and flux linkage vectors are 

 

[ ]

[ ]

[ ]Trc2rc1rb2rb1ra2ra1sc2sc1sb2sb1sa2sa1

T
rc2rc1rb2rb1ra2ra1sc2sc1sb2sb1sa2sa1

T
rc2rc1rb2rb1ra2ra1sc2sc1sb2sb1sa2sa1

                           

  I   I    I    I    I    I    I    IIIII

U  U    U    U   U    U   U    UUUUU

ΨΨΨΨΨΨΨΨΨΨΨΨ=Ψ

=

=

SR

SR

SR

I

U

  

(2.3) 
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The rotor voltages are zero since the rotor is short circuited, but are shown in their respective 

symbols for completeness. 

The resistances of the physical model are given by the following diagonal matrix: 

[ ]
 

R   R    R    R    R    R    R    RRRRR rrrrrrssssssdiagS =R    (2.4) 

 

Figure 2.2: Six-phase induction machine with equivalent six-phase wound rotor 

The inductance matrix contains the stator self and mutual inductances, rotor self and mutual 

inductances, and the mutual inductances between the stator and the rotor. 

( )

( )
              
















=

R
rr

R
rs

S
sr

S

SR

LL

LL
L

ss

θ

θ

       
(2.5)

 

where θ is angle of the rotor a1 axis with respect to the stator a1 axis as shown in Figure 2.2.  

The different sub matrices in the inductance matrix of equation (2.5) are given below. The 

stator self- and mutual inductances are given in the matrix 

_ +

isa1

usa1

_
+

i sa2

usa2

_
+

isb1
usb1

_

+

i sb2

usb2

_
+ isc2

usc2
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+ isc1
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b1
S
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c1
S
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S
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rb2
rc1
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θk

θ
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R

dk

qk
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=

21222122212

21121112111
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scscscsbscsbscsascsasc

scsbscsbsbsbsbsasbsasb

scsbscsbsbsbsbsasbsasb
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S

LLLLLL

LLLLLL

LLLLLL

LLLLLL

LLLLLL

LLLLLL

ssL                             (2.6) 

The inductances in this matrix are given by  

  S
shs

S L LIL 6ss +⋅= σ             (2.7) 

where I6 is a 6 × 6 identity matrix, and the S
shL matrix is 
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sh LL

      (2.8) 

Similarly, the rotor inductances are given as follows: 































=

21222122212

21121112111

22122122212

21112112111

22122212212

21112111211

rcrcrcrbrcrbrcrarcrarc
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R
rr

LLLLLL

LLLLLL

LLLLLL

LLLLLL

LLLLLL

LLLLLL

L                             (2.9) 

This is given as 

   R
rhr

R
rr L LIL 6 +⋅= σ                      (2.10) 

where I6 is a 6 × 6 identity matrix, and the R
rhL matrix is 
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                           (2.11) 

The mutual inductances between stator and rotor windings are given in the matrices below 

( )

( )
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 +

⋅=

       (2.12) 

The different constant terms used in the inductance matrices are defined as follows: 

 Lsσ – Leakage inductance of each stator winding 

 Lrσ – Leakage inductance of each rotor winding 

 Lsh – Peak value of the mutual inductance between two stator windings 

 Lrh – Peak value of the mutual inductance between two rotor windings 

 Lh – Peak value of the mutual inductance between one stator winding and one rotor winding 

The electromagnetic torque, linking the electromagnetic and mechanical systems, can be 

obtained using the co-energy concept as  

( ) ( ) ( ) ( ) SR
SR

TSRSR

mech

SR
TSR

e IIpIIM ⋅
∂

∂
⋅⋅=⋅

∂

∂
⋅⋅=

θ
θ

θ
θ LL

22
1

              
(2.13) 

The mechanical system is governed by the following equations: 
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mech
mech

Le p
dt

dMM
dt
dJ θθθ

⋅=Ω=−=
Ω

⋅                                     (2.14) 

 

2.2.2 Transformation of the model 

2.2.2.1 Coordinate Transformations 
In order to simplify the dynamic control of the machine, a rotor field-oriented coordinate 

system is used based on the method of rotating vector space decomposition [7]. The original 

stator and rotor coordinates are transformed to a common rotor field-oriented system 

composed of three orthogonal subspaces (d, q), (z1, z2) and (01, 02). 

The amplitude invariant transformation matrix for the stator quantities is given as follows [7]:  
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 −−−−







 −






 −






 −






 −






 −







 −−






 −−






 −−






 −−






 −−−







 −






 −






 −






 −






 −
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kkkkkk

kkkkkk

k
SST

         

(2.15)

 

where θk is the angle of the synchronously rotating d-axis with respect to the stator a1 axis as 

shown in Figure 2.2. 

Similarly the transformation matrix for the rotor quantities is    
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2
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θ

π
θθ
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θ

π
θ

π
θ

π
θ

π
θθ

π
θ

π
θ

π
θ

π
θ

π
θθ

rrrrrr

rrrrrr

rrrrrr

rrrrrr

k
RRT

          

(2.16)

 

where θr is the angle of synchronously rotating d-axis with respect to the rotor a1 axis. This 

angle is given by 

 θθθ −= kr                      (2.17) 
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The complete transformation matrix from the physical stator and rotor windings to a common 

rotor field oriented system becomes 

             















=

k
RR

k
SS

k

T0

0T
T                   (2.18) 

The transformed model can be obtained by applying this transformation on equations (2.1), 

(2.2) and (2.13). 

( )

k
k

k
k

kkk

kk
kkkkk

SR
kSRkSRk

dt
d

dt
dIU

dt
dIU

dt
dIU

Ψ⋅⋅+
Ψ

+⋅=

Ψ⋅
⋅+⋅⋅⋅=

Ψ
⋅+⋅⋅=⋅

−

−
−

  

 

  

TTR

TTTRT

TRTT

SR

SR

                
(2.19) 

where k−T is the inverse of the matrix kT .  

By introducing the rotation matrix J , the voltage equation can be written as 

         
quantity. rotor or stator for ,  or  be can   and           ,     where

        

rkx
d
d

dt
d

dt
dIU

x

r
ssr

ssx
x

k
x

k
kkk

θ
ω

θ

ω

−
− ⋅==

Ψ⋅⋅+
Ψ

+⋅=

TTJ

JR

 

(2.20) 

 

The vectors and matrices in the transformed voltage equation are 

       

[ ]
[ ]
[ ] T

r0r0rzrzrqrds0s0szszsqsd

T
r0r0rzrzrqrds0s0szszsqsd

T
r0r0rzrzrqrds0s0szszsqsd

                 

  I   III   I    I  I   IIIII 

 U   UUU   U    U  U   UUUUU

21212121

21212121

21212121

ΨΨΨΨΨΨΨΨΨΨΨΨ=Ψ

=

=

k

k

k

I

U

   

(2.21) 

       [ ]  rrrrrrssssss RRR   R   RRR    RRRRRdiagk =R   
      

The rotation matrix is obtained as  
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=
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001000000
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000010000
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000000001
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J                  

(2.22) 

The flux linkage equations are transformed as 

    
        

 

 

kkk

kkSRkk

SRSRkSRk

I

I

I

⋅=Ψ

⋅⋅⋅=Ψ

⋅⋅=Ψ⋅
−

L

TLT

LTT
                               (2.23) 

The transformed inductance matrix is obtained as follows: 
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σ

σ

σ

σ

σ

σ

σ

σ

L

                              

(2.24) 

Transformation of the electromagnetic torque equation is given as  
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( )

( ) ( )   

 

 

TT

T

T

kkkk
e

krkkk
e

SRSR
e

IIpM

IIp M

IIpM

⋅⋅
∂
∂
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∂
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∂
∂
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(2.25) 
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The torque equation in transformed equations is obtained as:  

( )rqsdrdsqhe IIIILpM ⋅−⋅⋅⋅⋅= 3                             (2.26) 

Using the transformed flux linkage equations from (2.23), the torque can be written as 

( )rqrdrdrqe IIpM ⋅Ψ−⋅Ψ⋅⋅= 3
                  

(2.27) 

2.2.2.2 Per Unit System 
The basis for power in an AC machine is usually taken as the total power into the stator 

winding in steady state. By averaging the power in each winding over one fundamental 

period, the rated input power can be written as [7]   

NrmsphNrmsphNN
phNphN IU

IU
ϕϕ cos6cos

2

ˆˆ
6P ,,sN ⋅⋅⋅=⋅

⋅
⋅=

                                              
(2.28) 

The rated apparent power, which is used as basis for power in the machine, is 

NNrmsphNrmsphNphNphN
phNphN IUIUIU

IU
⋅⋅⋅=⋅⋅=⋅⋅=

⋅
⋅= 326ˆˆ3

2

ˆˆ
6S ,,N

                     
(2.29) 

where UN is the rms value of the line-to-line voltage in one of the two three-phase groups, and 

IN is the rms value of the current in one winding, i.e. the phase current.  

The rated per phase peak values are used as basis values in the stator windings. Thus the basis 

values for current, voltage, impedance and flux in transformed coordinates are 

n

Nph

n

Nph

N

Nph

Nph

N

f
UU

I

U

U

I

⋅⋅
==Ψ=Ψ=Ψ=Ψ=Ψ=Ψ=Ψ

======

======

======

πω 2

ˆˆ

ˆ

ˆ

ˆ

ˆ

,,

,

,

ns02ns01nsz2nsz1nsqnsdn

s02ns01nsz2nsz1nsqnsdn

s02ns01nsz2nsz1nsqnsdn

s02ns01nsz2nsz1nsqnsdn

ZZZZZZ

UUUUUU

IIIIII

                           

(2.30) 

The basis values for the rotor quantities are the same as the corresponding stator basis values. 

