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Abstract 
The purpose of the work presented in this report was to continue the study of a six 
phase dual winding IPMSM with split dc-link conducted in [1]. The setup has been pro-
posed as a means to improve the power ratings of ship-propulsion motors by increasing 
the number of stator windings, and thereby avoiding the problem of phase current limita-
tions. The addition of a split dc-link gave the system increased redundancy and reliabil-
ity by making the three phase inverter for each winding group capable of independently 
receiving power from separate sources.  

 

The simulations performed in [1] showed unsatisfactory response in crucial fault situa-
tions that directly influence the machines reliability and redundancy. In order to improve 
the systems response to these faults a new control structure proposed by [2], have 
been constructed to replace the Double Synchronous Frame Current Control (DSFC) 
used in [1]. This new control structure is named  Decoupled Six-Phase Current Control 
(DSPC) and utilizes the rotating vector space decomposition, to be introduced later, in 
order to successfully control both the (d,q) and (z1,z2) subsystem. Classical dq current 
controllers were used to regulate both subsystems. 

 

The work has focused on understanding, developing and comparing the control strategy 
for such a machine, by theoretical modelling, analysis and analogue simulations of the 
machine and control structure. The new decoupled control structure will be analyzed 
and compared to the results of the DSFC structure. The simulations were used to verify 
the machines ability to perform under normal operations, as well as its response to cer-
tain fault situations. Particular effort has been made to study the transient effects of 
asymmetric torque limitations and dc-link undervoltage on the system. 

 

The simulations carried out showed that the new control structures ability to respond to 
changes in torque reference, during normal operation, were satisfactory. The control 
structure was able to quickly follow the torque reference and split the load evenly on the 
two inverters. This was done without excitation of the (z1,z2) subsystem. 

 

The simulations of the system response to asymmetric torque limitations also gave sa-
tisfactory results when including the decoupling elements for both subsystems. The di-
rect and quadrature axis currents were rapidly regulated to their new steady state val-
ues for both inverters. This was done without considerable overshoot, and without en-
dangering the integrity of the two inverters. 

 

However, the system response to low dc-link voltage shows a need to implement addi-
tional control features in order to make the system successfully respond to a low dc-link 
voltage. This is in particular true for the step in dc-link voltage, where a large initial cur-
rent peak may cause the trip of the motor drive. 

  

It should be stressed that these are the results of analogue simulations, not including 
the effect of a digital control structure and the disturbance introduced by inverter switch-
ing. 
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Acronyms 
Acronyms Explanation 

IPMSM Interior Permanent Magnet Synchronous Machine 

DSFC Double Synchronous Frame Current Control 

DSPC Decoupled Six-Phase Current Control 

TVSD Traditional Vector Space Decomposition 

RVSD Rotating Vector Space Decomposition 

PWM Pulse Width Modulation 

SVPWM Space Vector Pulse Width Modulation 

VCT Vector Classification Technique 

Table 1: Acronyms used in the text 
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List of parameters 
Parameters, subscript and superscript used in the text. Lower case parameters indicate 
pu values. Bold specify matrixes, while underline represent vectors.  
 

Parameter Explanation 

s Parameter referred to stator 

r Parameter referred to rotating reference system 

SR Parameter referred to both stator and rotor, (vector containing 
several parameters referring to both stator and rotor) 

z Parameter referred to z axis 

T Transposed 

* The conjugated 

Table 2: Superscript used in the text 

Parameter Explanation 

d Real axis of Park transform 

q Imaginary axis of Park transform 

o Zero system of Park transform 

k Order of harmonic component 

s Stator winding 

r Rotor winding 

a, b, c Phases of 3-phase system 

d,q The two axis of the (d,q) subspace 

z1,z2 The two axis of the (z1,z2) subspace 

01,02 The two axis of the (01,02) subspace 

f Field winding 

N Rated 

n Basis 

ph Phase 

rms Root mean square 

1 Parameter related to control system 1 

2 Parameter related to control system 2 

σ Leakage 

dc Direct current 

ref Reference value 

max Maximum allowed value 

c Decoupling element 

Table 3: Subscript used in the text 
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Parameter Explanation 

θshift Used to define angular difference between two basis vectors 

Sk Vector used to obtain the basis vectors used in TVSD 

Sk,modified Vector used to obtain the basis vectors used in RVSD 

U Voltage 

I Phase current 

TL Transformation matrix introduced in [6] 

Rs Stator resistance 

Rr Rotor resistance  

Lsσ Stator leakage inductance, per winding 

Lrσ Rotor leakage inductance, per winding 

Lm  Magnetizing inductance 

θr Rotor angular position  

N Number of turns 

Ts Sampling period 

tk Dwell time 

ψ Flux linkage 

L Inductance 

J Moment of inertia 

Ω Angular velocity, mechanical  

θmech Angle, mechanical 

p Number of pole pairs 

Me Electric torque 

ML Load torque 

Lg Position dependent leakage inductance matrix 

Lsf, Lfs Mutual inductance matrix between stator and field winding 

Tr Transformation matrix 

J Matrix J 

θ Angle, electrical 

ω Angular velocity, electrical 

P Power 

Ф Phase angle 

S Apparent power 

f Frequency 

xr Inductive reactance matrix 

Tm Mechanical time constant 
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n Rotational speed of the rotor 

xd Direct axis reactance 

xq Quadrature axis reactance 

xsσ Stator leakage reactance, per winding 

xfσ Field winding leakage reactance 

xdh Direct axis mutual reactance 

xqh Quadrature axis mutual reactance 

Ua0, Ub0, Uc0 Inverter bridge leg voltages, with respect to                  
the dc-link negative terminal. 

ust Control voltage  

α Average time the upper bridge leg switch is on,               
within a switching period 

ς Voltage space vector angle 

Ust Control voltage vector, containing control signals for           
all three phases 

ψm Rotor Magnet flux 

fs Synchronous frequency 

T Torque 

hoi Open loop transfer function 

Kpd Gain factor in current controller direct axis 

Kpq Gain factor in current controller quadrature axis 

Kpz1 Gain factor in current controller z1 axis 

Kpz2 Gain factor in current controller z2 axis 

Tid Time constant of the direct axis controller 

Tiq Time constant of the quadrature axis controller 

Tiz1 Time constant of the z1 axis controller 

Tiz2 Time constant of the z2 axis controller 

Td Time constant direct axis 

Tq Time constant quadrature axis 

Tz1 Time constant z1 axis 

Tz2 Time constant z2 axis 

Tsum Sum of all small time constants 

Tv Average time delay of inverter and modulator 

fsw Switching frequency [Hz] 

ulimit Output limit from the PI regulators. 

Table 4: Parameters used in the text 
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1 Introduction 

The aim of this thesis is to examine a six-phase machine and develop a suitable control 
system for the purpose of introducing it onboard offshore vessels. The propulsion sys-
tems onboard such vessels are often varying in layout and complexity depending on the 
application of the ship. Important concepts for most of these systems utilizing electric 
drives are redundancy, reliability and power ratings. Traditionally these are ensured by 
having several three-phase motors, connected to the onboard grid, driving one or several 
propellers. By utilising a six phase engine, the power rating of a motor can be greatly im-
proved as the phase current limitations due to the converter are removed.  

 

The motor consists of two traditional three phase windings, 30 degrees shifted and elec-
trically isolated from each other. These winding groups are driven by two separate in-
verters, fed from separate dc-links. With this setup, the motor should have the capacity 
to utilize one set of windings even though the other has failed. However, because the 
two winding groups are magnetically linked, a fault concerning one winding group will 
affect the other. In order to take advantage of the added reliability and redundancy intro-
duced by this setup, the control system must be robust enough to cope with faults of this 
nature. That is, a fault occurring in one three phase group should be controlled in such a 
manner that it does not cause the breakdown of the other three phase group.  

 

In [1] a double synchronous frame current control with classical dq-current controllers 
was used to drive the two inverters. This is equivalent of controlling the two inverters 
separately without taking into consideration that they are in fact linked. Results from the 
simulations showed that the control system was flawed in such a way as to be inherently 
prone to oscillations between the two current controllers in situations regarding faults oc-
curring in one three phase group. These oscillations had the potential of affecting the 
other three phase group, as it lead to increased phase currents.  

 

In this thesis, a new control system based on the concept of a common control for both 
three phase groups is to be designed and evaluated. The main focus will be on the re-
sponse of the given system during specific faults capable of forcing the inverters into dif-
ferent states. In particular this means fault capable of changing the dc-link voltage or put 
limitations on the amount of current each inverter is able to handle. The performance of 
the new system will be compared to the results of the double synchronous frame current 
control. This will be treated both theoretically and in simulations. 
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2 Background and Theory 

2.1 Six-phase IPMSM layout 

A six phase IPMSM (Interior Permanent Magnet Synchronous machine) consists of its 
rotor and its stator. The rotor is made from a permanent magnet, while the stator is con-
structed from six windings distributed across the 360 degree perimeter.  

There are several ways in which one may distribute the six windings in the stator. In this 
report, one has chosen to use two identical three-phase winding sets. For each set the 
windings are distributed 120 degrees apart. The two sets have a displacement of 30 de-
grees with respect to each other. In addition the neutral points of the two three phase 
windings are kept electrically isolated from each other. This setup has proved to elimi-
nate the sixth harmonic pulsating torque component [3], as well as prevent the excitation 
of the (01,02) subspace, see chapter 2.3.1. 

 

A simplified scheme of the six-phase IPMSM is shown in Figure 2.1. 
 

 

 

Figure 2.1: Simplified scheme of the six-phase IPMSM layout, showing rotor 
magnets and two three-phase groups 30° shifted [13]. 

 

2.2 Clark and Park transformation 

The Clark transformation is often used to model and control a three-phase machine. It 
takes the three stator voltage and currents and transforms them into a spatial phasor re-
presentation. The transformation is accomplished by applying the following transforma-
tion to the voltage equations describing the physical model of the machine [4].  
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s
sd a
s
sq b
s
0 c

2 1 1U U
1

U 0 3 3 U
3

U 1 1 1 U

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

 (2.1)

 

Assuming symmetrical stator windings, the sum of currents are zero. This gives, as will 
be shown in chapter 3.2.1, no zeros system voltage excitation. Resulting in a two dimen-
sional control system instead of a three dimensional 

 

By also applying the Park transformation the (d,q) system is transformed from a statio-
nary reference frame to a synchronous rotating reference frame [5].  
 

r s
sd sd
r s
sq sq

U Ucos sin

U Usin cos

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

 (2.2)

 

The relations between the stationary reference frame and the rotating reference frame is 
illustrated in Figure 2.2. 

 

 

 

 

Figure 2.2: Transformation between the stationary reference frame and the rotating 
reference frame. 
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2.3  Vector Space Decomposition 

The dual three-phase induction machine is a six-dimensional system since six indepen-
dent currents are allowed to flow in the general case. This makes the control of the ma-
chine in the original reference frame very difficult. Geometrically, it requires the position-
ing of a vector on a certain surface in the six dimensional vector space, and rotating it at 
a desired speed. 

In order to simplify the control of such a machine it would be advantageous to decom-
pose this vector space into several orthogonal sub-systems in which one sub-system 
contains all the electromechanical energy conversion. This can be achieved by applying 
a proper transformation which maps the vectors representing the original system into a 
new reference frame. This is the same logic that is applied in the more familiar Clark 
transformation.  

 

2.3.1 Traditional Vector Space Decomposition 

In 1995 Yifan Zhao and Thomas A. Lipo introduced a powerful new method of controlling 
such a machine using Vector space decomposition [6].  The method is based on a vector 
ܵ௞ which Yifan Zhao derives in [7]. The vector is determined from the given winding dis-

tribution in fig Figure 2.1 and enables us to obtain the basis vectors for the new refer-
ence frame. This vector is given in a somewhat modified version below [8]. 
 

 

k shift

k shift

k shift

k shift
k shift

k shift

k shift

cos k( )

cos k( )
6
4

cos k( )
6

, 5
cos k( )

6
8

cos k( )
6

9
cos k( )

6

kS

   
     
 
 

    
 

    
    

 
     

 
      

 (2.3)

 

Here k ൌ ሺ1,3,5ሻ denotes the order of harmonics associated with the given vector and 

k shift    is the angular positions in respect to the winding axis of phase one. By insert-

ing different values of k, k and shift one can obtain the basic vectors for the new refer-

ence frame. 

  

Two orthogonal vectors, namely d and q, can be obtained from (2.3) by mapping the first 

harmonic with chosen k 0  and shift 0,
2


  . 
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 1 1

1 0

13
22

1 3

2 2d 0,0 0,
123
22

1 3

2 2
0 1

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

              
   
   
    

   
      

     q =S S  (2.4)

 

By mapping the 3 and 5 harmonic with adequate k and shift the remaining four basis 

vectors are obtained. 
 

   1 3 2 3 1 5 2 5

1 0

13
1 0 22
0 1 1 3
1 0 2 20,0 0, Z 0,0 Z 0,
0 1 16 23

21 0 2
1 30 1
2 2

0 1

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

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

   
      

0   0      S S S  S   

                             (2.5) 
 

It has been shown in [7] that these vectors are orthogonal for k=1,3,5 and                     
0 ൑ ሺ k shift   ሻ ൑  Thus the three vector spaces spanned by these basis vectors will .ߨ2

be orthogonal to each other.  

 

The transformation of the coordinate vectors with respect to the basis{ 1 2 1 2 1 2a , a , b , b , c , c } 

into the new reference system with basis { 1 2 1 2d, q, z , z , 0 , 0 } can now be expressed as: 
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L

3 1 3 1
1 0

2 2 2 2

1 3 1 3
0 1

2 2 2 2
1 3 1 3 1

1 0
3 2 2 2 2

1 3 1 3
0 1

2 2 2 2
1 0 1 0 1 0

0 1 0 1 0 1

T

 
   

 
 

  
 
 

     
 
 

  
 
 
 
 

 (2.6)

 

By choosing the scaling factor to 
ଵ

ଷ
 rather than 

ଵ

√ଷ
 as in [7], the length of the space vector 

in the two dimensional space becomes equal the peak of the phase current. Because the 
column vectors are mutually orthogonal, the inverse matrix  ௅ܶ

ିଵ exists. 

 

Another point worth mentioning is that the voltages for the (01,02) subspace becomes 
zero if the stator windings have double neutral point as shown in Figure 2.3. 