The basis for torque is 

phNn
n

phNphN

n

N

N

N
n Ip

IU
p

S
p

S
M ˆˆ3

ˆˆ
3 ⋅Ψ⋅⋅=

⋅
⋅⋅=⋅=

Ω
=

ωω                                                 
(2.31) 

where ΩN is the rated synchronous speed in mechanical radians per second. 
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2.2.2.3 The Transformed per unit model 
The transformed per unit model of the machine is obtained after scaling the transformed 

equations (2.20), (2.23) and (2.27) by the basis values of the aforementioned per unit system.  

The voltage equations are obtained as 

rdr
rq
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rqrrqr

rd

n
rdr

s

n
sss

s

n
sss

szk
sz
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szsszszk

sz
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szssz
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sqssqsqk

sd
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sdssd

f
dt

d
irf

dt
dir

dt
diru

dt
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dt

diruf
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dt

d
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dt
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ψ
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ψψ

ω

ψ
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ω

ψψ
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ψ
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ψψ

ω

 1   0                      1   0 

1                   1

1     1

1        1
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0101

1
2

222
1

11

+⋅+⋅=−⋅+⋅=

⋅+⋅=⋅+⋅=

⋅−⋅+⋅=⋅+⋅+⋅=

⋅+⋅+⋅=⋅−⋅+⋅=

            

(2.32) 

The flux linkages are 

        

         
                   
                    

         

02020101

2211

σσ

σσ

σσ

ψψ
ψψ
ψψ

ψψ

rhrshs

sqhrqrrqsdhrdrrd
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ixixixix

+=+=
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⋅=⋅=

⋅+⋅=⋅+⋅=

                (2.33) 

The mechanical system equations in per unit become  

n

r
r

n

k
kkr

n

N

N
mLem

rqrdrdrqe

ffnff

p
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dt
dθ

S
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Tmm
dt
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iim

ω
ω

ω
ω

θθω

ψψ

==−=

=⋅=

Ω⋅
=−=⋅

⋅−⋅=

                                

                    

            

     

mech

2

                  (2.34) 

Since there is no excitation of the (z1, z2) and (01, 02) subspaces in the rotor circuit, the 

corresponding equations have been left out of the model.  The rotor voltages are zero as 

mentioned earlier. Considering that the two stator three phase groups have isolated neutrals, 

there is no excitation of the (01, 02) in the stator. Therefore, it can be omitted from modelling. 

However, the stator (z1, z2) system can be excited due to current or supply asymmetries 

between the two phase groups; hence, it is included in the model. 



 

16 

 

From the voltage and flux linkage equations in (2.32) and (2.33), the per unit equivalent 

circuit of the machine in single synchronous frame is given in Figure 2.3. 

q axis fk · ψsd  
isq rs

xsσ fr · ψrd  

xh 

xrσ 

rr

irq

usq

fk · ψsq  
isd rs

xsσ 
fr · ψrq  

xh 

xrσ 

rr

ird

usd

d axis 

z2 axisfk · ψsz2  
isz1 rs

xsσ usz1
usz2

fk · ψsz1  
isz2 rs

xsσ 

z1 axis

 

Figure 2.3: Per unit equivalent circuit of SPIM in single synchronous frame 

2.3 Modelling in Double Synchronous Reference Frame  
The six-phase induction machine can also be modelled in double synchronous reference frame 

as an alternative to the single synchronous modelling presented earlier as demonstrated in 

[24]. This approach is based on the modelling principle of three-phase machines. In the 

following sections, model of the physical system is established first. Then a transformed per 

unit model is derived. Finally the equivalent circuit of the machine based on this modelling 

approach is presented. The physical modelling of the stator and the transformations are based 

on the work in [8]. 

2.3.1 Physical Modelling 

The two stator three-phase groups are taken as separate ones, but the mutual impedance 

between the two is considered in the inductance matrix. Each 3-phase group is transformed to 
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a synchronously rotating d-q-0 coordinate system. The squirrel cage rotor is modeled as an 

equivalent three phase wound rotor as shown in Figure 2.4. 

 

 

Figure 2.4: Six-phase induction machine with equivalent three-phase wound rotor 

The voltage and flux linkage equations of the stator and rotor can be written in matrix form as 

   
dt

dIU
SR

SRRSR Ψ
+⋅= SR

                            
(2.35)

 

         SRSRSR I⋅=Ψ L                              (2.36) 

The voltage, current and flux linkage vectors are 

 

[ ]
[ ]
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(2.37) 

The resistance matrix of the physical model is 
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The inductance matrix of the physical model is given as follows: 
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The sub-matrix of stator self and mutual inductances is 
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(2.40) 

The values of the inductances in this matrix are given by 

 

S
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S L LIL 6ss +⋅= σ                   (2.41)

 

where I6 is a 6 × 6 identity matrix and 
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The sub-matrix of rotor self and mutual inductances is 
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The values of the rotor inductances are given by 
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where I3 is a 3 × 3 identity matrix and 
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The mutual inductance sub-matrices between stator and rotor are  
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where the values of each inductance are given in the following matrices   
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(2.47) 

The different terms in the inductance matrices are defined as 

 Lsσ – Leakage inductance of each stator winding 

 Lrσ – Leakage inductance of each rotor winding 

 Lsh – Peak value of the mutual inductance between two stator windings 

 Lrh – Peak value of the mutual inductance between two rotor windings 
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 Lsrh – Peak value of the mutual inductance between one stator winding and one rotor winding 

 θ – Position of the rotor with respect to the stator a1 axis 

The equations describing the mechanical system are: 
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2.3.2 The Transformed Per Unit Model 

2.3.2.1 Coordinate Transformations  
A double synchronous transformation is used to transform the stator (a1, b1, c1) and (a2, b2, c2) 

quantities into (d1, q1, 01) and (d2, q2, 02) coordinate systems respectively. Both (d1, q1, 01) and 

(d2, q2, 02) systems coincide. The amplitude invariant transformation matrix for the stator 

quantities is given as 
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where θk is the angle of the synchronously rotating d-axes (d1 and d2) with respect to the stator 

a1 axis. 

The rotor (a, b, c) quantities are transformed into a synchronously rotating (d, q, 0) coordinate 

system, which coincides with (d1, q1, 01) and (d2, q2, 02). The transformation matrix for the 

rotor quantities is    
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where θr is the angle of the synchronously rotating d-axis with respect to the rotor a-axis. It is 

given by 

 θθθ −= kr                                (2.52) 

The complete transformation matrix from the physical stator and rotor windings to a common 

rotor field oriented coordinate system becomes 
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Therefore, the complete transformation matrix is 
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The inverse of the transformation matrix is 
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Introducing the transformation and inverse transformation matrices into equation (2.35) gives  
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By introducing the matrix J , the voltage equation can be written as 
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The matrix J  is given as: 
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The flux linkage equation is transformed into 
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The voltage, current and flux linkage vectors in the transformed equations are 
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The resistances are given in the diagonal matrix 
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The inductance matrix after transformation is obtained as    
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The inductance matrix can be written as 
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where 
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The electromagnetic torque can be obtained in terms of the transformed quantities using the 

following equation: 
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This gives    
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which can be written in terms of rotor quantities as 
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(2.67) 

The torque expression in terms of stator quantities is  

( )222211113
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(2.68)

 

2.3.2.2 Transformed Per Unit Model 
The transformed per unit model of the machine in double synchronous coordinates is obtained 

after scaling the transformed equations in (2.57), (2.59) and (2.67) by the basis values. The 

same definition of the per unit system used is used as the one in single synchronous modelling 

(section 2.2.2.2). Thus the peak phase voltages, peak phase currents and peak flux linkage 
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values are used as the basis values for voltage, current and flux linkage respectively. The basis 

values for power and torque are the same as the ones used in single synchronous modelling. 

The stator and rotor voltage equations in per unit are obtained as 
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 (2.68)           

The flux linkages are 
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The quantities in (01, 02) subspace are not excited for similar reasons as in the single 

synchronous modelling. Thus they are omitted from the model. 

The electromagnetic torque and other mechanical system equations in per unit are given as 
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From the voltage and flux linkage equations in (2.68) and (2.69), the per unit equivalent 

circuit of the machine in double synchronous frame can be drawn as in Figure 2.5. 
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Figure 2.5: Per unit equivalent circuit of SPIM in double synchronous frame 

In this chapter, two different modelling approaches of the six-phase induction machine were 

considered. It is important to establish the relationship between the two models. From the 

definition of rotor windings, the transformation equations, the transformed inductance 

matrices and the pu system definitions, the relationship between the two pu models is derived 

and summarized as follows: 
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The superscript I indicates quantities in single synchronous modelling, whereas quantities in 

double synchronous modelling are designated using the superscript II. 
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3 Modelling of Inverters for Six-Phase Induction Machine 
3.1 Introduction 
Inverters are required to supply six-phase machines mainly for two reasons. The first is 

because the mains supply is normally three-phase. Therefore, a supply that can give six-phase 

currents with the correct phase difference is required. Secondly the currents into the machine 

need to be controlled precisely for variable speed operation. 

In this chapter, two different topologies of inverters for a six-phase machine are discussed. A 

brief discussion of six-phase two-level inverter is presented first. Then a more detailed 

analysis of two three-phase inverters with separate DC links is presented. Pulse width 

modulation (PWM) techniques for this topology are mentioned with particular emphasis on 

sinusoidal PWM with 3rd harmonic injection. Only voltage source inverter (VSI) is 

considered in this chapter. 

3.2 Six-phase Two-level Inverter 
 A six-phase two-level inverter can be built by connecting six bridge legs as shown in Figure 

3.1. The a1, a2, b1, b2, c1 and c2 terminals are connected to the corresponding six-phase 

machine terminals. The switch gate signals are obtained from a controller so that appropriate 

magnitude and phase of currents are delivered to the machine. A six-phase two-level inverter 

can also be formed from two three-phase two-level inverters by connecting them to a common 

DC link. 

+

_

dcu

a1 a2 b2 c2b1 c1  

Figure 3.1: Six-phase 2-level voltage source inverter 

In each leg of a six-phase inverter only one switch can be ON at a time to avoid short 

circuiting the DC link. The switching of the six legs can be taken as independent form one 

another. This gives 64 possible switching states in the complete inverter. Different digital 

PWM techniques can be used to control the inverter including conventional space vector 
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modulation, vector space decomposition, vector classification, double zero-sequence injection 

and sinusoidal PWM [6]. However, the six-phase 2-level inverter will not be discussed 

anymore because it has not been used in this thesis. 

3.3 Three-phase Inverters with Split DC Link 
A six-phase machine can also be supplied from two three-phase inverters with separate DC 

links as shown in Figure 3.2. The terminals from the two inverters are connected to the 

corresponding terminals of the six-phase machine. This configuration is preferred to the six-

phase inverter or two three-phase inverters with common DC link in this thesis. This is 

because it offers redundancy and better reliability. If one DC link fails or one of the inverters 

trips, the machine can continue to run from the remaining DC link and inverter. However, the 

control becomes more complicated because of the need to ensure fault tolerance of the drive 

in the event of low DC link voltage or trip of one inverter.  

+

_

a1 b1 c2b2c1 a2

+

_

1dcu 2dcu

N1 N2

 

Figure 3.2: Two 3-phase inverters with split DC link 

To apply appropriate control to the inverters, a relationship between inverter voltages and the 

motor voltages must be established. Let N1 and N2 represent the negative terminals of DC link 

1 and DC link 2, respectively, as shown in Figure 3.2, and let n1 and n2  represent the neutral 

points of phase group 1 and phase group 2, respectively. In the following analysis, only 

inverter 1 and phase group 1 will be used. Then it is later generalized for the other inverter 

and phase group. The analysis is mainly based on the derivation in [9]. 

The inverter line-to-line voltages can be obtained from the bridge leg phase voltages as 

)()()(

)()()(

)()()(

111111

111111

111111

tUtUtU

tUtUtU

tUtUtU

NaNcac

NcNbcb

NbNaba

−=

−=

−=

                 

(3.1) 



 

29 

 

The inverter line-to-line and machine line-to-line voltages are equal. This gives 
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(3.2) 

The zero system voltage U0 in phase group 1 can be expressed as function of the phase 

voltages of the machine as follows: 
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From equations (3.2) and (3.3), 
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It can be assumed that there is no zero system voltage as long as the sum of stator currents is 

zero. Then the following relationship between bridge leg voltages and motor phase voltages is 

obtained: 
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                (3.5) 

This implies that by controlling the inverter bridge leg voltages, the phase voltages of the 

machine can be controlled.  

The average representation of a bridge leg can be used to analyse and control a switch model 

three-phase inverter [33]. The duty ratio of each bridge leg is the ratio of the pulse width (the 

time interval the upper switch in the leg is ‘on’ within a switching period) to the switching 

period. Considering sinusoidal PWM, which is explained in more detail in the next section, 

the duty ratios of the three bridge legs of inverter 1 can be expressed in terms of the control 

voltage as 
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where 1stu and 1sω  are the amplitude and frequency of the control voltage for inverter 1 

obtained from the current controller. The amplitude of the triangular carrier signal triû  is 

taken as unity, so left out of the subsequent formulas. 

 

The average values of the inverter leg voltages during a switching period can be obtained 

from the DC link voltage and the duty ratios [33]. 
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From equations (3.5) and (3.7) the motor phase voltages can be expressed as 
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(3.8) 

Combining equations (3.6) and (3.8), and using trigonometric identities, the following average 

motor phase voltages are obtained within a switching period: 
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(3.9) 

The control of the six-phase machine is done in synchronous rotor field oriented reference 

frame. Therefore, it is important to establish the relationship between the control voltage and 

the motor voltages in this frame of reference. Using the amplitude invariant Clarke transform, 

the motor voltages in stationary orthogonal coordinates can be obtained as 
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This can be simplified to 
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Park’s transform can be used to transform quantities in equation (3.11) to a rotor field 

oriented reference frame. The transform used is 
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A relationship between the stator voltages in synchronous frame and the control voltage is 

obtained from equations (3.11) and (3.12). 
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Similar analysis can be carried out for inverter 2 and phase group 2 by replacing 

corresponding values and taking the phase shift into account. This gives 
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Scaling (3.13) and (3.14) by the per unit system defined in Appendix Six-phase Induction 

Machine Nameplate Data & Circuit Parameters, the relationship between pu stator voltages 

and control voltages is given as   
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This relationship is used to obtain the amplitude and angle of the control voltage used in the 

PWM modulation of the inverters from the outputs of the current controllers as discussed in 

chapter 4.1. 

3.4 Pulse Width Modulation Techniques 
The main goal of the PWM control strategy is to impose the reference stator voltage vector 

generated by the current controller. There are different types of PWM techniques that can be 

used for controlling inverters for six-phase operation [6]. In this thesis, only sinusoidal PWM 

and sinusoidal PWM with third harmonic injection are considered. 

Considering inverter 1, the control voltages in sinusoidal PWM are given as 
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These are compared with a triangular signal of a given frequency (the switching frequency) to 

generate the gate pulses that control the inverter switches [34]. This is shown in Figure 3.3 for 

the upper switch of the first bridge leg in inverter 1 (a1). 
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Figure 3.3: Sinusoidal PWM 

The maximum line-to-line rms voltage that can be obtained using sinusoidal PWM in the 

linear range can be obtained as [35] 
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Harmonic distortion can be used to improve the linear modulation range of a three-phase 

voltage-source inverter. The harmonics introduced appear in the bridge leg voltages but 

cancel out in the motor phase voltages. This can be achieved by adding a third harmonic with 

certain amplitude to the fundamental. The maximum improvement in linear range is obtained 

when the amplitude of the third harmonic is one-sixth that of the fundamental [36]. Taking 

inverter 1, the control voltages for sinusoidal PWM with third harmonic injection are 
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This is shown in Figure 3.4 for the upper switch of the first bridge leg in inverter 1 (a1). The 

value of stu in the figure is equal to one. The maximum possible value of stu  for linear 

modulation is obtained when the amplitude of the control voltage and the triangular signal are 

equal. This is the case for 
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3
2

max, =stu                   (3.19) 

From equations (3.9) and (3.19), the maximum value of peak phase voltage in the machine is 

obtained as 

32
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Thus the maximum line-to-line rms voltage that can be obtained using sinusoidal PWM with 

3rd harmonic injection in the linear range is 
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3
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From this, it can be concluded that sinusoidal PWM with 3rd harmonic injection provides 

better utilization of the DC link voltage as compared to pure sinusoidal PWM. The 

improvement is approximately by 15%. For this reason, sinusoidal PWM with 3rd harmonic 

injection is used in this thesis. 

 

Figure 3.4: Sinusoidal PWM with third harmonic injection 

The control signals for both inverters of the six phase machine are 
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The average voltages, which are equal to the reference voltages that should be generated, are 

given as 
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In general the angles 1ζ  and 2ζ  would be equal in steady state; however, during transient 

conditions they may be different. For the (z1, z2) system 
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If the system had common dc-link and common control signals, the average voltage in the (z1, 

z2) system would be zero. However, with separate dc-links and separate current controllers, 

both ust1 and ust2, as well as 1ζ  and 2ζ  , may differ during transient states.  Non-linear effects 

in the inverters may give harmonics in “average”-voltages in the (z1, z2) system.  The z-vector 

is the difference between the stator voltage vectors for the two three-phase groups, however, 

rotating in the opposite direction. The conclusion is that when the two stator voltage vectors 

are different, the z-system will be excited [9]. 
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4 Control of Six-Phase Induction Machine 
4.1 Introduction 
Scalar control and vector control are two commonly used methods in the operation of 

induction motor drives. In scalar control, the motor speed can be controlled by controlling the 

frequency and magnitude of the stator voltages applied to the motor. The control method is 

also known as volts-per-Hertz (V/Hz) control because the amplitude and frequency of the 

applied voltages have a linear relationship in order to maintain rated flux in the machine [33].  

Vector control works with vector quantities, where the voltages and currents in the machine as 

represented by space phasors.  It is also known as field oriented control (FOC). The 

magnitude, frequency and phase of these quantities are controlled in this method. The ability 

to produce a step change in torque on command is necessary for high performance drive 

systems.  This can be achieved using vector control, which enables the torque and flux of the 

machine to be controlled independently. As an alternative to FOC, direct torque control 

(DTC) can also be used. In DTC, the torque and flux are directly controlled by applying the 

appropriate stator voltage vector [33], [35]. Compared to FOC, DTC is less commonly used. 

Vector control can be divided into direct and indirect. Direct vector control uses flux 

measurement using sensors, while indirect vector control computes the flux from the stator 

currents and/or voltages. Indirect vector control is considered in this thesis. 

The modelling of six-phase induction machine was presented in chapter 2. Two different 

approaches were considered: modelling in single synchronous reference frame and modelling 

in double synchronous reference frame. These leads to two different vector control methods, 

termed as single synchronous frame control (SSFC) and double synchronous frame control 

(DSFC). In this chapter, control of the six-phase induction motor drive using these methods is 

presented. Theoretical basis and design of both inner and outer controllers is included. 

The control of six-phase induction motor drive is shown in the block diagram of figure 4.1. 

The outer controllers in the system are speed controller and flux controller. The rotor speed is 

measured using a sensor, while the flux is computed using the flux model. Various limiter 

variables are included in the control system to operate the drive in desired operating limits and 

to ensure appropriate response to fault conditions [12]. The current control method depends 

on whether SSFC or DSFC is chosen. This is described in the next two sections.   
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4.2  Single Synchronous Frame Control 

4.2.1 Introduction 

The model of six-phase induction machine in single synchronous reference frame was 

developed in chapter 2.2. In this section, control of the machine based on this model is 

presented. The flux model, current (torque) control, flux control and speed control of the 

machine are discussed. 