 

 

Figure 2.3: Separate neutral point for the two winding groups 

 

This is easily verified by applying the same argument as in chapter 2.2 on both winding 
groups, assuming symmetrical windings in the stator. The resultant system is a four di-
mensional system, and the control of the dual three-phase machine is further simplified 
[6]. 
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2.3.2 Rotating Vector Space Decomposition 

Based on the transformation resulting from the vector space decomposition, the system 
can be controlled as a whole by controlling the (d,q) and (z1,z2) subsystem. In order to 
control both of these subsystems it is necessary to transform the AC quantities into DC 
quantities so that linear control system theory can be utilized. This will be done for the 
fundamental harmonic component. 

 

In order to obtain these DC quantities, modifications were made to the original ܵ௞ vector. 

The modified ܵ௞ vector is given below [9]. 
 

 

 k shift

k shift

k shift

k shift
k shift

k shift

k shift

cos k( )

cos k( )
6

4
cos k( )

6
, 5

cos k( )
6

8
cos k( )

6

9
cos k( )

6

k,modifiedS

   
 

        
 

        
 

            
         

         

 (2.7)

 

In [1] it was shown that the resulting (d,q) reference vector from the traditional vector 
space decomposition method was rotating in the same direction and speed as the rotor, 
i.e. coinciding with the traditional (d,q) reference vector from the Clark transformation. 
The (z1,z2) reference vector was however found to rotate in the opposite direction of the 
(d,q) reference vector, with the same speed. These findings will be discussed in further 
detail later in the report, but the result will be utilized here to construct the new transfor-
mation matrix based on the modified ܵ௞ vector. 

 

As stated earlier, the angular position in respect to the winding axis of phase one is given 
by ߠ௞ ൅  ௦௛௜௙௧ is used to give the angular difference between the two basis vectorsߠ .௦௛௜௙௧ߠ

constituting the base for the given subsystem. This angle should be 
గ

ଶ
 as the two axes 

should be orthogonal to each other. In the vector (2.7) this angle is multiplied by the vari-
able k, and this needs to be taken into consideration when choosing the angle. By 
choosing the ߠ௞variable for the (d,q) subsystem to be equal to the rotational speed and 
direction of the rotor, the basis vectors for this subsystem will follow the rotation of the 
(d,q) reference vector, thus giving stationary values in steady state for the first harmonic 
component. 

 

The choice of harmonic components in each of the three subsystems has not been 
changed, thus the new basis for the (d,q) subsystem can be written as. 
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 1 1

cos( ) sin( )

cos( ) sin( )
6 6
2 2

cos( ) sin( )
3 3

d ,0 ,5 5
2cos( ) sin( )

6 6
4 4

cos( ) sin( )
3 3

3 3
cos( ) sin( )

2 2

     qS = S

     
         
   
    

     
                 
  

       
  

          

 








 (2.8)

 

 

The (z1,z2) reference vector was found to rotate in the opposite direction of the (d,q) ref-
erence vector. By following the same logic as for the (d,q) subsystem, the k variable for 

the (z1,z2) subsystem is set to k   . This results in the following four basis vectors. 
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6
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               

        

 sin

sin
6

5
sin

3

, 5
2 sin

6

sin
3

3
sin

2

    
 

       
 

       
                

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

                 (2.9)      
 

It is vital that the properties of the original transformation, such as the basis vectors be-
ing mutually orthogonal, are kept in this new transformation. This is to ensure that the 
three subsystems are in fact independent of each other and that the inverse transforma-
tion exists. Although not shown in the thesis, this has been verified for the vectors given 
above by calculating the inner product of these vectors.  

 

The transformation of the coordinate vectors with respect to the basis{ 1 2 1 2 1 2a , a , b , b , c , c } 

into the new reference system with basis { 1 2 1 2d, q, z , z , 0 , 0 } can now be expressed as: 
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                                 
         

             
   

T

 

4
cos cos

6 3 2

5 5 3
sin sin sin sin sin sin

6 3 6 3 2

1 0 1 0 1 0

0 1 0 1 0 1

 
 
 
 
 
 
               

      
                                    

          
 
 
  

                

(2.10)

 

 

For voltages this becomes. 

d sa1

q sa2

z1 sb1r
ss

z2 sb2

01 sc1

02 sc2

U U

U U

U U

U U

U U

U U

   
   
   
   

   
   
   
   
      

=T  (2.11)

The inverse matrix is then given as:  
 

 

 

1

cos sin cos sin 1 0

7
cos sin cos sin 0 1

6 6 6 6

2 2 2 5
cos sin cos sin 1 0

3 3 3 3

5 5 11
cos sin cos sin

6 6 6

r r
ss ss

    
      

      

    


  

                   
       
                   
       

                
     

T T 5
0 1

6

4 4 4
cos sin cos sin 1 0

3 3 3 3

3 3 3
cos sin cos sin 0 1

2 2 2 2



      

      

 
 
 
 
 
 
 
 

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

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

               

(2.12)

 

 

2.4 Space Harmonic Components 

Most industrial motors today are driven by some sort of motor drive, controlling the 
speed, torque and sometimes the position supplied by the motor. For ac motors this is 
often achieved by controlling an inverter which outputs ac voltage by using a given 
switching strategy. However, the use of switches to generate the set of voltages does not 
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give us true sinusoidal voltages. Instead the voltages can be seen to contain higher fre-
quency components that are harmonics of the fundamental frequency. 

 

For a six phase dual winding machine with stator windings positioned as shown in Figure 
2.1 the harmonic components of the phase voltages can be written as follows.  
 

     
     
     

0
1,k 2,k1,k 2,k

0 0
1,k 2,k1,k 2,k

0 0
1,k 2,k1,k 2,k

a i cos k wt a i cos k wt 30

b i cos k wt 120 b i cos k wt 150

c i cos k wt 240 c i cos k wt 270

                       

            

            

      

       

       

 

 

 

 (2.13)

 

With k stating the order of time harmonic, and being a natural number (k ൌ 1,2,3,4..). 

 

In [7] it was shown that the transformation matrix given in equation (2.6) mapped these 
harmonics into different subspaces depending on the frequency of the given harmonic. 
For instance, the kth order time harmonics with k ൌ 12m േ 1 ሺm ൌ 0,1,2,3, … ሻ were 
mapped into the (d,q) subspace, while the harmonics with k ൌ 6m േ 1 ሺm ൌ 1,3,5, … ሻ  
and k ൌ 3m ሺm ൌ 1,2,3, … ሻ were mapped into the (z1,z2) and (01,02) subspace respective-
ly. The harmonics found to be mapped into the (d,q) subspace by [7], corresponds exact-
ly to the space harmonics for a dual six-phase machine [10]. Therefore this subspace will 
produce all the rotating MMF in the machine air gap and contain the electromechanical 
energy conversion. This is analogous to the three phase machine, where the kth order 
time harmonics with k ൌ 6m േ 1 ሺm ൌ 0,1,2,3, … ሻ are mapped into the (d,q) subspace, 
corresponding exactly to the space harmonics for that machine. The remaining time 
harmonics, mapped into the (z1,z2) and (01,02) subspace, does not correspond with the 
stator space harmonic of the six-phase machine and will not contribute to the energy 
crossing the air gap. Because of this, the excitation of these two subsystems will lead to 
circulating stator current harmonics, contributing only to the total loss of the machine. 

 

However, the analysis performed in [7] assumes that the amplitude of the bridge leg vol-
tages from the inverters to the two three phase groups is always the same for corres-
ponding phases. As will be shown later, this is not always the case for the setup given in 
this thesis. Examples of these cases could be fault situations where low dc-link voltage 
or current limitations affects only one of the two three-phase inverters. 

 

It is also of interest to see, not only the harmonic components in the stationary reference 
frame, but the effect the rotation of the subsystems has on the harmonic components. 
The harmonic analysis have therefore been repeated based on the rotational transforma-
tion provided by equation (2.10) and without the assumption of equal bridge leg voltage 
amplitudes for corresponding phases (phase a1 corresponding to phase a2).   

 

Including every harmonic component from the fundamental up to the 19 harmonic, the 
mapping of the harmonics into the rotating (d,q) and (z1,z2) subspace can be seen in Ta-
ble 5 and Table 6. It is assumed that the two voltage space vector reference angles are 
equal as we are considering steady state operation. 
 

 

 

 



  
Modelling and Control of Six-Phase Machines 

 

12 

 

 

k d q 

1    1,1 2,1
1

i i cos t
2
         1,1 2,1

1
i i sin t

2
      

2 
    1,2 2,2

1
i cos 2 t i sin 2 t

2
           1,2 2,2

1
i sin 2 t i cos 2 t

2
        

3 0 0 

4 
    1,4 2,4

1
i cos 4 t i sin 4 t

2
           1,4 2,4

1
i sin 4 t i cos 4 t

2
       

5    1,5 2,5
1

i i cos 5 t
2

         1,5 2,5
1

i i sin 5 t
2
       

6 0 0 

7    1,7 2,7
1

i i cos 7 t
2

         1,7 2,7
1

i i sin 7 t
2

      

8 
    1,8 2,8

1
i cos 8 t i sin 8 t

2
           1,8 2,8

1
i sin 8 t i cos 8 t

2
        

9 0 0 

10 
    1,10 2,10

1
i cos 10 t i sin 10 t

2
           1,10 2,10

1
i sin 10 t i cos 10 t

2
       

11    1,11 2,11
1

i i cos 11 t
2
          1,11 2,11

1
i i sin 11 t

2
        

12 0 0 

13    1,13 2,13
1

i i cos 13 t
2
          1,13 2,13

1
i i sin 13 t

2
       

14 
    1,14 2,14

1
i cos 14 t i sin 14 t

2
           1,14 2,14

1
i sin 14 t i cos 14 t

2
        

15 0 0 

16 
    1,16 2,16

1
i cos 16 t i sin 16 t

2
           1,16 2,16

1
i sin 16 t i cos 16 t

2
       

17    1,17 2,17
1

i i cos 17 t
2
          1,17 2,17

1
i i sin 17 t

2
        

18 0 0 

19    1,19 2,19
1

i i cos 19 t
2
          1,19 2,19

1
i i sin 19 t

2
       

Table 5: Harmonic components mapped into the rotating (d,q) subspace with all 
harmonics up to the 19th present in the stator windings. 
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k z1 z2 

1    1,1 2,1
1

i i cos t
2
         1,1 2,1

1
i i sin t

2
       

2 
    1,2 2,2

1
i cos 2 t i sin 2 t

2
           1,2 2,2

1
i sin 2 t i cos 2 t

2
       

3 0 0 

4 
    1,4 2,4

1
i cos 4 t i sin 4 t

2
           1,4 2,4

1
i sin 4 t i cos 4 t

2
        

5    1,5 2,5
1

i i cos 5 t
2

         1,5 2,5
1

i i sin 5 t
2

      

6 0 0 

7    1,7 2,7
1

i i cos 7 t
2

         1,7 2,7
1

i i sin 7 t
2

       

8 
    1,8 2,8

1
i cos 8 t i sin 8 t

2
           1,8 2,8

1
i sin 8 t i cos 8 t

2
       

9 0 0 

10 
    1,10 2,10

1
i cos 10 t i sin 10 t

2
           1,10 2,10

1
i sin 10 t i cos 10 t

2
      

11    1,11 2,11
1

i i cos 11 t
2
          1,11 2,11

1
i i sin 11 t

2
       

12 0 0 

13    1,13 2,13
1

i i cos 13 t
2
          1,13 2,13

1
i i sin 13 t

2
        

14 
    1,14 2,14

1
i cos 14 t i sin 14 t

2
           1,14 2,14

1
i sin 14 t i cos 14 t

2
       

15 0 0 

16 
    1,16 2,16

1
i cos 16 t i sin 16 t

2
           1,16 2,16

1
i sin 16 t i cos 16 t

2
      

17    1,17 2,17
1

i i cos 17 t
2
          1,17 2,17

1
i i sin 17 t

2
       

18 0 0 

19    1,19 2,19
1

i i cos 19 t
2
          1,19 2,19

1
i i sin 19 t

2
        

Table 6: Harmonic components mapped into the rotating (z1,z2) subspace with all 
harmonics up to the 19th present in the stator windings. 
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In a sinusoidal PWM, the even harmonics can be avoided by choosing to synchronise 
the switching frequency to be an odd integer multiple of the fundamental frequency [17]. 
Also for other PWM methods that are quarter wave symmetric the even harmonics will 
not be present in the stator. In [7] the even harmonics have been excluded from the 
transformation, but in Table 5 and Table 6 they have been included in order to give the 
full picture of the mapping of harmonics into the (d,q) and (z1,z2) subspace. 

 

It can be seen from Table 5 and Table 6, that if the even harmonics exists in the stator, 
they will be present in the (d,q) and (z1,z2) subspace. The exception is the harmonics that 
are multiple of three, which will be mapped into the (01,02) subspace. 

 

As seen from Table 5 and Table 6 the (d,q) and (z1,z2) subspace have the same proper-
ties as described in [7]. That is, if we exclude the even harmonics, disregard the rota-
tional transformation (i.e. ߠ ൌ 0)  and assume that the voltages from inverter one have 
the same amplitude as the voltages from inverter two (i.e. ଓሶመଵ,௞ ൌ ଓሶመଶ,௞).  

 

If we however include the possibility of the two inverters operating at different states, the 
voltage amplitude of one inverter will not correspond to the amplitude of the other inver-
ter. In this case it can be seen from Table 5 and Table 6 that the harmonic elements 
mapped into the (d,q) and (z1,z2) subspace includes the following elements k ൌ 6m േ
1 ሺm ൌ 0,1,2,3, … ሻ. For the (d,q) subsystem, this means that the harmonics that previous-
ly were mapped only into the (z1,z2) subspace are now included in this subsystem. 

 

In Table 6 it can be seen that the (z1,z2) subspace can now be excited as a consequence 
of two separate incidents. One being that there exists the following stator harmonics in 
any of the two three phase groups: k ൌ 3m േ 1, where m is every natural number not a 
multiple of 4. The other, and far more important for the control strategy presented later, is 
that there exists a difference between the following corresponding harmonics from inver-
ter one and two; k ൌ 12m േ 1 ሺm ൌ 0,1,2,3, … ሻ. This means that the excitation of the 
(z1,z2) subspace corresponding to the electromechanical energy conversion harmonics 
(1,11,13,23,25...) can be linked directly to the difference between the amplitude of the 
corresponding  harmonic phase voltages for the two three phase groups. The signific-
ance of this will be more thoroughly discussed for the fundamental harmonic later in the 
thesis.  

 

Including the rotational transformation (i.e. ߠ ൌ  the resulting harmonics mapped into (ݐ߱
the rotating (d,q) and (z1,z2) subspace can be seen to change their frequency. Firstly the 
fundamental frequency is changed into dc components for both subsystems. This is ex-
pected as the rotational transformation is designed to do precisely that. It can also be 
seen that for the higher harmonics, two and two harmonics are being mapped into the 
harmonic frequency in between them for both the (d,q) and (z1,z2) subspace. That is, the 
sum of the 5th and 7th harmonic is being mapped into the two subsystems with a frequen-
cy that corresponds to the 6th harmonic. So, for the rotating (d,q) and (z1,z2) subspace 
the following harmonics can be seen; k ൌ 3m ሺm ൌ 1,2,3, … ሻ. 

 

For illustration purposes the harmonic components have been plotted for one axis from 
each subsystem, namely the direct and z1 axis, for different scenarios. This was done by 
doing a Fourier analysis on a phase current containing all the harmonic frequencies. The 
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amplitudes of all the harmonics was set to 1, except for the case of different amplitudes 
where it was set to 1.5 and 0.5 respectively.  

 

In the model presented in chapter 3.1.1 only the fundamental space harmonic is included 
so that only the 1st order time harmonic gives a contribution to the average torque.   

 

 

Figure 2.4: Harmonic components mapped into the (d,q) and (z1,z2) subspace with 
all harmonics up to the 25th present in the stator windings. 
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2.5 PWM Control Strategies 

The goal of all PWM control strategies is to effectively impose the reference stator vol-
tage generated by the control system into the (d,q) subsystem. The control strategy 
should also try to limit the voltage excitations in the (z1,z2) and (01,02) subspace by keep-
ing the average voltage vectors generated close to zero [11]. Assuming double neutral 
point and symmetrical windings, (01,02) subspace is not excited.  

 

To achieve these goals, a six legged two level inverter using space vector pulse width 
modulation (SVPWM) has 26=64 switching configurations. These inverter voltage vectors 
can be mapped in the (d,q) and (z1,z2) reference plane as shown in Figure 2.5  

 

 

Figure 2.5: Inverter voltage vectors projected on (d,q) and (z1,z2) plane [6]. 

 

The numbers on each switching configuration show the switching state of the inverter as 
a binary number. 

 

In order to generate the reference voltage space vector given by the control system, the 
(d,q) plane is divided into 12 equal size sectors. During each sampling period Ts the 
PWM modulator must choose a certain number of vectors (n) depending on the current 
sector in which the reference voltage lies. It must also allocate dwell time tk to each vec-
tor to comply with the following equation [11]. 
 

n

k s
k 1

t T


  (2.14)

 

The reference voltage space vector for the (d,q) subsystem is, according to [11], given 
as: 
 



  
Modelling and Control of Six-Phase Machines 

 

17 

 

1

2

n n

k ,d k sd,ref s k ,z k
k 1 k 1

n n
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u t u T u t 0

                              

                              

 

 

    

    

 

 
 (2.15)

 

2.5.1 Vector space decomposition technique 

This strategy, introduced in [6], uses four vectors selected from the outermost polygon 
and one zero vector as shown in Figure 2.6. The chosen vectors are given from the posi-
tion of the reference voltage. 

 

 

Figure 2.6: Chosen PWM vectors in the (d,q) and (z1,z2) plane respectively [11]. 

 

This method ensures excellent voltage output capability in the (d,q) subspace by utilizing 
the largest voltage vectors available in that subspace. In addition it gives ample opportu-
nity to minimize the excitation in the (z1,z2) subsystem as the corresponding voltage vec-
tors spans out to cover this system. These vectors also have the minimal amplitude 
which contributes to keeping the (z1,z2) subsystem excitation small. 

 

2.5.2 Vector classification technique 

Instead of using one six leg inverter, the authors of [12] propose to use two three legged 
inverters controlled by two separate modulators. This method, called the Vector classifi-
cation technique (VCT), builds on the knowledge from Vector space decomposition. The 
exact same transformation into the (d,q) subsystem given by vector space decomposi-
tion technique, is possible to obtain by using the Clark transformation on the two sepa-
rate symmetric three-phase systems. One of the transformations must then be shifted 
30° in order to compensate for the spatial difference between the two three-phase 
groups. The two identical space vector modulators each receive a voltage reference 
space vector with 30° angle displacement, as pictured in Figure 2.7.  
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Figure 2.7: The reference voltage space vector applied to modulator 1 and 2 
respectively [12]. 

 

The use of two three phase inverters introduces two sets of (d,q) systems. Using the 
Clark transformation described above these can be represented as: 
 

s s
d1 a1 d2 a2
s s
q1 b1 q2 b2

01 c1 01 c2

2 1 1U U U 3 3 0 U
1 1

U 0 3 3 U U 1 1 2 U
3 3

U 1 1 1 U U 1 1 1 U

           

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

 (2.16)

 

For the simulations presented in this report the same principle as the vector classification 
technique will be utilized to construct the analogue counterpart of the PWM control strat-
egy. 

 

2.6 Current relations 

The two new (d,q) systems introduced by the vector classification technique, (d1,q1) and 
(d2,q2), needs to be controlled in order to successfully govern the machine. To do so, re-
lationships between the (d,q), (z1,z2) subsystems from the RVSD and the (d1,q1), (d2,q2) 
systems from the VCT needs to be established.  

 

Comparing the VCT transformation with the transformation of the Traditional Vector 
Space Decomposition technique gives the following relation for voltage, current and flux-
es, exemplified with voltages:  
 

s s s
d d1 d2
s s s
q q1 q2

U U U1

U U U2

               
            

 (2.17)

 

By applying the traditional Park transformation to the VCT transformation and comparing 
the results with the Rotating Vector Space Decomposition the relation given in equation 
(2.17) can also be found to exist in the rotating coordinate system. 
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(2.18)

 

 

The remaining relations can now be derived by studying the transformation matrix given 

in equation (2.18). Here the 1, 3 and 5th column in row one gives us 
 Uౚభ

౨

ଶ
  as these are the 

stator related elements from winding one, see equation (2.11). The same elements are 
seen on the 1, 3 and 5th column in row three, allowing us to make the connection be-

tween U୸ଵ
୰  and Uୢଵ

୰ . By realizing that 
 Uౚమ

౨

ଶ
 is a result of the elements in the 2, 4 and 6th 

column in row one and comparing the rest of the elements in the same manner in row 1, 
2, 3 and 4 the following relations can be obtained [9]. 
 

1

2

r r r r
r rd1 d2 d1 d2

sd z

r r r r
q1 q2 q1 q2r r

sq z

U U U U
U U

2 2

U U U U
U U

2 2

 
 

  
 

               

               

 (2.19)

 

These relations can be seen to coincide with the results of the harmonic analysis per-
formed in chapter 2.4. That is, the equations for both the (d,q) and (z1,z2) subsystems 
seen above, are the same as the governing equation for these subsystems seen in the 
time harmonics corresponding to the space harmonics in the machine (i.e. k ൌ 12m േ
1 ሺm ൌ 0,1,2,3, … ሻ ). See Table 5 and Table 6. Equation (2.19) can therefore be said to 
be valid for the torque creating harmonics found in the stator. The equations can be ma-
nipulated into: 
 

1 2

1 2

r r r r r r
d1 sd z q1 sq z

r r r r r r
d2 sd z q2 sq z

U U U U U U

U U U U U U

   

   

               

               
 (2.20)

 

The exact same relationship can be used to describe the corresponding currents and 
fluxes. 

 

2.7 (z1,z2) subsystem 

The Rotating Vector Space Decomposition technique leaves us with three two-
dimensional subsystems instead of one six phase system. The (d,q) and (01,02) subsys-
tem should be familiar to most readers as they are also used in the traditional control of a 
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three phase machine through Clark and Park transformations. The (z1,z2) subsystem 
however might not be so intuitive, and as a consequence this section will try to summar-
ize and explain the different aspects of this system.  

 

As mentioned in chapter 2.4 the (z1,z2) subsystem can in the general case contain the 
following stator space harmonic components k ൌ 3m േ 1ሺm ൌ 0,1,2, … ሻ. These harmon-
ics are seen by the rotating (z1,z2) subsystem as having the following frequencies; 
k ൌ 3m ሺm ൌ 0,1,2 … ሻ. The harmonics can be split into two groups by differentiating on 
how they are formed.  

 

The first group consists of the following stator harmonic components: k ൌ 3m േ 1, where 
m is every natural number not a multiple of 4. The excitation of the (z1,z2) subsystem by 
these harmonics is simply relying on the fact that they exist in the stator. Furthermore, 
these space harmonics does not contribute to the generated electromechanical energy 
conversion as they do not coincide with the time harmonics of the six-phase dual winding 
stator. Excitation in the (z1,z2) subsystem caused by these harmonics is therefore syn-
onymous with currents circulating in the stator, creating losses and not contributing to the 
generated mechanical torque on the shaft. It is therefore preferable under normal condi-
tions that this part of the (z1,z2) subsystem is not excited. 

 

The second group of space harmonics contains the following components, related to the 
stator k ൌ 12m േ 1ሺm ൌ 1,2,3, … ሻ. These harmonics will be present in the (z1,z2) subsys-
tem, given that there exist a difference in amplitude between the two phase groups for 
that specific harmonic, see Table 6. This difference in amplitude can arise for different 
reasons including faults limiting the performance of one inverter, and drift resulting from 
controlling the two inverters separately without correcting for the deviation that might ac-
cumulate over time. Given that these harmonics are present in the (z1,z2) subsystem, 
there will be a difference in torque delivered by the two inverters as these harmonics cor-
respond directly with the time harmonics of the six-phase dual winding stator [10]. This 
part of the (z1,z2) subsystem can in other words be used to detect and control the differ-
ence of load sharing between the two inverters. It should be pointed out that in later 
chapters, dealing with control theory, only the fundamental harmonic is used for this pur-
pose.  

 

So from a physical perspective, the excitation of the (z1,z2) subsystem in steady state is 
synonymous with the existence of harmonics with a specific frequency (k ൌ 3m േ 1, m is 
a natural number not multiple of 4) and/or the existence of a difference in amplitude be-
tween certain corresponding harmonics (k ൌ 12m േ 1ሺm ൌ 1,2,3, … ሻ) in the two three-
phase groups. 

 

In [1],[13] the following equation was derived.  
 

 1 2 s* s*z1 i ( t ) i ( t )dc1 dc2
z st1 st 2 1 2

z2

U U U1 1
U u e u e U U

U 2 2 2 2
                  

  
 (2.21)

 

It gives the relation between the excitation of the (z1,z2) subsystem and the dc-link volt-
age Udc, inverter control voltages ust and the voltage space vector angle ς. In short it 
states that a sufficiently high difference between the dc-link voltages, uncompensated by 
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the inverter control voltages, will lead to an excitation of the (z1,z2) subsystem [1]. From 
this equation it can also be seen that when the (z1,z2) subsystem is excited, it will rotate 
with the same speed as the voltage space vectors, but in the opposite direction. This 
means it will be rotating with the speed of the rotor and (d,q) subsystem, but in the oppo-
site direction. This is shown in Figure 2.8 with ς1≠ς2 for illustration purpose. 

 

 

Figure 2.8: ܢ܃ with ς1≠ς2 [1] 

 

In the previous chapter the relationship between the currents in the (z1,z2) subsystem 
and the currents governing the two inverters was found to be.  
 

1 2

r rr r
q1 q2r rd1 d2

z z

i ii i
i i

2 2

 
                  (2.22)

 

As can be seen from equation (2.22), the currents iz1 and iz2 in the (z1,z2) subsystem is 
directly related to the respective divisions of direct and quadrature axis current. That is, if 
part or whole of the (z1,z2) subsystem is excited, there will be a difference in the amount 
of torque or magnetizing current supplied from the inverters. This fact will be used in the 
control philosophy to actively control the division between the two inverters in certain 
fault situations.   
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3 Modelling 

3.1 PM machine 

3.1.1 Six- phase IPMSM Physical Model 

The model given in this section is based on [8] with certain modifications. The model is 
based on the following assumptions:  

 All windings give a sinusoidal distributed magnetic field around the air-gap of 
the machine, i.e. only the 1. harmonic component of the field is modeled. The 
windings are represented with concentrated coils. 

 The stator windings are all equal, however, with different directions of winding 
axis 

 Resistances and inductances are assumed to be independent of temperature 
and frequency 

 Magnetic saturation is neglected 

 Iron and eddy current losses are neglected 

 Assuming symmetrical inductance matrix 

 

In this report, only the scaled (per unit) model transformed to rotor-coordinates is pre-
sented in its whole. This derivation was also conducted in [1], and is included here be-
cause of the different basis and result. 

 

3.1.1.1. Electromagnetic System 

In a six-phase machine there are six voltage equations in the stator and one for the rotor. 
This can be written in matrix-form as: 

SR
SR SRSR d

U R I
dt


    (3.1)

The flux is given as: 
 

SR SRSR ( ) IL       (3.2)

 

Where the voltage, current and flux linkage vectors as well as the resistance and induc-
tance matrix can be found in appendix A.1. 

 

3.1.1.2. Mechanical System 

The equations for the speed and position are given as: 
 

mech
e L mech

dd
J M M p

dt dt
                   


         (3.3)
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The torque Me can be expressed as: 
 

   
SR SRT TSR SR SR SR

e
mech

1 p
M I I I I

2 2

L L 
       

 
 (3.4)

 

3.1.2 Transformation of Physical model 

3.1.2.1. Transformation Matrix 

In order to simplify the model of the six-phase IPMSM, the transformation matrix from 
chapter 2.3.2 is utilized. This method, first introduced in [6] and later modified in [8] and 
in the given thesis, transforms the two three phase groups into three two dimensional 
orthogonal subspaces; (d,q), (z1,z2) and (01,02). The modifications introduced in chapter 
2.3.2 allows us to make the transition from physical equations to the rotating orthogonal 
subspaces named (d,q) and (z1,z2), in one transformation. It should be noted that the 
(01,02) subspace is not transformed into a rotating reference frame as this subspace is 
proved to not be excited in the given configuration. 

 

The rotating (d,q) subsystem in reference to the two three phase groups is shown in Fig-
ure 3.1.  

 

 

Figure 3.1: Rotating (d,q) system in relations to the physical windings in a six-
phase IPMSM [13].  