The per unit equations of the model were obtained in chapter 2.2 as follows: 

 

     

          
                    
          

                       

      

          

Lem

rqrdsdrqe

sqhrqrrqsdhrdrrd

szsszszssz

rqhsqssqrdhsdssd

rdr
rq

n
rqrrqr

rd

n
rdr

szk
sz

n
szsszszk

sz

n
szssz

sdk
sq

n
sqssqsqk

sd

n
sdssd

mm
dt
dnT

iim

ixixixix
ixix

ixixixix

f
dt

d
irf

dt
dir

f
dt

diruf
dt

diru

f
dt

d
iruf

dt
diru

−=⋅

⋅−⋅=

⋅+⋅=⋅+⋅=
⋅=⋅=

⋅+⋅=⋅+⋅=

+⋅+⋅=−⋅+⋅=

⋅−⋅+⋅=⋅+⋅+⋅=

⋅+⋅+⋅=⋅−⋅+⋅=

ψψ

ψψ
ψψ

ψψ

ψ
ψ

ω
ψ

ψ
ω

ψ
ψ

ω
ψ

ψ
ω

ψ
ψ

ω
ψ

ψ
ω

σσ 2211

1
2

222
1

11

1010

11

11

            

(4.1) 

Since rotor field oriented control is used, the d-axis is aligned with the rotor flux linkage 

space vector. This implies     

 00 ===
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d rq
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Substituting these values in the rotor flux linkage equations of (4.1), and solving for the rotor 

currents gives 
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The stator flux linkages can then be expressed as 
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Since indirect vector control is used, a flux model is needed to determine the rotor flux 

linkage vector magnitude and position. There are various models that can be used for this 

purpose. Two commonly used types of flux model are current model and voltage model. The 

current model uses only the measured stator currents for calculating the rotor flux vector. In 

the voltage model, the rotor flux linkage space vector is calculated as an integration of the 

stator voltage difference. The voltage model works well at high stator frequencies, whereas 

the current model is better for low frequencies. In addition, the voltage model is 

unsatisfactory for low stator frequencies [37]. Thus, the current model is the preferred choice 

for the application considered in this thesis. 

The equations of the current model can be obtained from the rotor voltage equations in (4.1) 

by substituting for the rotor currents and rearranging the terms. This gives 
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(4.5) 

In the following sections, the design of controllers based on the above equations is covered. 

Design of inner (current) controllers is described first. Then the outer controllers (speed 

controller & flux controller) are designed. 

4.2.2 Design of Inner Controllers 

The inner control structure in SSFC is shown in Figure 4.2 . The measured currents and the 

current references obtained from the outer controllers and limiters are converted to the (d, q, 

z1, z2) reference frame. The current control and decoupling are implemented in this reference 

frame. Then the computed voltage references are converted to the (d1, q1) and (d2, q2) frames 

in order to compute the control voltages for the PWM operation of the two separate inverters. 

The d-axis current is used to control the flux in the machine, and the q-axis current controls 

the torque. To control the unbalance in the currents of the two stator phase groups, the z1 and 

z2 currents are used. The unbalance may be due to different references, limiters, supply 

asymmetries or supply faults.  
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Figure 4.2: Single synchronous frame current control 

The control equations needed for the current controllers can be obtained from the stator 

voltage equations in (4.1) by substituting for the stator flux linkages.  This gives 
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The d- and q-axis equations in (4.6) can be further modified using the following substitutions 

from the flux model: 
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This gives 
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The control terms are thus obtained as 
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whereas the decoupling (feed-forward) terms are 
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To explain the design procedure of the current controllers, the d-axis current control loop is 

considered. Using Laplace transform on the d-axis equation in (4.9) gives 
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The d-axis current control loop considering analog control system is shown in Figure 4.3. The 

time delay in the controller is taken into account in the control loop. The time delay 

introduced by the current filter is also included; it is equal to the filter time constant. The 

decoupling term can be considered as a disturbance in the control system design [38]. The 

type of controller used is of PI type. 
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Figure 4.3: d-axis current control loop in SSFC 

The plant transfer function is given as 
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To avoid the dependence of the control parameters on the DC link voltage udc, a serial gain 

equal to the inverse of udc can be used at the output of the PI controller [39]. This is equivalent 

to disregarding the term udc in the plant transfer function when a conventional PI controller is 

used.  

Digital control is used in the actual implementation of the system. Hence, the control is done 

in discrete time whereas the plant is a continuous time system. Such a system can be 

represented by the block diagram in Figure 4.4 [40]. For discrete-time analysis of the system 

considered in this thesis, the PWM of the inverter is assumed to have the function of a zero 

order hold [41]. The analog-to-digital converter (ADC) is the sampler in the system.    
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Figure 4.4: Discrete-time control of a continuous system 

The frequency domain representation of the discrete-time system can be obtained using the Z-

transform, resulting in the block diagram in Figure 4.5: Frequency domain equivalent of 

digital controller and continuous plant.  
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Figure 4.5: Frequency domain equivalent of digital controller and continuous plant 

The pulse transfer function of the digital PI controller in z-domain is given by 
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The pulse transfer function of the plant is the Z-transform of the plant preceded by a zero 

order hold [40]. 
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In order to apply conventional frequency response design methods, the transfer function in the 

z plane is transformed into that in the w plane. The w transformation is a bilinear 

transformation defined by  
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where T is the sampling time of the discrete-time control system under consideration.  Once 

the transfer function is transformed into w plane, it may be treated as a conventional transfer 
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function in w. Conventional frequency response design techniques, including Bode diagrams, 

can then be used to design the discrete-time control system [40].  

From (4.12), (4.14) and (4.15), the plant transfer function for the d-axis current can be 

obtained. This results in the following transfer function in w plane [39]: 
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The PI controller using w transformation is obtained as 
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Thus the transfer function of the PI controller in w plane is the same as in the s plane [39]. 

The open loop transfer function of the d-axis current control loop is then given by combining 

(4.16) and (4.17). 

( )
( )

( ) ( )wT1wT1

w
TT
TT1w

T
1

r
1

wT
wT

Kwh
sumsumss

ssum
sums

sumsisamp

s

di

di
dpod ⋅⋅+⋅⋅′′⋅′+









⋅′−⋅

−′
⋅′′

+⋅







⋅−⋅

′
⋅










⋅
⋅+

⋅=
γγ

γγ
21

,

,

,
,           (4.18) 

The s domain plant transfer function in (4.12) has two time constants in the denominator: a 

very small Tsum,i and a relatively large sT ′′ . Therefore, the modulus optimum technique can be 

used to design the controller for this system [42], [43]. Using modulus optimum criterion for a 

digital control system in (4.18), the parameters of the digital PI controller are determined as 

follows [39]: 
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Using similar procedure, the parameters of the q- , z1- and z2-axis current controllers are 

obtained as 
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As mentioned earlier, torque control of the machine is achieved using control of the q-axis 

current. From the torque equation of the machine in (4.1) and the stator flux expressions in 

(4.4), it can be shown that 

sqRe im ⋅= ψ  

      

                  (4.21) 

The flux in the machine is normally kept constant at its rated value, i.e. when the machine is 

not in flux weakening mode. Thus the torque is proportional to the q-axis current, and torque 

control is achieved using this relationship. 

The simplified transfer function for the closed control loop of q-axis current is given in s 

domain as  
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Hence, the transfer function for the torque control is [39] 
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which can be transformed to w domain using the procedure explained earlier. For digital 

implementation, the time constant in the transfer function is [41] 
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4.2.3 Design of Flux Controller 

The flux model is used to derive the transfer function of the flux control loop. Using Laplace 

transform on the rotor flux magnitude equation in (4.5) gives 
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The continuous time equivalent of the flux control loop is given in Figure 4.6. The inner d-

axis current control loop has been represented by an equivalent time constant. 
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Figure 4.6: Flux control loop 

The open loop transfer of the plant in continuous domain is 
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The plant transfer function has one large and one small time constant. Thus it is suited for 

modulus optimum design technique [42], [43]. Using a similar design technique in w-domain 

as in section 4.2.2, the digital PI controller parameters are obtained as 
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4.2.4 Design of Speed Controller 

The speed control loop in s domain can be represented by the block diagram in Figure 4.7. 

The inner torque (q-axis current) control loop can be taken as almost ideal, but with a small 

time delay, since it is designed with a bandwidth ten times that of the outer (speed) control 

loop. It is represented by the transfer function in (4.23). The time delays in digital speed 
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controller and speed filter are taken into account. The load torque is considered as a 

disturbance and disregarded in the controller design. The mechanical system equation in (4.1) 

is used to derive the relation between the electromagnetic torque and the speed. 
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Figure 4.7: Speed control loop 

The open loop transfer of the plant in s domain is 
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Using the w transform on the continuous system preceded by a ZOH and adding a digital PI 

controller gives the open loop transfer function of the speed control loop as follows [39]: 
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The plant transfer function in (4.28) implies that symmetric optimum technique can be used to 

design the controller [42], [43]. For a digital controller, the parameters are based on the 

transfer function in (4.29) [39]. check 
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Note: Tm here is variable cuz variable load, hence Jtot varies … online estimation 

can be used… 
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4.3 Double Synchronous Frame Control 

4.3.1 Introduction 

The model of six-phase induction machine in double synchronous frame was developed in 

chapter 2.3. Double synchronous frame control of the machine can be achieved based on this 

model. The per-unit equations describing the model were obtained as follows: 
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Rotor field oriented control is used, and thus the d-axis is aligned with the rotor flux linkage 

space vector. This gives 

0,0, ===
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d rq
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ψ
ψψψ              (4.32) 

Using these substitutions in the rotor flux linkage equations and solving for the rotor currents 

yields 
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The stator flux linkages can then be expressed as 
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The current model is used to determine the rotor flux vector magnitude and position as 

explained in chapter 4.2.1. For DSFC, the equations of this model are obtained as 
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(4.35) 

4.3.2 Design of Inner Controllers 

The inner control structure in DSFC is shown in Figure 4.8. The measured stator currents are 

converted to the (d1, q1) and (d2, q2) reference frame. The current control and decoupling are 

implemented in this reference frames, giving voltage references in (d1, q1) and (d2, q2) frames. 