 

The transformation is achieved by applying the following relation to the IPMSM Physical 
Model presented above.  
 

r
r ss

r
rr
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0

T
T
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 
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 (3.5)
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The  ࢀ௦௦
௥ component of the transformation matrix changes the reference frame of the 

stator related equations from stator to rotor and transforms the (d,q) and (z1,z2) subspace 
into a rotating reference frame.
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(3.6)

 

 

The ࢀ௥௥
௥ component of the transformation matrix is essentially the Identity matrix since 

the rotor related voltage and flux equations already have the rotor as a reference frame. 
 

r
rr 1T   (3.7)

Applying the new transformation matrix: 

 rr r r
r SR r r rr r SR r r r r

d d d
U U I I

dt dt dt

T T
T T R T T   R  T   

 


 
               

 

By introducing the matrix J, this can be written as: 

r r
r r r r rr r rd d d

U I I
dt dt d

T
  R J   ,   L   ,    ,  J T

 
           


(3.8)

 

The voltage, current and flux vectors, along with the resistance, inductance and J matrix 
is given in appendix A.2. 

 

The torque can, according to [8] be expressed by help of the transformed coordinate 
vectors as: 
 

       
SR SR SRT T T TSR SR r r r rr r r r

e

p p p
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This can be transformed into the following equation: 

   Tr r
e d q q dM 3 p I 3 p I I J              (3.9)
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3.1.2.2. Introducing the PU system 

The basis for power in the AC-machine is usually the total power into the stator winding 
in steady state, when voltages and currents are of sinusoidal shape (or cosine). If aver-
aging the power in each winding over one fundamental period, the power rated input 
power can be written as: 
 

phN phN
sN N phN,rms phN,rms N

ˆ ˆU I
P 6 cos 6 U I cos

2


          (3.10)

 

The apparent power, which is used as basis for power in AC machines becomes: 
 

phN phN
N phN phN phN,rms phN,rms N N

ˆ ˆU I ˆ ˆS 6 3 U I 6 U I 2 3 U I
2


             (3.11)

 

Here UN is the rms value of the line voltage in one of the two three-phase groups. The 
current is the rms-value of the current in one winding. As we understand we can have 
half the current rating pr. phase in a 6-phase machine compared with a 3-phase machine 
of same voltage and power rating.  

 

We have 6 windings in the machine, which means that 6 basis voltages, currents and 
flux linkages have to be chosen when scaling the model. The rated pr. phase peak val-
ues are used as basis values in the stator windings: 
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(3.12)

 

As we can see the product of the basis voltage and current in each winding becomes 
equal the basis for power (adding the stator windings gives 6 times): 
 

dn dn qn qn z1n z1n z 2n z2n 01n 01n 02n 02n ph ,N N
ˆ ˆU I U I U I U I U I U I U I              (3.13)

 

The scaling of the power in to the stator is then given as: 
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             

 
(3.14)

 

By applying this, the electromagnetic system can be written as: 
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r
r r r r rr r

n

d1
u r i n i

dt
   J             x  


         


 (3.15)

 

Where xr is given in appendix A.2. 

 

The basis for pu-torque is: 
 

phN phNN N
n n phN

N n n

ˆ ˆU IS S ˆ ˆM p 3 p 3 p I


         
  

 (3.16)

 

This gives the pu torque as: 
 

 d q q de
e d q q d

n n phN

3 p I IM
m i i

ˆ ˆM 3 p I

      
       

  
 (3.17)

 

The mechanical time constant is:  
 

2
N

m
N

J
T

S


  (3.18)

 

The model for the mechanical system then becomes: 
 

m e L n mech

dn d
T m m n / p

dt dt
                      


          (3.19)

 

3.1.3 Transformed Six- phase IPMSM Model 

When applying both the transformation matrix and the PU system the model can be writ-
ten in component form. In the final model, the damper windings can be removed and the 
voltage equation for the field winding Ldf * If can then be substituted by Ψm. For the rest of 
the report the superscript r will not be used to state that a parameter is expressed using 
the rotating (d,q) or (z1,z2) subsystem. Instead it will be assumed that it is implicit.  
 

 

qd
d s d q q s q d

n n

z1 z2
z1 s z1 z2 z2 s z2 z1

n n

01 02
01 s 01 02 s 02

n n

dd1 1
u r i n u r i n

dt dt

d d1 1
u r i n u r i n

dt dt

d d1 1
u r i u r i

dt dt


           

 
 

           
 

 
       

 

        

    

                 

 (3.20)
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d d d m q q q

z1 s z1 z2 s z2

01 s 01 02 s 02

d dh s q qh s

x i x i

x i x i

x i x i

x x x x x x

                              

                                    

                                    

        

 

 

 

       

     
     

   

 (3.21)

e d q q d

m e L n mech

m i i

dn d
T m - m n / p

dt dt
                      

     


       

 (3.22)

 

The new model with rotated (d,q) and (z1,z2) subspace introduces new decoupling ele-
ments in the (z1,z2) subspace when compared to the model in [1] where only the (d,q) 
subspace is rotated. The extra set of decoupling elements will be dealt with more tho-
roughly in the control section, see chapter 4.2. 

 

It should be noted that the currents in the (z1,z2) and (01,02) subspace can become quite 
large if the systems are excited. This is due to the fact that they are only limited by the 
stator resistance and leakage reactance, as shown in equation (3.20) and (3.21). 

 

It is important to note that in a healthy machine, with two three-phase windings electrical-
ly insulated, the sum of currents in each three-phase group is zero. This means that the 
zero-system can be omitted in the model, while they are not excited [13]. See chapter 
2.3.1. 

 

3.2 Inverter modell 

3.2.1 Continuous model of 2-level inverter 

As previously mentioned, this report will utilize two three phase inverters in order to con-
trol the six-phase machine. To accomplish this one needs a model of the three-phase 
inverter. 
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Figure 3.2: Three-phase 2-level inverter. 

 

A three-phase inverter makes it possible to control the voltages at the bridge leg of the 
inverter. The implementation of this as a continuous model is described below.  

 

The phase voltages of the motor can be expressed as: 
 

a0 b0 a b

b0 c0 b c

c0 a0 c a

U (t) U (t) U (t) U (t)

U (t) U (t) U (t) U (t)

U (t) U (t) U (t) U (t)

  
  
  

 (3.23)

 

For motors with symmetrical stator windings, i.e. equal resistance in each phase and 
similar windings, only 120o displaced around the periphery of the stator, the zero system 
in the dq0-model becomes [13]. 
 

   

s 0
0 s 0

n

0 a b c 0 a b c

x di
u (t) r i

dt

1 1
u (t) u (t) u (t) u (t) i (t) i (t) i (t) i (t)

3 3
      

   


       

 (3.24)

 

Assuming that the motor has symmetrical stator windings, ݑ଴ሺݐሻ will become zero. The 
equation (3.23) and (3.24) then gives us the following relationship between bridge leg 
voltages and motor phase voltages. 
 

 

 

 

a a0 b0 c0

b b0 c0 a0

c c0 a0 b0

1
U (t) 2 U (t) U (t) U (t)

3
1

U (t) 2 U (t) U (t) U (t)
3
1

U (t) 2 U (t) U (t) U (t)
3

    

    

    

 (3.25)
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This result also applies to six-phase machines, provided that we have separate neutral 
point for the two phase windings, an assumption made in chapter 2.1. The zero system 
will then only influence the three-phase group it belongs to, and the zero system voltage 
will become zero for a symmetrical three-phase system [13]. 

 

The implementation of the PWM-modulator for the 3-phase inverters is made such that 
the average time the upper switch in a bridge leg is on (dau=1) within a switching period, 
is given as (i.e. αa = the average time of dau=1). 
 

 

       

       

       

 

au a sta st st s

0 0
bu b stb st st s

0 0
cu c stc st st s

a0 dc a b0 dc

1 1 1
d t 1 u (t) 1 u cos( ) 1 u cos( t)

2 2 2
1 1 1

d t 1 u (t) 1 u cos( 120 ) 1 u cos( t 120 )
2 2 2
1 1 1

d t 1 u (t) 1 u cos( 240 ) 1 u cos( t 240 )
2 2 2

U (t) U (t) t U (t) U

           

             

             

      b c0 dc c(t) t U (t) U (t) t  

 
(3.26)

 

 

One then obtains. 
 

0dc dc
a st b st

0dc
c st

U (t) U (t)
U (t) u cos( ) U (t) u cos( 120 )

2 2
U (t)

U (t) u cos( 240 )
2

                             

    
(3.27)

 

Where the voltage space vector reference is given as: 
 

ref stU u cos( )    (3.28)

 

The inverter is then modelled as a vector ௦ܷ௧ containing the modulated voltage space 

vector reference for all three phases (see equation (3.29) for signals including 3rd har-

monic injection), multiplied with 
Uౚౙሺ୲ሻ

ଶ
  and including a time delay. The time delay of the 

inverter, due to switching, is set to be half the periodic time ௩ܶ ൌ
ଵ

ଶכ௙ೞೢ
. 

  

3.3 DC-link 

In order to achieve satisfactory redundancy on the equipment, the dc-link is split in two. 
In this way, each of the two 3-phase inverter has its own dc supply, and can be powered 
from separate sources. This is shown in Figure 3.3. 
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Figure 3.3: Two three-phase 2-level inverters with separate dc-links [13] 

 

In order for the motor to fully take advantage of the split dc-link, it must be able to con-
tinue operating even after a fault causes one of the dc-link voltages to drop. To success-
fully test the operation of the model in a situation with low dc-link voltage, it is necessary 
to implement a system in which the operation of the dc-link can be simulated. In a situa-
tion with a sufficiently low dc-link voltage the control system will force the machine into 
generator mode for that particular three phase system. In order to take this into consid-
eration in the analogue model, the dc-link needs to be able to receive energy from the 
converter and change the dc-link voltage accordingly. The system was therefore con-
structed as a stiff grid supplying a capacitor through a resistor. See Figure 3.4. This sys-
tem will be implemented for the simulations regarding the low dc-link voltage, see chap-
ter 5.4. 
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Figure 3.4: Dc-link 

 

3.4 PWM Modulator 

The control voltages usta, ustb and ustc for a 3-phase PWM modulator with 3rd harmonic 
injection are generated as follows: 
 

sta st

0
stb st

0
stc st

1
u (t) u cos( (t)) cos(3 (t))

6

1
u (t) u cos( (t) 120 ) cos(3 (t))

6

1
u (t) u cos( (t) 240 ) cos(3 (t))

6

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

 (3.29)

 

The control signals for a six phase machine then becomes: 
 

 

sta1 st1 1 1

0
stb1 st1 1 1

0
stc1 st1 1 1

0 0
sta2 st2 2 2

1
u (t) u cos( (t)) cos(3 (t))

6

1
u (t) u cos( (t) 120 ) cos(3 (t))

6

1
u (t) u cos( (t) 240 ) cos(3 (t))

6

1
u (t) u cos( (t) 30 ) cos(3 (t) 30 )

6

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

 

 

0 0
stb2 st2 2 2

0 0
stc2 st2 2 2

1
u (t) u cos( (t) 150 ) cos(3 (t) 30 )

6

1
u (t) u cos( (t) 270 ) cos(3 (t) 30 )

6

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

 (3.30)

 

This method introduces a 3rd harmonic to all phase voltages, while the line voltages re-
mains the same, because the same 3rd harmonic is introduced in all six phases. By intro-
ducing 3rd harmonic injection, the upper limit for linear relations between ust and the 1 
Harmonic component of the phase voltage is increased from 1.0 pu for sinusoidal PWM 

to 
ଶ

√ଷ
 pu for sinusoidal PWM with 3rd harmonic injection. 
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Using over-modulation it is possible to obtain higher voltages, but this causes a non-
sinusoidal output and will not be considered in this report. In the simulations ust will be 
limited to its linear range.  
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4 Control of six-phase IPMSM 

In this chapter the control structure DSFC, presented in [1], will be explained before tho-
roughly going through the new control structure proposed in this report. The discussions 
in this chapter will be limited to the 1st harmonic component. 

4.1 Double synchronous frame current control 

The control philosophy cited in the following section is based on [14] and the work car-
ried out by Roy Nilsen in [13]. For further details on this control strategy see [1]. 

 

 
Figure 4.1: Double synchronous frame current control for six-phase dual winding 
machine [1]. 

 

The motor is controlled by applying two separate torque references, one for each inver-
ter. These references pass through separate torque reference chains which is identical 
to the ones featured in the new control system, except for the current transformation 
block. There is also a decoupling network in place, responsible for providing the coupled 
elements in the dq subsystem, given from equation (4.1). 

 

The control strategy utilizes two current controllers, both operating in the (d,q) subsystem 
and controlling one inverter each. The goal of the control philosophy is to be able to use 
controller 1 to control id1, iq1 and controller 2 to control id2, iq2 separately by using ud1, uq1 
and ud2, uq2 respectively. The relation between the governing voltages and the measured 
currents can be seen in equation (4.1).  
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d d1 d d2
d d1 d2 s d1 q q1 s d2 q q2

n n

q q1 q q2
q q1 q2 s q1 d d1 m s q2 d d2 m

n n

x di x di
2 u u u r i n x i r i n x i

dt dt

x di x di
2 u u u r i n x i n r i n x i n

dt dt

                
 

                    
 

         

  

 

                       

(4.1) 

As can be seen from this equation the d and q axis are coupled. This is however not a 
significant problem, as decouple elements can be made and used in a forward connec-
tion in order to cancel out the effect of the coupled elements. The governing equation 
can then be written as follows.  
 

d d1 d d2
d d1 d2 s d1 s d2

n n

q q1 q q2
q q1 q2 s q1 s q2

n n

x di x di
2 u u u r i r i

dt dt

x di x di
2 u u u r i r i

dt dt

          
 

          
 

    

 (4.2)

 

However, there exists a more severe problem with this control structure. By studying eq-
uation (4.2) it can be seen that an attempt to control iq1 with uq1 inevitably will affect iq2 as 
well. This in turn invokes the controller responsible for regulating iq2 which will counter 
the effect of the first controller, thus leading to dangerous oscillations in the system. 
These oscillations could contain high frequency components as the derivatives of the 
currents are included, with 

୶ౚ

ன౤
ا rୱ. These oscillations where observed in [1] and is given 

in Figure 4.2. 
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Figure 4.2: Close up of transient direct and quadrature axis current response to 
negative step in torque reference 2, using DSFC, with decoupling and time delay 
enabled [1]. 

 

 

 

The reason for these oscillations could be explained by taking into account the fact that 
in this control structure two regulators are trying to control one half each of the total (d,q) 
subsystem. Considering the Transformed Six- phase IPMSM Model given in equation 
(3.20), it is evident that only the whole voltages ud and uq from the total (d,q) system is 
controlling the motor. By splitting the control of this system into four voltages ud1, ud2, uq1, 
uq2 and using two regulators, both in the (d,q) subsystem, to control one half each of the 
direct and quadrature axis currents, you create a potential for oscillations between the 
two regulators.  

 

It must be stressed that these oscillations may only occur in situations requiring that the 
two inverters operate at different states, such as certain fault situations where their cur-
rent reference or dc-link voltage differs. 
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4.2 New control structure 

The control philosophy cited in the following section is made based on the idea of Roy 
Nilsen [2].  

 

 

Figure 4.3: New control structure for six-phase dual winding machine. 

 

4.2.1 Torque reference chain 

The control of the six-phase IPMSM is carried out utilizing two analogue current control-
lers, each controlled by separate current reference signals. These signals are given 
through two separate torque reference chains consisting of a current calculator, a torque 
limiter and a current transformation block. The function of these components will be dis-
cussed in the following. 

 

4.2.1.1. Torque limiter 

The torque limiter gives torque reference limits to the current calculator in the event of 
over- and undervoltage on the dc-link, and in the case of overspeed in the rotor. If one of 
the dc-links drops below a certain threshold, the torque limiter will change the quadrature 
axis current of the corresponding three phase system into a negative value. This will 
force the three phase system into generator mode in order to pump up the dc-link vol-
tage. It is important that the undervoltage regulators threshold voltage is not set to high, 
as this might affect the normal operations of the motor drive. However, if it is set to low, it 
will allow for a too low dc-link voltage without changing the reference value. In the simu-
lations performed in chapter 5 the threshold limit is set to 650 V. The torque limiter is im-
plemented in order to secure safe operating conditions for the system as a whole. 
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4.2.1.2. Current calculator 

In order to obtain the correct stator current references, for the current transformation 
block, two current calculators were applied. The current calculators applied in this control 
scheme employ the torque reference signal from the torque limiter and the torque creat-
ing flux from the decoupling element, see chapter 4.2.4. By dividing the torque reference 
with the given flux you obtain the reference signal for isq. The reference signal for isd is 
naturally zero since this is a permanent magnet motor and we disregard situations re-
quiring field weakening. 

 

When supplying the control currents reference signal, it is important that this reference 
does not make the inverters supply a current that is beyond the safe operating conditions 
of the system. For this purpose limitations are added to the reference signal. These limi-
tations come from the torque limiter or from an internal process in the current calculator, 
depending on who has the strictest limitations. This last method is based on the assump-
tion that we know the maximum stator current allowed in the motor. It is then possible to 
use the following relation to find the maximum allowable q-axis current 
 

iୱ୯,୰ୣ୤,୫ୟ୶ ൌ ට൫iୱ,୫ୟ୶൯
ଶ

െ ൫iୱୢ,୰ୣ୤൯
ଶ

 (4.3)

 

 

4.2.1.3. Current transformation 

The Current transformation block is used to transform the reference signal from the Cur-
rent calculators into reference signals for the dq and z1z2 current controllers. This is 
achieved by using the relation between iq1, id1, iq2, id2 and iq, id, iz1, iz2 given by equation 
(4.4) 
 

1

2

d1,ref d2,ref d1,ref d2,ref
d,ref z ,ref

q1,ref q2,ref q1,ref q2,ref
q,ref z ,ref

i i i i
i i

2 2
i i i i

i i
2 2

               

               

 
 

  
 

 (4.4)

 

4.2.2 Current controllers 

In order to control the two three-phase inverters, two current controllers are used. These 
will be used to control the (d,q) and (z1,z2) subsystems and will be referred to as dq con-
troller and z1z2 controller. The current controllers consist of two disconnected PI-
regulators operated in parallel, each controlling one of the axes of the given subsystem. 
This is shown for the z1z2 controller in Figure 4.4 . 
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Figure 4.4: z1z2 Current controller layout  

 

4.2.2.1. Control strategy 

The goal of the new control philosophy is to control id1, iq1, id2 and iq2 by using the voltag-
es ud, uq, uz1 and uz2. This is obtained through letting the dq current controller control id, iq 
and the z1z2 current controller control iz1, iz2. The currents are controlled by using ud, uq 
and uz1, uz2 respectively. The relation between the governing voltages and the corres-
ponding currents can be seen in equation (4.5).  
 

1

1 1 2

2

2 2 1

zd d s
d s d q q z s z s z

n n

zq q s
q s q d d m z s z s z

n n

dix di x
u r i n x i u r i n x i

dt dt

dix di x
u r i n x i n u r i n x i

dt dt

                 

    







             
 

               
 

 (4.5)

 

As can be seen from equation (4.5), the two subsystems both have internal coupled eq-
uations. In order to control each axis of the two subsystems separately it is necessary to 
remove this disturbance. A forward connection from the decoupling network is therefore 
utilized, cancelling out the effect of the decoupling elements. The correlation between the 
controlling voltages and the given currents then become. 
 

1

1 1

2

2 2

zd d s
d s d z s z

n n

zq q s
q s q z s z

n n

dix di x
u r i u r i

dt dt

dix di x
u r i u r i

dt dt

         

         





       
 

       
 

 (4.6)

 

Where the decoupling elements are given as: 
 

1 2

2 1

d,c q q z ,c s z

q,c d d m z ,c s z

u n x i u n x i

u n x i n u n x i

                 

       

 





      

          (4.7)
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Considering equation(4.6), it is clear that a properly tuned PI regulator should have no 
problem controlling any of the four currents by means of the four available voltages.  

 

The correlation between the controlled currents id, iq, iz1, iz2 and the four currents control-
ling the two converters are given by the following equation.  
 

1

2

d1 d2 d1 d2
d z

q1 q2 q1 q2
q z

i i i i
i i

2 2
i i i i

i i
2 2

               

               

 
 

  
 

 (4.8)

 

These equations can be manipulated into:  
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By combining equation (4.6) and (4.8) the governing equations can then be written as. 
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(4.10)

 

 

By examining equation (4.10) it is evident that the dq controller controls the sum of both 
controllers with respect to the direct and quadrature axis current. In other words, it is 
controlling the total amount of torque delivered to the machine, as well as the amount of 
magnetizing current.  

 

The z1z2 controller on the other hand is controlling the balance of the direct and quadra-
ture axis current from the two inverters. Thereby it is controlling the load sharing between 
the two inverters both in respect to torque and magnetizing current. In normal operation 
the z1z2 controller will make sure the inverters are equally loaded by regulating the exci-
tation of the (z1,z2) subsystem to zero. In certain fault situations, requiring that the two 
inverters be run at different states, the z1z2 controller will make sure that the correct 
amount of excitation is applied to the (z1,z2) subsystem so that the two inverters can 
quickly reach and operate in their new respective state. 

 

In the DSFC control structure, the two controllers both tried to control one half each of 
the total direct and quadrature current by dividing the controlling voltages and currents 
into two parts that where controlled directly. This philosophy had an inherent problem 
with direct and quadrature current oscillations, as trying to control one part of the quadra-
ture current will inevitably affect the other part of the quadrature current. By instead using 
one controller to control the total amount of direct and quadrature current while the other 
controller regulates the allocation of these currents between the two inverters, the cur-
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rents are completely controlled without the same risk of oscillations between the two con-
trollers.  

 

4.2.2.2. Dimensioning the PI regulators 

The correlation between the controlling voltages and the corresponding currents are giv-
en by the following equation. 
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 (4.11)

 

By introducing PI-regulators, inverter models, serial gain inverse of the dc-link voltage 
and ignoring the time delay of the inverter, the open loop transfer functions for the dq 
and z1z2 current controller can be written as: 
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In the implementation, the serial gain inverse of the dc-link voltage is added after the 
transformation back into ud1, uq1, ud2 and uq2 is accomplished. 

 

The regulator parameters Kpd, Kpq, Tid, Tiq for the dq controller and Kpz1, Kpz2, Tiz1, Tiz2 for 
the z1z2 controller are chosen as follows, based on the modulus optimum criterion. 
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In order to make the comparison with the simulation performed in [1] the regulator para-
meters used in the simulations are chosen to give corresponding values.  
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From the regulator parameters it is clear that the z1z2 controller needs to be at least three 
times faster than the dq controller. This imposes new demands on the realization of such 
a system as a fast regulator demands a high switching frequency. In some applications, 
such as medium voltage components, this switching frequency might be hard to obtain 
due to high switching losses.  

 

The reason why the z1z2 controller needs to be so much faster than the dq controller is 
due to the different reactance in the two subsystems. While the (d,q) system reactance 
consists of the leakage and the mutual reactance, the reactance in the (z1,z2) system on-
ly consists of the leakage reactance. Since the mutual reactance is considerably larger 
than the leakage reactance, the total reactance of the (d,q) subsystem is much larger 
than the total reactance of the (z1,z2) subsystem. 

 

The coil pitch should be considered as a method for increasing the leakage reactance 
and thereby reduce the speed in which the z1z2 controller needs to operate. In [15] the 
effect the coil pitch has on the leakage reactance has been studied. Here it was con-
cluded that full pitch is required in order to maximize the leakage reactance. In traditional 
three-phase machines the coil pitch is commonly designed to be 5/6 to minimize the 5th 
and 7th time and space harmonics, and thereby the influence they have on the torque 
ripple. A six-phase machine does not have the same restrictions on the coil pitch as it 
has no space harmonic below the 11th harmonic, and therefore the lower order circulat-
ing stator time harmonics does not contribute to the generated torque ripple. This leads 
us to the conclusion that full pitch should be chosen in order to increase the leakage 
reactance and thereby decrease the necessary switching frequency. An increased lea-
kage reactance also reduces the amount of current in the (z1,z2) subspace, thereby re-
ducing losses resulting from the excitation of the (z1,z2) subsystem.  See equation (3.20). 

 

Another solution could be to place external inductances in series with the motor in order 
to increase the leakage reactance. This method is however not preferable as it also in-
creases the stator reactance. 

 

The control scheme for one of the PI-regulators is represented in Figure 4.5. 
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Figure 4.5: PI-regulator layout 

 

4.2.3 Voltage transformation 

The voltage transformation block is used to convert the voltages from the dq and z1z2 
controller into the voltages ud1, ud2, uq1 and uq2. This is accomplished by using the equa-
tions found in chapter 2.6. These voltages can then be used to find the control voltages 
ust1 and ust2 used by the PWM modulator to create the control signals for the inverter. It 
should be mentioned that the serial gain inverse of the dc-link voltage introduced in 
chapter 4.2.2.2 is implemented as a part of the voltage transformation block.   

 

 

Figure 4.6: Voltage transformation block 
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As seen in Figure 4.6 the voltage transformation block also includes a time delay com-
pensation unit. This method for vector control systems is used to compensate for voltage 
and current distortions resulting from a time delay in the overall system. The compensa-

tion is made possible by adding an angle   to  1 t  in order to compensate for the an-

gle travelled by the rotor and reference vector during the delay of the system [9]. If set 
correctly, this is an effective way of dealing with time delay induced distortions.  

 

In these simulations the only time delay in the system comes from the introduced time 
delay in the inverters. The time delay compensation unit is therefore set to match this, 
unless otherwise specified. It should however be noted that it is difficult to make a perfect 
match between the compensating time delay and the actual time delay of the physical 
system. Simulations will therefore include situations where the time delay compensator is 
disabled, in order to investigate how the system responds to time delay. 

 

4.2.4 Decoupling network 

The decoupling network calculates the value of the decoupling elements, for both current 
controllers, as well as the torque flux used by the current calculator. It is vital that the de-
coupling elements are calculated correctly since the assumption of decoupling the axis in 
each subsystem depends on the accuracy in which the decoupling network is able to 
compensate the cross-coupled terms given in equation (4.5). An overview of the de-
coupling network can be found in appendix C. 

 

As can be seen from equation (4.7), the decoupling elements in the (d,q) system con-
tains the unregulated elements of the quadrature and direct axis currents. Any high fre-
quency disturbance or oscillations in these currents will directly influence the reference 
voltage and may cause undesired effects or even instability. An option to be considered 
in the simulations is therefore to remove the current dependent part of the dq decoupling, 
thus making a modified decoupling consisting of merely induced voltage compensation. 
This approach will not decouple the direct and quadrature axis current, and the response 
of the (d,q) system will therefore be governed by equation (4.5), without the induced vol-
tage elements. This configuration will become more relevant when including the effect of 
harmonics due to inverter switching. 

 

4.3 Fault conditions 

In order to take advantage of the increased reliability offered by the split dc-link, it is    
essential that the motor is able to continue operation after the occurrence of a fault re-
lated to one of the two inverters. The theoretical response of the control system to such 
faults will be discussed in the following. 

 

4.3.1 Faults leading to different torque reference 

Under normal conditions the currents id1, iq1, id2 and iq2 would be controlled by applying 
the same step in both torque references. This results in changing both iq1,ref and iq2,ref at 
the same time. According to equation (4.4) this does not change the reference value of 
the (z1,z2) subsystem currents. It does however change the reference value of the total 
quadrature axis current, making the corresponding PI regulator increase both iq1 and iq2 
simultaneously by controlling the total quadrature axis voltage uq, see equation (4.10). 
From this equation it is also possible to conclude that since both components of the total 
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quadrature current are changed simultaneously this will not affect the actual currents in 
the (z1,z2) subsystem.  

 

However, for certain transient fault conditions the reference value of one current control-
ler may change without the same change occurring in the other. This may be because of 
limitations added to the torque reference of one controller in order to protect the corres-
ponding inverter of overload.  With these limitations added, the quadrature reference cur-
rent corresponding to that inverter, for example iq2, will be lowered to meet the new re-
quirements. In this situation the reference value of iz2 will change from zero to its new 
value, corresponding to the given difference in the two quadrature axis reference cur-
rents. See equation (4.4). The PI regulator responsible for the control of the z2 axis cur-
rent will change the voltage uz2 so that iz2 becomes equal to its new reference value. By 
doing so it also forces the two quadrature axis currents into obtaining the correct values 
for uneven load sharing between the two inverters. While the z2 regulator changes the 
difference between the two quadrature currents, the quadrature axis regulator will make 
sure that the new reference value for the total quadrature current is kept. Considering 
equation (4.9) it is clear that as long as the dq controller and z1z2 controller are tuned to 
give the same response for their currents, the two quadrature axis currents can be con-
trolled separately. The same can be shown for the direct axis currents. This theory will 
be tested in the analogue simulations in chapter 5.3. 