Using inverse Park transform, the voltage references in (d1, q1) and (d2, q2) frames are used to 

compute the control voltages for the PWM operation of the two inverters. 

The d1- and d2-axis currents are used to control the flux in the machine, and the q1- and q2-

axis currents control the torque.
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Figure 4.8: Double synchronous frame current control 

The stator voltage equations are used to develop the transfer function used in the control of 

currents. In the derivation here, the equations of the stator d1 and q1 axes are developed first. 

Taking the 1sdu equation in (4.31) and replacing 1sdψ  and 1sqψ from (4.34) gives 
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To control the current isd1 using usd1, the dynamic term containing isd2 in (4.36) is replaced 

using other suitable terms. This can be done by replacing isd2 using the ψsd2 equation in (4.34), 

replacing ψsd2 using the usd2 equation in (4.31), and then replacing ψsq2 from (4.34). The 

derivation results in 
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Substitution of  
dt

dψR from the flux model in (4.35), and introduction of some new terms gives 
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(4.38) 

Using a similar procedure, the usq1 equation is obtained as 
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The first fk in (4.39) can be replaced by (fr + n), and fr is again substituted from the flux model 

given in (4.35). This gives 
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The equations for the stator d2 and q2 axes are obtained using similar derivations. The derived 

equations are 
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From (4.38), (4.40), (4.41) and (4.42), the control equations can be identified as 
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And the decoupling terms are 
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The equations in (4.43) are used to derive the transfer functions of the control loops and 

design the PI controllers. The d1-axis current control loop in s domain can be represented as in 

Figure 4.9. 
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Figure 4.9: d1-axis current control loop in DSFC 

The plant transfer function for d1-axis current control is 
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It is evident that the d1- axis current control loop in DSFC is similar to the d-axis loop of 

SSFC in Figure 4.3, except for the difference in the stator time constant. Thus the same design 

technique used in chapter 4.2.2 applies here. The same goes for the other current controllers. 

Using similar procedure, the parameters of the q- , z1- and z2-axis current controllers are 

obtained as 
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Calculated parameters 

From the torque equation and flux linkage equations in (4.31), the torque can be expressed in 

terms of rotor quantities as 
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Substituting for the rotor currents from (4.33) into (4.47), replacing for the rotor flux linkages 

from (4.32),  
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Therefore, torque control can be achieved by controlling the q1- and q2-axis currents, and 

similar design method used in torque control of SSFC applies here. This can also be verified 

using the equivalence relation between the two different models resulting in 
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which is exactly the same equation as in equation (4.21) of the SSFC method.  

4.3.3 Design of Flux Controller 

Taking the equation for the rotor flux linkage magnitude from the flux model equations in 

(4.35), and applying Laplace transform gives 
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implying that the flux can be controlled using the d1- and d2-axis currents.  

From the equivalence relations between the two models, it can be shown that 
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This is the same as the s domain flux equation of SSFC. In addition, both d1-axis and d2-axis 

current references are kept equal in normal conditions, also making them equal to the 

equivalent d-axis reference. Thus the flux control can be designed by replacing both d1-axis 

and d2-axis inner control loops by one equivalent time constant. The parameters of the flux 

controller are found to be the same as that of SSFC designed in chapter 4.2.3. 

4.3.4 Design of Speed Controller 

Speed control of the machine is achieved by using the torque (inner) controller. The torque 

control in DSFC, as seen from outer control, is the same as that of SSFC. This was discussed 

in section 4.3.2. Both modelling methods have the same mechanical system equations relating 

the speed and torque of the machine. Therefore, it can be concluded that the speed controllers 

in DSFC and SSFC are exactly the same.  
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5 Experimental Setup of Six-Phase Motor Drive 
5.1 Hardware Setup 
In this chapter the experimental setup of a six-phase induction motor drive used in the thesis 

is presented. The setup consists of various hardware and software components. The hardware 

setup and components are discussed in this section. The software implementation, including 

the software environment and program structure, is explained in chapter 5.2.  

5.1.1 Setup Overview 

The high-level schematic of the laboratory setup is shown in Figure 5.1. The setup is the same 

as the one used in [11]. The main hardware components are a six-phase induction machine, a 

DC machine connected to load resistors, two 3-phase inverters, two diode rectifiers, a three-

phase variable transformer, an FPGA (Field Programmable Gate Array) control card, current 

and voltage sensors, rotary pulse encoder, and a PC. 

 

Figure 5.1: Schematic of six-phase motor drive lab setup 

The six-phase induction machine is supplied from two switch-mode inverters with separate 

DC link voltages. Two diode rectifiers are used to obtain the DC link voltages. The AC input 

to the rectifiers can be varied using the three-phase transformer, thus varying the DC link 

voltage as needed. The DC machine is directly connected on the same shaft to the six-phase 

induction machine. Water-cooled resistors are connected to the DC machine armature. The 

PC is used to program the control system into the FPGA control board. Real-time monitoring 

is also done using software in the PC. The assembled drive is shown in Figure 5.2. 
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Figure 5.2: Assembly of six-phase motor drive 

5.1.2 Six-Phase Induction Machine 

The six-phase induction machine used in the experiment has two 3-phase stator winding 

groups, separated by 30 electrical degrees in space. The machine has a squirrel-cage rotor. 

Figure 5.3 shows the external view and terminals of the machine.  

                

Figure 5.3: Six-phase induction machine (a) external view, (b) stator terminals 

The rated power output of the machine is 11.7 kW. The nameplate data and parameters of the 

machine are given in Appendix A. 
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5.1.3 DC Machine 

A separately excited DC machine is mounted on the same shaft as the six-phase induction 

machine. The armature of the DC machine is connected to load resistors.  

In the experimental setup the DC machine with the load resistors is used as a load, and thus 

operates as a DC generator. The load can be varied either by changing the value of the load 

resistors or by varying the field voltage (excitation) of the DC machine. The six-phase 

induction machine is operated as a motor, and acts as prime mover as viewed from the DC 

machine. 

5.1.4 Converters 

Two three-phase diode rectifiers are used to convert the AC line voltage into DC. The 

rectifiers can take voltage input of 0 – 400 V rms. The current rating is 63 A. The DC voltage 

output range is 0 – 540 V. The front view of one rectifier is shown in Figure 5.4. 

 

 

Figure 5.4: Rectifier module 

Two three-phase IGBT inverters connected to the two rectifier modules are used to supply the 

six-phase induction machine. The power rating of the inverters is 20 kW. The DC voltage 

input can be 0 – 650 V, and switching frequency in the range of 0 – 25 kHz can be used. The 

allowable current depends on the DC input and switching frequency. At 500 V DC and 10 

kHz switching frequency, the maximum allowable current is 50 A. The capacitor bank inside 

the modules is 3300 µF. The control signal for the gate drivers is 5 V CMOS. The inverter 

modules have capacitive and RC snubbers [45]. 
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 (a)      (b) 

Figure 5.5: Inverter module (a) output side, (b) driver card side [45] 

5.1.5 FPGA Control Board 

The processor board is designed for use in converter control system based on Xilinx Virtex 5 

FXT FPGA. The main parts of the board are shown in Figure 5.6. The main features of the 

processor board can be summarized as follows [46]:  

 Based on Xilinx Virtex5: XC5V FX30T. FPGA with PowerPC processor. 

 Memory: 256 MB DRAM (DDR2), 128 MB Flash and 64 kB EEPROM. 

 Analog to Digital Converter (ADC): 8 × 12 bit, 40 MSPS 

 Digital to Analog Converter (DAC): 4 × 12 bit, 20 MSPS 

 Digital Input-Output: 3 × 16 bit TTL, 3 × 2 LVDS signal pair 

 Communication ports: RS232, USB, Ethernet and CAN. 

 Contains circuitry of IP (Intellectual Property) modules, including interface modules 

and signal processing modules.  

 Interface for LEM current transducers, pulse encoder and converter drivers. 

The IP modules are developed using Xilinx Embedded Development Kit (EDK). Time critical 

operations are handled by these IP modules. The interface IP modules consist of AD converter 

serial signal interface, DA converter interface, pulse encoder interface and inverter interface. 

The signal processing modules are accumulator filter block, PI regulator, angle 

transformation, pulse width modulator and comparator limiter. The IP modules for PI 

regulator and angle transformation are not used in this implementation. These are 

implemented as software in the PowerPC processor. 
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Figure 5.6: Main parts of the FPGA processor board [47] 

5.1.6 Current, Voltage and Speed Measurements 

The measurement of stator line currents is done using LEM Current Transducer LA 205-S. It 

is a closed loop current transducer using the Hall Effect. It has a primary nominal rms current 

of 200 A, and a secondary nominal rms current of 100 mA. Thus, the conversion ratio is 

1:2000 [48]. 

The DC link voltages are measured using LEM Voltage Transducer LV 25-600, which is 

based on the Hall Effect. The primary nominal rms voltage of the transducer is 600 V, and the 

secondary nominal rms current is 25 mA. The conversion ratio is 600 V / 25 mA [49]. 

Rotor position measurement is done using Heidenhain ERN-420 rotary encoder. It is an 

incremental pulse encoder providing TTL signals that give information about the angular 

position of the rotor. Initial angle detection and counting of the pulses is necessary to 

determine the absolute position of the rotor. The rotor speed is computed as the rate of change 

of the angular position [50]. 
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5.2 Software Implementation 
In this section the software implementation of six-phase motor drive control is described 

concisely. The software environment used and the program flow are discussed.  

5.2.1 Software Environment 

The software environment used to implement the control system is Xilinx C/C++ Software 

Development Kit (SDK). A screenshot of the SDK is shown in Figure 5.7. The programming 

language used in this implementation is C++.  

 

Figure 5.7: Xilinx SDK 

Computationally demanding but less time critical processes are written in the software and 

handled by the PowerPC processor in the FPGA. Time critical operations, on the other hand, 

are carried out using the dedicated IP modules as mentioned earlier. The control code together 

with the library of IP modules is programmed from the PC into the FPGA using a USB 

connection. The FPGA control system accepts measured inputs and control commands, giving 

control signals to the inverters as outputs.  
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Once the FPGA is programmed, real-time operation and monitoring of the drive is done using 

the ActiveDSP software on the PC. Figure 5.8 shows a screenshot of the software. The 

communication is done through the RS232 serial cable connected to the computer. 

 

Figure 5.8: ActiveDSP main window [51] 

Using the ActiveDSP interface, control commands can be sent to the FPGA and data can be 

read from the FPGA and displayed in the graph window. Moreover, the software enables the 

real-time logging of data [51]. This data can be saved and processed using other software 

tools such as Matlab. 

5.2.2 Program Structure  

The program flow and interrupt routines of the drive control system are shown in Figure 5.9. 

The start routine initializes the system and sets up the interrupt mechanisms. The control 

system is implemented in two main interrupt service routines: the fast interrupt routine and 

the slow interrupt routine. 

The fast routine handles tasks that should be executed as fast as possible. It interrupts once at 

every PWM switching period. Measurement and protection, flux model calculations, current 

control loops and modulation are implemented in this routine. 
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Figure 5.9: Program flow and Interrupts 
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In the slow routine, control tasks that are less time critical are executed. It uses a timer for the 

interrupt mechanism. The slow interrupt time is taken as ten times the fast interrupt time. 

Running of the state machine, and the outer flux and speed control are done in this routine. 

5.2.3 State Machine 

The state machine enables the program to accept commands and execute them when certain 

conditions are met. The drive system will be in a certain state determined by the operating 

conditions and status of the drive components. The sate machine, which is based on the 

DRIVECOM standard for drive controllers, is shown in Figure 5.10. This is basically the 

same state machine used in [11]. However, modification is made so that the drive can 

continue operation when there is fault in only one supply (DC link or inverter) while the other 

supply is healthy. 
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Figure 5.10: State machine of the six-phase motor drive 
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6 Simulation and Experimental Results 

6.1 Introduction 
In this chapter, the results of simulation and experimental work on the control of six-phase 

induction motor drive are presented. The aim of the work was to implement and test control of 

the drive during different operating conditions.  Various normal and faulty cases can be 

considered to test the system. In this thesis, the following cases are of major interest: 

1. Normal start-up and balanced operation,  

2. Operation with current asymmetries between the two 3-phase groups of the machine,  

3. Operation during supply asymmetries and faults, including low DC link voltage and 

loss of a DC link supply and/or an inverter.  

After theoretical modelling and control design, simulations were carried out. Digital 

simulation was used in Matlab Simulink/SimPowerSystems. This was used initially to verify 

the control methods before laboratory testing. Then experimental testing was done in the 

laboratory setup described in chapter 5. The main results obtained in simulations and 

experiments match for the operation cases in normal conditions and current asymmetries. For 

the case of supply faults, desirable results were obtained in the experiments. However, the 

results in the simulations of six-phase induction machine were not as expected. It is also 

worth mentioning that desirable results were obtained in a simulation of six-phase permanent 

magnet machine for all operating conditions. But, the results are not included in this thesis 

due to limitation of the scope. 

The parameters of the controllers in the system were determined in chapter 4. The theoretical 

values obtained have been tuned in the experiments to obtain better performance. The 

experimental values are given in appendix D. 

The results presented in this chapter, except those designated as simulation result, are 

experimental results. Real-time data was obtained using trigger mechanism in ActiveDSP 

logger and plotted in Matlab. In the time axis of the plots, negative values show the data 

before triggering and positive values show the data after triggering. In this chapter, emphasis 

is given to the presentation of experimental results. Only few of the simulation results are 

included. 
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6.2 SSFC Results 

6.2.1 Normal Operation 

During normal operation of the drive, the two 3-phase groups in the machine are operated 

with equal current references and supply voltages. Thus the power and torque is equally 

shared between them.  Due to the 30° displacement between the winding groups, quantities in 

phase 1 lead the corresponding quantities in phase 2 by 30°. The drive may be operated in 

either torque control mode or speed control mode. 

Response of the inner controllers in simulation is shown in figure 6.1. Initially the 

magnetization of the machine is using a flux controller is simulated. Then, a step torque of 0.8 

pu is applied at 0.5 sec. 

 

 

Figure 6.1: Simulation result: Response of current controllers during normal startup and operation 
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In the experimental test, the machine is initially magnetized along the stator a1-axis by 

applying the rated flux reference. The flux control variable used is ψR as defined in equation 

(4.4) in chapter 4.2.1. Setting ψR to 0.95 pu gives a rated flux (ψr) of 1.0 pu. The response of 

the flux controller is shown Figure 6.2. 

 
Figure 6.2: Flux controller response 

Figure 6.3 shows the response of the inner d-axis current controller during the flux build-up in 

the machine. Until the flux reaches the rated value, the controller output is at the saturation 

limit, which is set to 1.02 pu. At steady state, the d-axis current needed to maintain the flux is 

approximately 0.508 pu. This is determined by the value of the mutual inductance as evident 

from the equations of the flux model. 
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Figure 6.3: Inner d-axis current control during magnetization 

After magnetizing, the machine can be started in either torque or speed control mode. 

Response of the inner controllers during start-up with a step torque reference of 0.6 pu is 

shown in Figure 6.4. The q-axis current reference is obtained as 0.6316 pu from the torque 

reference. The DC link voltage inputs of both inverters are equal with a value of 500 V. 

 
Figure 6.4: Start-up and torque control in SSFC 

The machine stator phase currents during startup with 0.6 step torque are shown in Figure 6.4. 

The currents displayed in the figure are obtained after filtering using a two-point moving 
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average filter, which is a low pass filter with cut-off frequency of ca. 1 kHz.  From the 

magnitudes of the currents before start-up, it can be seen that the machine is magnetized along 

the stator a1-axis.  

 

Figure 6.5: Phase group 1 currents during start-up 

 

Figure 6.6: Phase group 2 currents during start-up 

The measured stator currents are shown in the oscillogram in Figure 6.7. The currents of only 

phases a1 and a2 are shown. Both currents have the same amplitude and frequency, but isa1 

leads isa2 by 30° as expected. The oscillograms of the inverter line voltages and the stator 

phase voltages are shown in Figure 6.8. 
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Figure 6.7: Oscillogram of stator currents [probe 1(yellow) - isa1, probe 3 (pink) - isa2] 

     
(a)      (b) 

Figure 6.8: Voltages (a) Line voltages – Usa1b1 and Usa2b2 , (b) Phase voltages – Usa1, Usa2 

In another test case, the machine was started in speed control mode under no load. The field 

voltage of the DC machine was set to zero, thus the only load to the induction machine is the 

inertial mass of the shaft. A step input of 0.4 pu speed gave the response in Figure 6.9. 
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Figure 6.9: Speed controller response in no load 

The response of the inner controllers during speed control is shown in Figure 6.10. It can be 

seen that the steady state electromagnetic torque and q-axis currents are small, just enough to 

rotate the rotor shaft and cover losses. The z2-axis currents are also very small because both 

phase groups have the same currents. 

 
Figure 6.10: Inner controllers during speed control 

6.2.2 Operation with Current asymmetries 

In this operating condition, the two 3-phase groups of the machine have different currents. 

Thus, they do not share the power equally. This operation case can occur only in torque 

control mode. 
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To investigate the control response and operation of the drive during current asymmetries, 

different torque references are given to the two 3-phase groups. The torque reference me,ref1 is 

reduced from 0.8 pu to 0.4 pu, whereas me,ref2 is kept at a value of 0.8 pu. The DC link 

voltages are kept at a value of 500 V. The q-axis current controller response shows that iq is 

controlled at a value determined by average of the two references. It is noted that the current 

iz2 increases from almost zero to 0.2 pu due to the imbalance in torque (q-axis currents) of the 

two phase groups. Since both phase groups share the magnetization equally (have the same d-

axis currents), iz1 is very small. The ideal value would be zero. 

 
Figure 6.11: Response of controllers during torque asymmetry 

The machine phase currents during asymmetrical operation are shown in Figure 6.12. The 

current magnitudes in phase group 1 are reduced, while current magnitudes in phase group 2 

are unaffected.  
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(a) 

 
(b) 

Figure 6.12: Currents during asymmetrical operation (a) phase group 1, (b) phase group 2 

The oscillograms in Figure 6.13 show that amplitude of phase 1 currents is reduced from 18.0 

A to 11.2 A. Phase 2 current amplitude remains constant at 18.0 A. The frequency of all stator 

currents is also reduced from 31.75 Hz to 22.94 Hz. This agrees with the reduction in rotor 

speed shown in Figure 6.14. 
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Figure 6.13: Currents isa1 and isa2 (a) before asymmetry, (b) after asymmetry 

 

Figure 6.14: Rotor speed during asymmetrical torque operation 
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6.2.3 Operation during Supply Faults 

The six-phase induction machine is normally supplied from two inverters with equal DC link 

voltage. However, variations and faults might occur, and it is important to ensure the system 

is robust to such faults. The cases studied in this work are differences in the DC link voltages, 

DC link under-voltage, trip of an inverter and turn off of a rectifier. These are taken into 

account in the system implementation and testing. 

Figure 6.15 shows the experimental result for DC link under-voltage and variations. In the test 

case, the drive operates in torque control with a reference of 0.6 pu. Rectifier 1 is supplied 

from the variable three-phase transformer, whereas rectifier 2 gets direct line supply. DC link 

2 is thus kept constant at 560 V. Initially DC link 1 is 450 V. Using the variable transformer, 

the supply for rectifier 1 is manually reduced to zero. This corresponds to approximately 0 – 5 

seconds in the time axis of the figure. The minimum acceptable DC link voltage was set to 

250 V. As soon as DC link 1 falls below this value, the torque limiter acts by reducing the 

torque reference meref2 which reduces the power delivered to phase group 2 to almost zero. If 

the DC link continues falling, meref1 takes on a negative value between (-0.1 pu and 0 based 

on the setting used here). This causes negative q-axis current (isq1) in phase group 1, and 

charging the DC link. Thus the DC link is kept charged. This avoids trip of inverter 1, which 

can continue supplying power to the machine after DC link 1 is restored. The references and 

currents of phase group1 (5 – 12 seconds) return to the pre-fault values when the supply of 

rectifier 1 increased back to normal. 