 

4.3.2 Faults leading to drop in dc-link voltage 

With the introduction of a split dc-link, certain faults such as trip of the circuit breaker at 
the grid side of one dc-link would give different voltage levels on the two dc-links. Be-
cause the dc-link voltage directly influences the inverters ability to output the desired 
phase voltages, it can also have a devastating effect on the current controller’s ability to 
regulate the currents to their designated values. This connection is shown for one inver-
ter in equation (3.27). Assuming the motor is operating below its rated capacity, this drop 
in dc-link voltage will be compensated for by the current controller’s increase of the con-

trol voltage ust. As long as the control voltage is in the linear region (ݑ௦௧  ଶ

√ଷ
) this will 

hold. 

 

The problem arise the moment ust reaches saturation. In this situation the controllers can 
no longer hold the corresponding currents to their reference values. This will happen for 
a given threshold voltage, depending on how much the motor is loaded, i.e. the initial 
value of ust at the time the fault occurs. Given that ust2 reach saturation the output of in-
verter two will begin to drop as the dc-link voltage drops below the threshold voltage, see 
equation (3.27). This will cause both the direct and quadrature currents of inverter two to 
decline. If this drop occurs as a step in the dc-link voltage it will not only affect the cur-
rents of inverter two, but also cause the direct and quadrature currents of inverter one to 
respond. This can be seen in equation (4.10), where a negative step in id2 and iq2 will 
cause id1 and iq1 to increase, given that the regulators do not respond fast enough. 

 

If the reference value iq2,ref is not changed, i.e. the torque limiter is disabled or tuned for a 
lower dc-link voltage, there will exist a permanent difference between the reference value 
and actual value of iq2. This difference will cause the quadrature and z2 axis PI regulators 
to increase their output voltage as this also gives a difference in iq and iz2. This can be 
seen in equation (4.16), repeated here for clarity. 
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The quadrature axis PI regulator will try to increase both iq1 and iq2 in order to bridge the 
gap between the reference value and real value of iq. However, the z2 axis PI regulator 
will also try to reach its reference value by increasing iq2 and decreasing iq1. Since iq2 is 
limited because of the low dc-link voltage, the two regulators will counteract each other’s 
influence on iq1. This will last until one regulators integrator reaches saturation or until the 
dc-link voltage drops low enough to invoke the undervoltage regulator. 

 

When the dc-link voltage is lowered beyond a certain threshold voltage, the Torque limi-
ters undervoltage regulator will lower the quadrature axis current reference value corres-
ponding to the faulty dc-link. With this change in reference value there will again be cor-
respondence between the available output of the inverters and the output demanded by 
the reference values. This will eventually lead to ust2 going out of saturation, giving con-
trol of inverter two back to the current controllers. If necessary, the undervoltage regula-
tor changes the quadrature axis current into a negative value, forcing the given three 
phase group into generator mode. This is done in order to pump up the dc-link voltage. 

 

In order to improve the transient response of the control structure, new output limits have 
been introduced on each PI regulator so that they do not exceed the available output lim-
its of the inverters [16]. The modified output boundaries coincide with the available out-
put limits from the inverters and are given in the following equation.  
 

dc1 dc2
limit st ,max

u u
u u

2

   
 

 (4.17)

 

Using the limit from equation (4.17), rather than simply ust,max, ensures that each regula-
tor do not demand a higher output from the inverters than what is available, even in situ-
ations with low dc-link voltage. In addition an anti windup scheme was connected to the 
new output limits to stop the integrator from winding up when the output is limited. See 
Figure D.1 in appendix D for the new PI regulator structure. 
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5 Matlab-Simulink simulations 

5.1 Introduction  

The simulations described in this section were carried out in order to test the transient 
performance of the new control structure during fault conditions. This performance will be 
compared with the performance of the DSFC [1]. Of particular interest is the effect of split 
dc-link during transient fault situations, the transient control of the the (z1,z2) subsystem, 
and the transient response of the phase currents.  

 

Several simulations will be conducted, with focus on faults that will cause the inverters to 
supply different outputs. This includes simulations of faults leading to different torque 
reference to the current controllers and faults leading to drop in the dc-link voltage. The 
faults will be tested with different attributes of the control system enabled in order to ana-
lyze the effect of certain parts of the motor control. Particular attention will be given to the 
effect of decoupling and the effect of time delay in the control circuit. There will also be a 
control simulation corresponding to normal operation of the six-phase motor. 

 

The continuous model allows for the study of the effect of faults in transient states with-
out the harmonic disturbance from the inverter switches. All the simulations were tested 
with a step from steady state, except from the ones conducted in chapter  
5.4 where both a start-up and a step from steady state were performed. The machine is 
loaded with a centrifugal load, modeled as the square of the angular velocity.  

 

Simulations were run in continuous mode. Unless otherwise specified the dc-link voltage, 
supplying the inverters are set to a constant value of 1 kV. The outputs of the current 
controllers were limited to ݑ௦௧ linear range. In all figures, the corresponding reference 

signals are given in dashed lines. 

 

The parameters used are given in appendix B, and are identical for the two control confi-
gurations, namely the DSFC and the DSPC introduced in this thesis.  

 

The results of the simulations are presented in the following subsections.  

 

5.2 Normal operation 

In the following a negative step torque of 0.3 pu was applied to both inverters, starting 
from a torque reference of 0.9 pu. The simulation is what would be considered normal 
operation for a six-phase motor.  It has been conducted in order to clarify the significance 
of certain control elements and for use as a reference in the following fault simulations. 
Corresponding simulations have been conducted with the DSFC structure in [1]. 

5.2.1 Perfect time delay compensation 

The following simulations were conducted with the time delay compensator matching ex-
actly the time delay introduced in the control structure. This idealized case is presented 
in order to show the control structures inherent response. 
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Figure 5.1: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, no decoupling, using new control structure. 

 

Figure 5.2: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, z1z2 decoupling, using new control 
structure. 
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Figure 5.3: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, dq decoupling, using new control structure. 

 

Figure 5.4: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, decoupling in both controllers, using new 
control structure. 
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Figure 5.5: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, z1z2 decoupling and modified dq 
decoupling, using new control structure. 

 

The quadrature and direct axis response, given in the figures above, show that the con-
troller is able to reach its new steady state value after a given time. This is independent 
of the chosen decoupling scheme. The load is split evenly on the two inverters, even in 
transient state. This is confirmed by the fact that the current component from each con-
verter follows the total current for both direct and quadrature axis.  

 

The effect of the various decoupling elements can also be observed quite clearly. Includ-
ing the z1z2 decoupling elements have no influence on the observed results. This is ex-
pected as the two inverters are given the same reference values and will behave identi-
cally in an analogue model. The z1z2 controller, and indeed the excitation of the entire 
(z1,z2) subsystem, is dependent on their being a difference in the two inverters direct and 
quadrature axis currents. This could also be seen in that the (z1,z2) subsystem is not ex-
cited.  

 

Without the dq decoupling elements, the direct and quadrature axis have a distinct coupl-
ing that results in oscillations and contributes to the time it takes the controller to reach 
steady state, see equation (4.5). The modified decoupling element given in Figure 5.5 is, 
as expected, unable to remove this disturbance as it does not eliminate the current re-
lated coupling, see equation (4.7). In fact it increases the oscillations. The response of 
the current components of the quadrature and direct axis is considerably faster with the 
decoupling network enabled. The coupling between the quadrature axis and the direct 
axis have been close to eliminated, as the direct axis current is no longer significantly 
affected by the step in quadrature current, see Figure 5.3 and equation (4.6). By intro-
ducing this decoupling to the dq regulator it is able to control the two axes separately, 
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and efficiently regulate the total direct and quadrature currents to their new reference 
values. When the common dq decoupling elements is included the response is satisfac-
tory.  

 

For comparison, a plot of the results from the DSFC control structure with decoupling 
enabled in both controllers is given below [1]. This simulation is conducted with exactly 
the same premises as the simulations shown in Figure 5.1 to Figure 5.5. In order to 
compare the two structures, the (z1,z2) subsystem have been mapped using the Rotating 
Vector Space Decomposition so that the currents are represented as dc quantities. 

 

 

 

Figure 5.6: Transient current response to negative step in torque reference 1 and 2 
with perfect time delay compensation, decoupling in both controllers, using DSFC 
[1]. 

 

Comparing Figure 5.4 with Figure 5.6 it is clear that the results are identical.  

 

Although not presented in this report, all the corresponding results from the DSFC are 
identical to the results for normal operation from the new control structure. That is, the 
two control systems behave in a similar manner when there is no need for an excitation 
of the (z1z2) subsystem (i.e. the controlling currents for the two inverters are equal).  

 

5.2.2 Excluding time delay compensation 

The simulations performed in section 5.2.1 were repeated without perfect time delay 
compensation. This introduces a disturbance to the system that the control system 
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needs to cope with. The results given in this section are chosen because they represent 
the most important configurations and because they illustrate the effect of unsuccessful 
time delay compensation. 

 

Although not included in this section, the results of the simulations with the DSFC control 
structure were exactly the same as the results from the new control structure presented 
below. This could be explained in the same manner as in the previous chapter, and the 
arguments will not be repeated here.  

 

 

 

 

 

Figure 5.7: Transient current response to negative step in torque reference 1 and 2 
without time delay compensation, no decoupling, using new control structure. 
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Figure 5.8: Transient current response to negative step in torque reference 1 and 2 
without time delay compensation, including decoupling in both controllers, using 
new control structure. 

 

Figure 5.9: Transient current response to negative step in torque reference 1 and 2 
without time delay compensation, including z1z2 decoupling and modified dq 
decoupling, using new control structure. 
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Comparing the results given in the above figures with the results from section 5.2.1, it is 
clear that the exclusion of the time delay compensation leads to increased direct and qu-
adrature transient oscillations in all configurations. However, the control system is still 
capable of reaching its new steady state. In the case where both dq and z1z2 decoupling 
is enabled it gives a small deviation from the reference value, where previously the regu-
lator managed to follow the reference with great precision. The flawed time delay com-
pensator can be seen to have no effect on the division of power between the two inver-
ters and consequently the excitation of the (z1z2) subsystem remains zero. 

 

 

Figure 5.10: Transient phase a current response to negative step in torque 
reference 1 and 2, without time delay compensation, using new control structure. 
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From Figure 5.10 one can see the transient response of the phase currents to a negative 
step in both torque references. The oscillations seen in the (d,q) subspace can clearly be 
seen to influence the phase currents. The relation between the (d,q) subsystem, the 
(z1,z2) subsystem and the phase currents is given from the transformation matrix in equa-
tion (2.10). With both the subsystems decoupling elements enabled the phase currents 
can be seen to respond satisfactory, with only a slight overshoot. 

  

Summarizing results of the normal operation 

In the previous sections the function of the motor in regular operating conditions are do-
cumented. The new current control scheme is found to work satisfactorily under these 
conditions.  

 

The effect of the dq decoupling has been found to drastically increase the performance 
of the control system during normal operation. The z1z2 controller seems to have no ef-
fect on the simulation results. This can be explained by considering the fact that we are 
dealing with analogue simulations, and that the two inverter systems are identical and 
receives the same reference values. The dq controller was therefore able to divide the 
load equally on the two inverters without invoking the z1z2 controller. 

 

It has also been demonstrated that the new control system behaves identical to the 
DSFC system during normal operation.  

 

Although it has not been documented in this report, the result of the six-phase machine 
running in normal mode is similar to that of a normal three-phase machine. With the dq 
current controller controlling the (d,q) system and no excitation of the (z1,z2) subsystem. 

 

5.3 Different torque reference operation 

In the following, a step torque of 0.3 pu was applied to inverter two, giving the two inver-
ters a different torque reference value. This decrease in torque reference in one of the 
inverters can be caused by a number of faults including; failure to supply power to dc-link 
resulting in the over- and under voltage regulator limiting the torque reference, and be-
cause of limitations added to the torque reference of one controller in order to protect the 
corresponding inverter of overload. 

 

5.3.1 Perfect time delay compensation 

The following simulations were conducted with the time delay compensator matching ex-
actly the time delay introduced in the control structure. This idealized case is presented 
in order to show the control structures inherent response. This gave the following results. 
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Figure 5.11: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, no decoupling, using new control structure. 

 

Figure 5.12: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, z1z2 decoupling, using new control structure. 
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Figure 5.13: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, dq decoupling, using new control structure. 

 

Figure 5.14: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, decoupling in both controllers, using new 
control structure. 
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Figure 5.15: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, z1z2 decoupling and modified dq decoupling, 
using new control structure. 

 

The results show that the new control structure is able to direct the two inverters to their 
new steady state reference frames. That is, both the iq1, iq2 and the id1, id2 reach their des-
ignated reference values after some time. This is accomplished for all the chosen de-
coupling schemes. It is also worth mentioning that all the simulations show excitation of 
the (z1,z2) subsystem, something that corresponds to the theory given from equation 
(4.8). This system is now represented as dc quantities because of the new transforma-
tion matrix presented in chapter 2.3.2. 

 

From Figure 5.11 it can be seen that lack of decoupling in both the dq and z1z2 controller 
leads to oscillations in the (d,q) and (z1,z2) subsystem. This corresponds to the theory 
given by equation (4.5) and (4.8). The results also show that the total direct and quadra-
ture current has a slow response to the change in reference value.  

 

As seen in Figure 5.12 the introduction of the z1z2 decoupling element removes the oscil-
lations in the (z1,z2) subsystem. The (z1,z2) subsystem is now governed by equation (4.6)
, making it possible for the PI regulators to effectively control each axis to its designated 
value. By controlling the excitation of the (z1,z2) subsystem the z1z2 controller is able to 
remove the oscillations between the direct and quadrature currents belonging to inverter 
one and two. The difference between the quadrature currents iq1 and iq2 is now locked to 
twice the value of |݅௭ଶ|, while the difference between the direct currents is zero as 
|݅௭ଵ| ൌ 0. This follows from equation (4.10). 
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When only the dq decoupling is included, as seen in Figure 5.13, the oscillation between 
the two inverters persists. This is due to the oscillations between iz1 and iz2 governed by 
equation (4.5). As mentioned in the previous paragraph, the (z1,z2) subsystem controls 
the differences between the quadrature and direct axis components from inverter one 
and two. The oscillating iz1 and iz2 will therefore induce oscillations in these axes. The 
effect of the dq decoupling element can be seen in that the total quadrature axis current 
follows the new reference value swiftly without affecting the total direct axis current. See 
equation (4.11).  

 

In Figure 5.14 the results of including both the dq and z1z2 decoupling can be seen. The 
response to the changing torque reference in inverter two is very good. The two decoupl-
ing elements are accomplishing their tasks of decoupling their respective subsystem 
without interfering with each other. The new control structures ability to avoid oscillations 
in these kinds of situations is vital to the machines capability to continue operations. This 
is because large oscillations in the direct and quadrature axis will directly influence the 
phase currents and may lead to trip of the motor drive. 

 

Simulations with the modified dq decoupling element are included in Figure 5.15. The 
response of the system is similar to that of Figure 5.12 where merely the z1z2 decoupling 
is included. The response in Figure 5.15 is however seen to be slightly more oscillatory.   

 

In order to compare the given results of the new control structure with the results of the 
DSFC structure given in [1], some of the DSFC results are repeated in the following fig-
ures. For comparison, the (z1,z2) subsystem have been mapped using the Rotating Vec-
tor Space Decomposition so that the currents are represented as dc quantities. 

 

Figure 5.16: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, no decoupling, using DSFC [1]. 
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Figure 5.17: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, decoupling in both controllers, using DSFC [1]. 

 

 

Figure 5.18: Transient current response to negative step in torque reference 2 with 
perfect time delay compensation, modified dq decoupling in both controllers, 
using DSFC [1]. 
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Comparing the response of the new control structure with the response from the DSFC, 
some interesting points can be made. With both controllers operating with no decoupling, 
as seen in Figure 5.11 and Figure 5.16, the new control structure can be seen to oscil-
late more than the DSFC structure. This can be explained by realizing that the results 
seen are in fact the same, only with the added oscillations in the (z1,z2) subsystem 
caused by the coupling elements in the z1z2 controller. 

 

It is worth mentioning that the control of the (z1,z2) system has no effect on the resulting 
steady state excitation of that system. The control is only there to give a faster response 
of the system. In other words, the additional losses induced by exciting the (z1,z2) sub-
system are the same whether the system is controlled or not. 

 

Including all the decoupling elements in both control structures shows the advantage of 
the new control structure versus the DSFC, see Figure 5.14 and Figure 5.17. Whereas 
the currents in the new control structure follows their reference values, the currents of 
the DSFC structure tend to oscillate against each other. That is, even though the de-
coupling elements are enabled, the design of the control strategy is flawed in such a way 
as to be inherently prone to oscillations between the two current controllers, see equa-
tion (4.2). This is explained in more detail in chapter 4.1. These low frequency oscilla-
tions are mirrored in the phase currents, and have the potential to trip the motor drive 
when these types of fault occur. 

 

5.3.2 Excluding time delay compensation 

The simulations performed in section 5.3.1 were repeated without perfect time delay 
compensation. This introduces a disturbance to the system that the control system 
needs to cope with. All the simulated configurations from chapter 5.3.1 are included, as 
the combination of excluding time delay compensation and including decoupling ele-
ments was shown to be a crucial case in the analysis of the DSFC structure [1]. 
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Figure 5.19: Transient current response to negative step in torque reference 2 
without time delay compensation, no decoupling, using new control structure. 

 

Figure 5.20: Transient current response to negative step in torque reference 2 
without time delay compensation, including z1z2 decoupling, using new control 
structure. 
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Figure 5.21: Transient current response to negative step in torque reference 2 
without time delay compensation, including dq decoupling, using new control 
structure. 

 

Figure 5.22: Transient current response to negative step in torque reference 2 
without time delay compensation, including decoupling in both controllers, using 
new control structure. 
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Figure 5.23: Transient current response to negative step in torque reference 2 
without time delay compensation, including z1z2 decoupling and modified dq 
decoupling, using new control structure. 

 

Comparing the results given in the above figures with the results from section 5.2.1, it is 
clear that the exclusion of the time delay compensation unit leads to increased direct and 
quadrature axis oscillations in all configurations. However, that is the only effect it can be 
seen to have, and the effect is not drastic in the sense that the oscillations are only 
slightly increased and the control system is still capable of reaching its new steady state.  

 

The effects of the various decoupling elements can still be seen in that the z1z2 controller 
is still regulating the difference between the controlling currents for inverter one and two, 
and the dq controller is still controlling the sum of these currents. This coincides with the 
results found in chapter 4.2.2. 

 

In the case where both dq and z1z2 decoupling is enabled it gives a small deviation from 
the reference value, where previously the regulator managed to follow the reference with 
great precision. None the less, the results look very promising as no oscillations of any 
significance could be seen to influence the controlling currents id1, iq1, id2 and iq2.  

 

In order to compare the given results of the new control structure with the results of the 
DSFC structure given in [1], some of the DSFC results are repeated in the following fig-
ures. For comparison, the (z1,z2) subsystem have been mapped using the Rotating Vec-
tor Space Decomposition so that the currents are represented as dc quantities. 
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Figure 5.24: Transient current response to negative step in torque reference 2 
without time delay compensation, no decoupling, using DSFC [1]. 

 

 
Figure 5.25: Transient current response to negative step in torque reference 2 
without time delay compensation, decoupling in both controllers, using DSFC [1]. 
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Figure 5.26: Transient current response to negative step in torque reference 2 
without time delay compensation, modified dq decoupling in both controllers, 
using DSFC [1]. 

 

The results of the simulations with the DSFC structure show similar behavior to that of 
the new control structure in that the only effect of excluding the time delay compensation 
is slightly increased oscillations. The exception is the simulations including the decoupl-
ing elements in the current controllers. Including the decoupling elements in the new 
control system successfully decouples the direct and quadrature axis as well as the z1 
and z2 axis, as shown in Figure 5.22 and equation (4.6). In the DSFC structure however, 
the inclusion of the decoupling elements leads to additional high frequency oscillations 
on top of the oscillations already present. The decoupling elements are not able to de-
couple the direct and quadrature axis, and instead introduce high frequency oscillations 
between the two controllers.  As can be seen from Figure 5.25 the high frequency oscil-
lations affecting id1, iq1, id2 and i22 do not affect the total direct and quadrature currents. 
These oscillations can therefore be seen to be directly dependent on the two controllers, 
and a consequence of choosing to control each part of the total direct and quadrature 
current directly with two controllers.  
 
In order to see the effect these results have on the phase currents, they have been plot-
ted for both control structures in Figure 5.27 and Figure 5.28.  
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Figure 5.27: Transient phase a current response to negative step in torque 
reference 2, without time delay compensation, using new control structure. 
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Figure 5.28: Transient phase a current response to negative step in torque 
reference 2, without time delay compensation, using DSFC [1]. 

 
 
As seen in Figure 5.27 and Figure 5.28 the oscillations first seen in the direct and qua-
drature axis is being mirrored in the phase currents. Using the DSFC structure, the low 
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frequency oscillations is seen to raise the phase current of inverter one in all simulations. 
This raising of the phase currents represents a threat to the inverters ability to continue 
operation after these types of faults. This is because of the possibility that the increased 
current might cause the trip of the motor drive if ݅௦௔ ൐ ݅௧௥௜௣  [1].  In the new control struc-
ture, this oscillation of the phase current is no longer seen when the decoupling elements 
are enabled. This means that this kind of fault can occur in one of the inverters, without it 
affecting the operations of the second inverter, thus increasing the reliability of the ma-
chine.  
 
5.3.3 Summarizing results of the different torque operation 

By introducing different torque reference values to the two current controllers, the two 
controllers stop operating in unison and the load is no longer shared equally between the 
two. As verified by simulations and theory this causes the excitation of the (z1,z2) subsys-
tem which increases the stator loss. However, the controlling currents for the two inver-
ters manage to reach their designated steady state reference values.  

  

The two current controllers of the new control structure have been found to govern dif-
ferent aspects of the control entity. The dq current controller has been shown to control 
both the sum of the direct currents and the sum of the quadrature currents. Including the 
dq decoupling elements, this feature of the control system was effectively regulated dur-
ing transient states. By also controlling the (z1,z2) subsystem, the oscillations between 
the governing currents for inverter one and two could be effectively controlled. This is 
particularly evident when considering the effect of including the z1z2 decoupling ele-
ments, see Figure 5.19 and Figure 5.20. Because the two controllers are no longer trying 
to control different parts of the same elements directly, i.e. parts of id and iq, the introduc-
tion of decoupling elements does not lead to unwanted oscillations as they did in the 
DSFC structure. Instead, the introduction of the decoupling elements eliminates the low 
frequency oscillations due to coupling of the axes within a subsystem, see equation(4.5). 

 

Because of these features, the transient response of the direct and quadrature currents 
for inverter one and two are now satisfactory when dealing with these particular faults. 
The introduction of time delay to the new control structure introduces a slight increase in 
the oscillations. The performance of the system is never the less satisfactory when in-
cluding the decoupling elements for both subsystems. This is reflected in the transient 
response of the phase currents without time delay compensation, seen in Figure 5.27. 

 

5.4 Low dc-link voltage operation 

In this section, the dc-link system described in chapter 3.3 will be implemented in order 
to simulate the response of the system during undervoltage operation. The system will 
be tested with voltage drops of 200 V and 600 V in the dc-link connected to inverter 
number two. The voltage drop of 200 V is done in order to test the system response to a 
voltage drop that does not invoke the undervoltage regulator. The step in 600 V is per-
formed in order to see the behavior of the system when the undervoltage regulator thre-
shold voltage is exceeded. Both the voltage drops are chosen to give saturation in the 
control voltage of inverter two, ust2.  

 

Based on the simulations performed in the previous sections, the simulations in this 
chapter have been limited to include simulations with time delay compensation and both 
the dq and z1z2 decoupling enabled. This is the setup that is the most the most promising 
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when studying the results presented in chapter 5.2 and 5.3, and will give an indication on 
how well the control strategy copes with a drop in dc-link voltage. 

 

In order to show the problems related to low dc-link voltage for the controllers, simula-
tions of both a low voltage start-up and a step in voltage from steady state will be con-
ducted.  

 

5.4.1 Voltage drop from steady state 

The voltage drop was conducted with a stiff grid voltage at 1 kV and the torque reference 
at 0.9 pu. The drop in dc-link voltage two was conducted from steady state after 2 
seconds.   

 

 

 

Figure 5.29: Transient current responses to a negative 200 V step in dc-link 
voltage 2 with no output limitations to the regulators, using new control structure. 
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Figure 5.30: Transient control voltage and regulator responses to a negative 200 V 
step in dc-link voltage 2 with no output limitations to the regulators, using new 
control structure. 

 

 

Figure 5.31 Transient voltage responses to a negative 200 V step in dc-link voltage 
2 with no output limitations to the regulators, using new control structure. 
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Looking at Figure 5.29 there are a few key properties that need to be addressed. The 
first property is the initial leap of currents, and the high frequency oscillations that fol-
lows. The leap in the controlling currents is caused by the direct influence the drop in dc-
link voltage two has on the rather large iq2. As explained in chapter 4.3.2 and seen in 
Figure 5.29, the immediate drop in iq2 causes iq1 to leap upward. From equation (4.8) and 
Figure 5.29 this can be seen to cause a large deflection to the iz2 current, invoking the z2 
regulator to decrease the difference between iq1 and iq2. Since iq2 decreases more than iq1 
increases, the quadrature axis PI regulator also responds and tries to increase both val-
ues. However, since the deflection is far greater in the z2 axis than in the total quadrature 
current, the z2 regulator lowers iq1. The high frequency oscillations that follow can be 
seen to originate from the quadrature axis regulator and z2 regulator trying to raise iq2 
thus making it oscillate against the lowered dc-link voltage. 

 

The second property that needs to be addressed is the apparent steady state reached 
after the initial oscillations have died out. This is in fact not a steady state at all, but a 
state where the PI regulators controlling the different axes will increase/decrease their 
output, counteracting each other’s influence. The key counteracting regulators is in this 
case the regulators controlling the quadrature and z2 axis. As explained in chapter 4.3.2 
the quadrature axis regulator is trying to increase the iq to its reference value, thus in-
creasing both iq1 and iq2. The z2 axis regulator is however trying to decrease the differ-
ence between iq1 and iq2 in order to reach its reference value. Since iq2 cannot be in-
creased further, due to limitations added by the low dc-link voltage, the two regulators 
counteract each other’s influence on iq1. See equation (4.16). The response of the PI 
regulators can be seen in Figure 5.30.  

 

It should be mentioned that the simulation regarding Figure 5.29 have been repeated in 
Appendix E.1 with faster regulators. This is in order to better illustrate the key properties 
of this simulation. For continuity, the responses included in chapter 5.4 have the same 
regulator parameters as in chapter 5.2 and 5.3. 

 

The final and arguably the most crucial point is the leap into the permanent steady state. 
This happens when one of the regulators integrator reach its saturation limit, set at 1.15 
for all regulators. When one regulator reaches saturation, the other regulator is able to 
freely control iq1 and iq2 before it also reaches saturation or reaches its reference value. 
Since two and two regulators are opposing each other, the integrators of the opposing 
regulators will increase at the same rate, given that their controlled currents remain con-
stant, see Figure 5.30. This is true for the quasi steady state seen in Figure 5.29. How-
ever, the first transient response gives a greater difference between the reference value 
and actual value for the z2 axis regulator than for the quadrature axis regulator. The re-
sult is that the z2 regulator will always reach its saturation before the quadrature axis 
regulator reaches its saturation. This can be seen in Figure 5.29 at the end of the quasi 
steady state. Here the z2 axis regulator reaches saturation, thereby allowing the quadra-
ture axis regulator to increase iq1 and push iz2 further away from its reference value. This 
effect will be stronger for more tightly tuned regulators, as seen in Figure E.1 in appendix 
E.1. The explanation for this is that a faster quadrature axis regulator will have a greater 
affect on the quadrature axis currents in the time span from the integrator of the z2 regu-
lator reaches saturation until the integrator of the quadrature axis regulators also reaches 
saturation.  

 

However, as the z2 regulator reaches saturation, the effect on iq2 is to decrease rather 
than increase. This could be explained by considering the fact that the quadrature axis 
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regulator does not control each of the quadrature axis currents separately. When in-
creasing uq in order to increase iq the controller tries to increase both iq1 and iq2.  Because 
of the low dc-link voltage on inverter two and the fact that ust2 has reached saturation, the 
effect of the raised control voltage uq is diminished in the phase voltages outputted from 
inverter two. When iq1 is raised, because of the increased control voltage, this causes the 
rotor to accelerate. The accelerated rotor gives a larger back EMF and it is this effect 
that lowers iq2. See Figure 5.31. The effects discussed in this paragraph are more promi-
nent when the regulator parameters are tightened up to give faster regulators, see ap-
pendix E.1.  