 
Figure 6.15: SSFC response to DC link variation and under-voltage 
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In another test case, the trip of one inverter during operation of the machine was investigated. 

Before the trip event, the machine is operated in torque control mode with a torque reference 

of 0.6 pu. Both DC link voltages have a value of 500 V. Inverter 2 is turned off, while inverter 

1 is kept operational. The results obtained are shown in Figure 6.16 to Figure 6.20. 

When inverter 2 is tripped, the current references and actual currents of phase group 2 go to 

zero. The machine continues to run, but with a reduced torque. The speed is also reduced 

given that the load stays the same before and after trip. The torque of the machine can be 

increased to a desired value as long as the current rating of phase group 1 is not exceeded. 

However, the torque capability is reduced by half since one of the phase groups is open. 

Current iz2 is induced because there is current asymmetry as a result of the trip. 

 

 
Figure 6.16: SSFC response during inverter trip, iq and iz2 

The air gap flux in the machine should be kept at the rated value even after inverter trip. This 

is done by increasing the d-axis current in the operating phase group (id1 in this case). Thus 

the total d-axis current id does not change due to the trip event. The iz1 is now induced because 

the d-axis currents of phase groups1 and 2 are different. 
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Figure 6.17: SSFC response during inverter trip: id and iz1 

 
Figure 6.18: SSFC response to inverter trip, Rotor flux 

Oscillograms of the isa1 and isa2 currents before and after the fault are given in Figure 6.19 and 

Figure 6.20 respectively. Currents in phase group 2 go to zero after trip, whereas phase group 

1 currents increase in amplitude and decrease in frequency. The amplitude change is due to 

increase in id1 to keep the rated flux. In this test case, id1 increases from 0.508 pu to 1.016 pu 

while iq1 is constant at 0.6 pu. This causes the peak value of the stator current to increase from 

0.786 pu to1.18 pu. The stator frequency reduction from 30.67 Hz to 11.0 Hz is in agreement 

with the decrease in torque and speed of the machine. 
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Figure 6.19: Stator currents before inverter trip 

 
Figure 6.20: Stator currents after inverter trip 

6.3 DSFC Results 
In this section the results obtained using DSFC control are presented. The operating 

conditions and the test cases are the same as in the corresponding SSFC tests presented in the 

previous section. This is done in order to compare the two control methods. 

6.3.1 Normal Operation 

The simulation results of inner controllers are shown in figure 6.21. The initial magnetization 

of the machine is simulated. Then, a torque reference of 0.8 pu is applied at 0.5 sec. 
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Figure 6.21: Simulation result: start-up and torque control in DSFCC 

In the experiment, the machine is magnetized to rated flux before start-up. The response of the 

flux controller is the same as in SSFC. This agrees with the fact that the outer flux controller 

is the same in both methods as described in chapter 4.3.3. However, the inner controllers used 

here are id1 and id2, instead of id. 
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Figure 6.22: Flux and d-axis current control in DSFC 

After magnetization, the drive was started in torque control mode. Applying a step torque 

reference of 0.8 pu gave the result shown in figure 6.23. The d-axis currents are also shown to 

indicate the effect on them by the torque control loop.  

 
Figure 6.23: Startup and q-axis current control in DSFC 

Operation of the drive in speed control mode was also tested. The speed controller response 

was found to be the same as in the SSFC result. This verifies that the speed control is the 
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same in both control methods. The difference is that the DSFC uses the inner iq1 and iq2 

controllers, whereas SSFC uses iq controller. 

6.3.2 Operation with Current Asymmetries 

The case of current/torque asymmetry was tested in DSFC method. The drive is in torque 

control mode. Torque reference 1 is reduced from 0.8 pu to 0.4 pu while torque reference 2 

remains constant at 0.8 pu. The responses of isq1 and isq2 controllers are shown in figure 6.24. 

 

Figure 6.24: Torque and current asymmetry 

Figure 6.25 shows the effect of the torque asymmetry on the isd1, isd2, isz1 and isz2 controllers. It 

can be seen that isz2 is induced due to the asymmetry. 
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Figure 6.25: d-axis and z-axis currents during torque asymmetry 

The rotor speed in the drive during torque asymmetry is shown in figure 6.26. The speed 

decreases as the total torque is reduced due to decrease in torque developed by phase group 1. 

 

Figure 6.26: Rotor speed during torque asymmetry 
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6.3.3 Operation during Supply Faults 

The effect of DC link voltage variations, rectifier turn off and inverter trip was investigated 

using similar test cases as in the SSFC tests of section 6.2.3.  

The test case for DC link voltage variations gave the results in figures 6.27and 6.28. Rectifier 

2 was supplied from ac line directly, keeping DC link voltage 2 constant at 560 V. Supply of 

rectifier 1 was reduced to zero and restored to normal after few seconds. Due to this DC link 

voltage 1 gets reduced from the pre-fault value (450 V). It does not go to zero because it is 

kept charged due to the control system. All quantities return to pre-fault values when the 

supply for rectifier 1 is increased back to normal. 

 

Figure 6.27: DC link under-voltage and change in torque references 
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Figure 6.28: DC link under-voltage and q-axis currents 

To test the effect of inverter failure on the system, inverter 2 was tripped while inverter 1was 

kept operational. The main results are shown in figures 6.29 and 6.30. The controller and 

phase currents in phase group 2 go to zero. The increase in the amplitude of phase group 1 

currents is because the remaining phase has to keep the rotor flux linkage at rated value. 

 
Figure 6.29: Response of current controllers to inverter trip 

 



 

85 

 

 
Figure 6.30: Phase currents (isa1 and isa2) during inverter trip  
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7 Discussion of Results 
7.1 Normal Drive Operation 
In normal operating conditions of the drive, both SSFC and DSFC methods gave comparable 

results. The theoretically calculated control parameters were tuned to improve the transient 

response. The performance parameters used are rise time, percent overshoot, settling time and 

steady state error. The rise time is taken as the time taken by the response to increase to 90% 

of the reference step input. The settling time the time the response takes to remain within 2% 

error of the step input. Using the designed control system and tuned parameters, the inner 

current controllers gave fast response with small overshoot. The responses were found to be 

stable. The response of outer controllers was found to be the same in both control methods.   

The response of the d-axis controllers in both control methods can be compared from figures 

figure 7.1 and 7.2. In both cases, the reference is increased as a step from 0.0 to 0.5 pu. 

Responses of the other controllers were compared in a similar way and found to be 

comparably good in both methods. 

 

Figure 7.1: SSFC - Performance of isd controller 
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Figure 7.2: DSFC - Performance of isd1 and isd2 controllers 

To compare the stator losses due to asymmetry between the two 3-phase groups, the 

currents in the (z1, z2) system were investigated. These currents are directly controlled 

in the SSFC method, whereas they can be obtained using transformations in DSFC. 

Ideally, these currents are zero in steady state during normal operation of the drive. 

These currents are, in reality, small but not zero since small imbalances between the 

phase groups can be expected. A comparison of the (z1, z2) system currents in the two 

control methods can be made from figures 7.3 and 7.4. The values in –ve time axis are 

for normal drive operation, whereas the +ve axis values are for asymmetrical torque 

operation. It is evident that the currents are similar in both control meth.ods 
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Figure 7.3: SSFC - (z1, z2) system currents 

 

Figure 7.4: DSFC - (z1, z2) system currents 

One main difference in the implementation of the two methods is the decoupling network. In 

SSFC, the full decoupling network based on the design equations is used. In DSFC, some of 

the decoupling terms are removed to minimize overshoot of the responses and improve 

control performance. However, the full decoupling in DSFC also gives stable response. 
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7.2 Operation during Asymmetries and Faults 

A comparison can be made between the responses of SSFC and DSFC to various asymmetries 

and fault cases. Current asymmetries, DC link under-voltage and variations, and inverter trip 

have been investigated.  

Both control methods work well and give comparable response during current asymmetries. 

The responses to DC link under-voltage and variations are also similar in both methods. This 

is the case both during speed and torque control modes. 

When one inverter is tripped during torque control mode, both SSFC and DSFC respond in 

similar way. However, the response in DSFC was found to be faster as it can be seen from 

figures 7.5 and 7.6. In both cases, the drive is operated with a torque reference of 0.6 pu 

before the fault. 

 

Figure 7.5: SSFC - Response to trip of inverter 2 in torque control mode 
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Figure 7.6: DSFC - Response to trip of inverter 2 in torque control mode 

When the drive is operated in speed control mode and an inverter trips, the DSFC method was 

found to respond well and the drive can continue operation using the remaining inverter 

supply. However, the SSFC method did not work as expected and resulted in trip of the non-

affected inverter. 

In general, the SSFC method was found to be more difficult to implement especially during 

asymmetries and faults. The actual system references and asymmetries come in the form of 

(d1, d2) and (q1, q2) quantities, but control is done in (d, q) and (z1, z2) system. This causes 

difficulty when the asymmetries in outer control variables need to be reflected in the inner 

controllers. SSFC method is also more computationally demanding due to the transformations 

needed between (d1, q1, d2, q2) and (d, q, z1, z2). These transformations are not necessary in 

the DSFC method. This can be seen from the structure of inner controllers in figure 4.2 and 

figure 4.8.  

7.3 Analysis of Ripple and Harmonics 

When the stator measured currents are converted to the synchronous d-q system, ripples are 

found to be superimposed on the DC values in steady state. These ripples were observed in 

both control methods in all operating cases of the drive. 

The buildup of ripples when the drive is started is demonstrated in figure 7.7. Before applying 

a torque reference of 0.8 pu, the machine had been magnetized. The d-axis current control 
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response is has almost zero ripple before the drive is started. When the drive is started, there 

are ripples in both d-axis and q-axis currents. Similar results were found in the DSFC method.  

 

Figure 7.7: Ripple in controlled currents before and after start-up [SSFC] 

The ripples were found to be strongly dependent on the rotor speed. To investigate this 

dependence, the ripple amplitude and frequency were measured at different speeds. The 

machine was run in torque control mode with a torque reference of 0.18 pu in all the cases. 

The load resistance connected to the DC machine was varied in order to vary the speed. The 

results found using DSFC method are given in table 7.1. 

Speed 
[pu] 

Fundamental stator 
frequency [Hz] 

Frequency of the main ripple 
components id1, id2, iq1 and iq2 [Hz] 

Peak-peak ripple 
in iq1 & iq2 [pu] 

Peak-peak  ripple 
in id1 & id2 [pu] 

0.075 5.63 53.73,    134.9 0.0303 0.0143 

0.13 9.75 58.65,     234.6 0.0425 0.028 

0.242 18.2 110.0,     437.0 0.0453 0.0355 

0.44 33.0 99.71,     199.4 0.0916 0.0581 

0.56 42.0 126.1,      252.2 0.1356 0.0808 

0.6 45.0 136.4,      227.3 0.21 0.1807 

Table 7.1: Current ripple frequency and harmonics as function of rotor speed 
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From analysis of the results presented in table 7.1, it was found that: 

 The ripples in both d- and q-axis currents increase with speed, 

 At low speed, the largest ripple component is 6th harmonic of the fundamental stator 

frequency, followed by the 24th harmonic,  

 At higher speeds (0.44, 0.56 and 0.6 pu in the table), the 3rd harmonic is the major 

component. A 6th harmonic is also observed (but 5th harmonic at 0.6 pu speed),  

For the test case described above, the ripples at speeds of 0.075 pu and 0.44pu are shown in 

figure 7.8 and figure 7.9, respectively. During the experiment, considerable vibration was 

observed in the drive when the machine is operated at higher speeds (greater than 0.4 pu) and 

light load. 

 

Figure 7.8: Current ripples at 0.075 pu speed [DSFC, 0.2 pu torque] 
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Figure 7.9: Current ripples at 0.44 pu speed [DSFC, 0.2 pu torque] 

In the simulation results, the ripple in the current controllers was not found to be dependent on 

speed of the machine. The magnitude is also very small. A sample of the control response is 

shown in figure 7.10. The result is from SSFC control at a torque of 0.8 pu. The steady state 

speed is 0.71 pu. The magnitude of the peak-to-peak ripple is approximately 0.012 pu in both 

id and iq.  The frequency of the ripple in id is about 3 times the fundamental frequency 

 
Figure 7.10: Simulation result: Ripple in current control [SSFC, torque control at 0.8 pu, 

speed 0.7 pu]  
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8 Conclusion and Further Work 
8.1 Conclusion 
Electric ship propulsion has recently gained considerable attention. Variable speed electrical 

drives, including multiphase drives, are of interest in this area of application. In this thesis, the 

modelling and control of a six-phase induction motor drive has been investigated. The 

modelling of six-phase induction machine using two different approaches was presented. 

Vector control techniques based on these two approaches were studied. The work included 

theoretical study, simulations and experimental implementation of the drive control system. 

The normal operation of the drive was investigated initially. The results showed that both 

SSFC and DSFC control methods give desired transient and steady state performance. Control 

of speed and torque of the machine has been achieved for different loading conditions, from 

no-load up to full-load. It was also found that the outer (flux and speed) controllers are the 

same in both control methods. The difference between the implementation of the two methods 

is in the inner (current) controllers. The simulation and experimental results are similar in this 

operating condition. 

Operation of the drive during current asymmetries and supply faults was also considered in 

the control design and testing. When there is current asymmetry in the two 3-phase groups of 

the induction machine, both SSFC and DSFC can control the drive as desired. This was the 

case for both simulations and experimental results.  

During DC link under-voltage and variations, the two methods give acceptable response. 

However, the response in DSFC was found to be faster than in SSFC method. In both 

methods, the affected DC link is kept charged at a desired level. This is needed so that the 

affected inverter does not trip, for example in the case of temporary failure in the supply of 

the DC link. When the supply is restored to normal value, the operation of the drive 

automatically returns to the pre-fault state.  

In the event loss of one inverter, the machine can continue to operate from the remaining 

healthy supply. The available torque and power is, of course, reduced to half of the total six-

phase machine rating. This has been achieved in both torque control and speed control modes 

using DSFC. The SSFC method can also handle this case in torque control mode, but this has 

not been achieved in speed control mode. From the results in this work, it can be concluded 

that better control of the drive is achieved using the DSFC method. It can handle the system 

asymmetries and faults in a better way than the SSFC.  
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8.2 Further Work 
In this work, the modelling of six-phase induction motor drive has been studied. The control 

system has also been designed and implementation in a laboratory setup. 

The following tasks could be considered for further work in the drive system: 

 Experimental identification of the six-phase induction machine parameters, 

 Investigation of the ripple and harmonics in the torque and currents of the drive, 

 Improvement of the SSFC method so that it can give desired performance during 

inverter trip when the machine operates in speed control mode. 

 Investigation of other modulation techniques, and the effect on current and voltages 

harmonics.  
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Appendix 

A Six-Phase Induction Machine Nameplate Data 
The manufacturer’s nameplate data of the six-phase induction machine used in the experiment 

are given in the table below:  

Parameter Explanation Value 

UN Nominal line to line voltage [Vrms] 400 V 

IN Nominal line current [Arms] 11.8 A 

fN Nominal frequency [Hz] 75 Hz 

p Number of pole pairs 2 

nN Nominal speed [mechanical rpm] 2235 rpm 

MN Nominal output torque [Nm] 50 Nm 

PN Nominal power output [kW] 11.7 kW 

cosφN Nominal power factor 0.77 

nMAX Maximum speed [mechanical rpm] 5000 

Table A.1: Six-phase induction machine nameplate data 
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B Per Unit system 
The per unit system used in the implementation of the system are given in The base 

(reference) values are based on the following three nominal quantities obtained from the 

nameplate of the six-phase induction machine given in Appendix A: 

1. UN, the nominal line-to-line voltage  

2. IN, the nominal stator line current 

3. fN, the nominal stator frequency 

Physical quantity Base quantity definition Value of base quantity 

AC Voltage 
3

2 N
n

UU ⋅=  326.6 V 

DC link voltage 
3

22,
N

ndc
UU ⋅⋅=  653.2 V 

Current Nn II ⋅= 2  16.7 A 

Impedance 
n

n
n I

UZ =  19.56 Ω 

Power NNn IUS ⋅⋅⋅= 32  16.351 kW 

Frequency Nn ff =  75 Hz 

Angular speed (electrical) Nn f⋅⋅= πω 2  s
rad  24.471  

Speed (mechanical) p
fn N

n ⋅= 60  2250 rpm 

Torque 
n

N
n

SpM
ω
⋅=  69.4 Nm 

Flux linkage 
n

n
n

U
ω

=Ψ  0.693 Wb 

Table B.1: Per unit system  
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C Six-Phase Induction Machine Equivalent Circuit Parameters 
A method of calculating three-phase induction machine circuit parameters from the nameplate 

data is given in [44]. The method uses inverse-Γ equivalent model of induction machine. This 

method is adapted to estimate parameters of the six-phase induction machine. Only the stator 

resistance was estimated experimentally using DC resistance measurement and averaging the 

phase resistances. Experimental identification of the other parameters is beyond the scope of 

this work. The values are scaled according to the per unit system used in this thesis. 

 

Parameter Value [pu] 

rs 0.031 

rR 0.0068 

xs  2.086 

xσ 0.2175 

xH 1.8685 

σr 0.0566 

 

Table C.1: Circuit parameters of six-phase induction machine 
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D Control Parameters 
The PI controller time constants in the following tables are expressed as the sampling time 

divided by the actual time constant for digital implementation. The sampling times are given 

in each table. 

Parameter Value 

Kpd 0.15 

Kpq 0.13 

Kpz1 0.1 

Kpz2 0.1 

Ts_div_Tid 0.07 

Ts_div_Tiq 0.045 

Ts_div_Tiz1 0.04 

Ts_div_Tiz2 0.04 

Tsamp,i (1/3000) sec 

fc,i 1 kHz 

Table D.1: SSFC current controller parameters 

Parameter Value 

Kpd1 0.12 

Kpq1 0.12 

Kpd2 0.12 

Kpq2 0.12 

Ts_div_Tid1 0.050 

Ts_div_Tiq1 0.050 

Ts_div_Tid2 0.050 

Ts_div_Tiq2 0.050 

Tsamp,i (1/3000) sec 

fc,i 1 kHz 

Table D.2: DSFC current control parameters 
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Parameter Value 

Kψ 18.11 

Ts_div_Tiψ 0.035 

Kn 12.0 

Ts_div_Tin 0.082 

Tsamp (1/300) sec 

Table D.3: Parameters of outer (flux and speed) controllers 
 

 

Parameter Value 

fsw 3 kHz 

Tv 0.1667 ms 

ust,max 1.15 

Table D.4. Inverter parameters 
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E Additional Results in SSFC 
I. Speed Control 

 

Figure E.1: Speed control during load disturbance 
Speed control under load disturbance with speed control at 0.5 pu is given above. Load torque 

is varied by varying the field voltage of the DC machine. 

II. Rectifier turn off and DC link loss 

 

Figure E.2: Rectifier turn off and on 
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III. Inverter trip 
 

 

Figure E.3: Phase currents and voltages after trip of inverter 2 
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F Additional Results in DSFC 
I. Speed control 

 

Figure F.1: Speed control in loaded machine 
 

 

Figure F.2: speed control during load disturbance 
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II. DC link undervoltage 

 

Figure F.3: Torque references during DC link undervoltage 
 

 

Figure F.4: Currents during DC link undervoltage 
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