 

The consequences of the initial leap of quadrature currents and the z2 regulator reaching 
saturation, will be severe for the operation of inverter one. The current protection scheme 
for this inverter will trip at the initial response or at the permanently increased iq1 in 
steady state. 

 

 

Figure 5.32: Transient current responses to a negative 600 V step in dc-link 
voltage 2 with no output limitations to the regulators, using new control structure. 

 

In Figure 5.32 the same initial transient response as in Figure 5.29 can be seen. Howev-
er, the voltage drop is so large that it triggers the undervoltage regulator to force the ref-
erence of isq2 into a negative value. The response of the undervoltage regulator is de-
pendent on the dc-link voltage reaching a certain threshold voltage. This threshold vol-
tage is not reached at once because of the low current being demanded of inverter two. 
This delay causes the integrators in the PI regulators to integrate up. Because of this, the 
currents are seen to use a long time to reach their reference values after the undervol-
tage regulator have responded. This is seen in Figure 5.33. 
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The response of the undervoltage regulator is however vital, as it lowers the reference 
value of iq2 in response to the large drop in the dc-link voltage. The reference value of iq2 
can be seen to go negative as the undervoltage regulator is trying to force the second 
inverter into generator mode in order to raise the dc-link voltage. With this change in ref-
erence value there will again be correspondence between the available output of the in-
verters and the output demanded by the reference values. This is seen in Figure 5.32 
and Figure 5.33 as ust2 is no longer limited and the controllers are able to reach their ref-
erence values once the integrators have wound down. The time it takes to wind down is 
independent of the regulator speed. 

 

 

Figure 5.33: Transient voltage and regulator responses to a negative 600 V step in 
dc-link voltage 2 with no output limitations to the regulators, using new control 
structure. 

 

The results given in Figure 5.32 and Figure 5.29  show a need to improve the control 
structures response to a drop in dc-link voltage. Both the 200 V and the 600 V drop of 
the dc-link voltage gave unsatisfying transient response. The 200 V drop also gave unsa-
tisfactory steady state. In order to try to improve this response, certain elements were 
changed in the control structure. The changes are described in chapter 4.3.2. In short 
there was added limitation to the output of the four regulators and an anti windup 
scheme was connected to these limitations [16]. See Figure D.1 in appendix D. The new 
results are shown in Figure 5.34 and Figure 5.36. 
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Figure 5.34: Transient current responses to a negative 200 V step in dc-link 
voltage 2 with output limitations on the regulators, using new control structure. 

 

 

Figure 5.35: Transient voltage and regulator responses to a negative 200 V step in 
dc-link voltage 2 with output limitations on the regulators, using new control 
structure. 
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Figure 5.36: Transient current responses to a negative 600 V step in dc-link 
voltage 2 with output limitations on the regulators, using new control structure. 

 

 

Figure 5.37: Transient voltage and regulator responses to a negative 600 V step in 
dc-link voltage 2 with output limitations on the regulators, using new control 
structure. 
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As seen in Figure 5.34 the response of the system to a 200 V drop in the dc-link voltage 
has improved. By limiting the output of each regulator as described in chapter 4.3.2, the 
quadrature axis regulator will now reach the output limit before it reaches the saturation 
limit on the inverter. This is because the quadrature axis regulator is already giving a cer-
tain output before the fault occurs, in order to keep the quadrature current equal to its 
reference value. See Figure 5.35. This gives the z2 regulator the opportunity to regulate 
the difference between the two quadrature axis currents without the counter effect of the 
quadrature axis regulator.  

 

Since the voltage drop was not large enough to invoke the undervoltage regulator, the 
reference values remain unchanged and the difference between the two quadrature axis 
currents will be regulated to zero. This gives a stable steady state solution that does not 
exceed the capabilities of either of the two inverters. However, this means that iq1 will be 
lowered to the same value as iq2. This is not an optimal solution, as inverter one is capa-
ble of delivering full torque in the given scenario. Furthermore, the initial leap of the cur-
rent values remains roughly the same, thus threatening the reliability of the motor drive. 

 

As seen from Figure 5.36, the undervoltage regulator still works with the new limitations 
in place. The results can be seen to be similar to the results shown in Figure 5.32. How-
ever, the quadrature axis regulator reaches its output limits, and this reduces the value of 
isq1 as the z2 axis regulator is reducing the difference between the iq1 and iq2. This causes 
reduced integral windup and reduces the wound down time of the integrators, thus mak-
ing the system reach steady state quicker. See Figure 5.37. 

 

With the undervoltage regulator changing the reference value of iq2 the reference value of 
iz2 is no longer zero. This gives the motor drive the capacity to run the two inverters at 
different states, even with the new output limitations. However, the initial current peak 
can still be seen in Figure 5.36. 

 

The effect the direct and quadrature axis current has on the phase currents can be seen 
in Figure 5.38. The initial current peak seen in the quadrature axis current can be seen to 
be mirrored in the phase currents. The steady state increase of iq1  for a 200 V step with-
out regulator output limitations, seen in Figure 5.29, also increases the steady state val-
ue of the phase currents from inverter one. This can also be observed in Figure E.4 in 
appendix E.1 with faster regulators  
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Figure 5.38: Transient phase a current responses to a negative step in dc-link 
voltage 2, using new control structure. 

 

5.4.2 Start-up 

The simulations performed in section 5.4.1 were repeated with a low dc-link voltage on 
start-up rather than a step in dc-link voltage. The simulated start-ups were conducted 
with dc-link voltage two set to 800 V and 400 V, corresponding to a voltage drop of 200 V 
and 600 V respectively. Dc-link voltage one and the torque reference was kept at 1 kV 
and 0.9 pu. This gave the following results. 
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Figure 5.39: Transient current responses to a start-up with 800 V in dc-link two 
with no output limitations to the regulators, using new control structure. 

 

 

Figure 5.40: Transient current responses to a start-up with 400 V in dc-link two 
with no output limitations to the regulators, using new control structure. 
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Figure 5.41: Transient current responses to a start-up with 800 V in dc-link two 
with output limitations on the regulators, using new control structure. 

 

 

Figure 5.42: Transient current responses to a start-up with 400 V in dc-link two 
with output limitations on the regulators, using new control structure. 
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The results show that the performance of the control structure is in general better when 
dealing with low dc-link voltage start-ups than drop in dc-link voltage. This could be ex-
plained by realizing that the control structure does not need to deal with a sudden 
change in dc-link voltage which created the initial current peak in chapter 5.4.1. Rather it 
is the gradual increase of ust2 into saturation that triggers the response seen in the above 
figures. 

  

In the simulations regarding the start-up with a 200 V drop in the dc-link voltage, we see 
the same phenomenon as in the corresponding simulations from chapter 5.4.1. From 
Figure 5.39, it can be observed that without the added output limits to the regulators the 
system enters the same quasi steady state as shown in Figure 5.29. The time period the 
system remains in this state is dependent on the speed of the regulators. However, with 
faster regulators the value of iq1 will be raised even more in the new steady state. Figure 
5.41 shows the same simulations including the new output limits on the regulators. The 
system can be seen to enter the same quasi steady state as in Figure 5.39. The system 
is however quickly brought out of this state by the quadrature axis regulator reaching its 
limits. The z2 axis regulator can thereby control the difference between the quadrature 
axis currents without interference from the quadrature axis regulator. The same steady 
state as in Figure 5.34 is then reached with the two components of the quadrature axis 
currents being equal. 

 

Figure 5.40 and Figure 5.42 show the results of start-up with a 600 V drop in dc-link two. 
Here the undervoltage regulator can be seen to kick in immediately due to the low start-
up value of dc-link two. This gives the correct reference values for the regulators before 
the control voltage ust2 reaches saturation, thereby allowing the control system to effec-
tively control the response of the machine.  

 

For corresponding plots of control voltage, output of regulators and dc-link voltage see 
appendix E.2. 

 

The affect on the phase currents can be seen in Figure 5.43. The phase currents can 
again be seen to mirror the response of the direct and quadrature axis currents. The 
steady state increase of iq1 for start-up with 800 V in dc-link two without regulator output 
limitations, seen in Figure 5.40, also increases the steady state value of the phase cur-
rent from inverter one. Including the regulator output limits, this affect can be seen to 
disappear in the phase currents. 
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Figure 5.43: Transient phase a current responses to a start-up with low voltage on 
dc-link number two, using new control structure. 
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5.4.3 Summary 

The response of the system without the additional output limitations is not satisfactory. 
Large initial current peaks can be seen when simulated with a step in dc-link voltage. Al-
so, for small voltage drops, not invoking the undervoltage regulator, the steady state val-
ue of iq1 is raised. How much the steady state quadrature axis current of inverter one is 
raised is dependent on the speed of the regulators, with faster regulators giving a higher 
value of iq1. In order to prevent the quadrature axis regulator from increasing the steady 
state value of iq1 the output of the four regulators were limited [16]. 

 

The results of the new simulation, including the new output limits on the regulator, show 
that the steady state solution has improved. Inverter one is no longer forced to deliver a 
quadrature axis current beyond its capacity. However, the transient state reached when 
the undervoltage regulator is not invoked, does not differentiate between the two quadra-
ture axis currents. This is because the new output limits will always limit the quadrature 
axis regulator first, as it is already loaded, thereby giving the z2 regulator the opportunity 
to control the difference between iq1 and iq2. When the undervoltage regulator does not 
change the reference value of iq2, the reference value of iz2 will be zero and the z2 regula-
tor will reduce iq1 so that it matches iq2. This is not an optimal solution, as inverter one is 
capable of delivering full torque in the given scenario.  

 

Including the new output limits does not significantly improve the amplitude of the initial 
current peaks, seen in Figure 5.29 and Figure 5.32. This could be explained by realizing 
that this peak is a consequence of the direct affect dc-link voltage two has on the current 
iq2 and the connection between iq1 and iq2 seen in equation (4.10). Limiting the output of 
the quadrature axis regulator does contribute to lowering iq1 as this regulator is trying to 
increase iq and therefore also iq1 and iq2. However the effect of the regulator is insignifi-
cant in this time span compared to the system response.  

 

By increasing the threshold voltage of the undervoltage regulator some improvement 
may be obtained. This will cause smaller voltage drops to invoke the undervoltage regu-
lator, thus changing the reference values. This value may need further fine tuning and 
work. 

 

To conclude, the efforts made to improve the system response to low dc-link operations 
have improved some properties of the transient response, deteriorated other properties, 
but failed to give the system a satisfactory response to these kinds of faults. Further work 
is required in order to give the system an adequate response. 
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6 Conclusion and Scope of further work 

6.1 Conclusion 

In this work, a six-phase IPMSM with split dc-link has been investigated with the purpose 
of increasing the rated power and redundancy of motors onboard offshore vessels. A 
new control strategy has been developed in order to successfully control the machine 
during certain fault situations. The results show a large degree of correlation between the 
theory and simulations. 

 

The control philosophy has been tested with analogue simulations. This includes tests of 
normal operation, faults leading to difference in current control torque reference, as well 
as faults leading to drop in the dc-link voltage. The simulations have been compared to 
the response of the double synchronous frame current control. 

 

The new control structures ability to respond to changes in torque during normal opera-
tion were satisfactory. The control structure was able to quickly follow the torque refer-
ence and split the load evenly on the two inverters. This was done without excitation of 
the (z1,z2) subsystem. 

 

The simulations of the system response to difference in torque reference also gave satis-
factory results when including the decoupling elements for both subsystems. The direct 
and quadrature axis currents were rapidly regulated to their new steady state values for 
both inverters. This was done without considerable overshoot, and without endangering 
the integrity of the two inverters.  

 

However, the system response to low dc-link voltage shows a need to implement addi-
tional control features in order to make the system successfully respond to a low dc-link 
voltage. This is in particular true for the step in dc-link voltage, where a large initial cur-
rent peak may cause the trip of the motor drive. 

 

6.2 Scope of further work 

In this work, analogue inverters have been used, so new simulations should be consi-
dered in order to include the effect of digital control structure and inverter switches. In 
addition the following elements should be considered: 

 Further study on the transient response of the system during low dc-link opera-
tions, especially considering new control features to improve the system re-
sponse.   

 Implementation of the current control scheme in a laboratory setup. 
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A. Vectors and matrixes 
 

A.1 Physical Model 

The voltage, current and flux vectors of the physical model given in chapter 3.1.1. 
 

 
 
 

TSR
sa1 sa 2 sb1 sb2 sc1 sc2 f

TSR
sa1 sa 2 sb1 sb2 sc1 sc2 f

TSR
sa1 sa 2 sb1 sb2 sc1 sc2 f

U U U U U U U U

I I I I I I I I    





        

 (A.1)

 

The resistance and inductance matrix of the physical model: 
 

 SR
s s s s s s fdiag R R R R R R R R   (A.2)

 

S SR
g sf

SR

SR
fs 0

L L
L

L

  
    

  
  

 (A.3)

 

A.2 Transformed Model 

The voltage, current and flux vectors after applying the transformation matrix given in 
equation (3.5): 
 

Tr
d q z1 z2 01 02 f

Tr
d q z1 z2 01 02 f

Tr
d q z1 z2 01 02 f

U U U U U U U U

I I I I I I I I

   

   

          

 (A.4)

 

The resistance, inductance and J matrix after applying the transformation matrix given in 
equation (3.5): 
 

 r r SR -r
s s s s s s fdiag R R R R R R RR T R T     (A.5)
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 
 

sh g s df

sh g s

s
r r SR r

s

s

s

df f

3 L L L 0 0 0 0 0 L

0 3 L L L 0 0 0 0 0

0 0 L 0 0 0 0

0 0 0 L 0 0 0

0 0 0 0 L 0 0

0 0 0 0 0 L 0

3 L 0 0 0 0 0 L

L T L T














   
 

   
 
 

     
 
 
 
 

    

   (A.6)

 

L s= Leakage inductance for each stator winding 

L
g
 = Position dependent part of self inductance  

L sh= Stator Mutual inductance 
 

0 1 0 0 0 0 0

1 0 0 0 0 0 0

0 0 0 1 0 0 0

0 0 1 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

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

J  (A.7)

 

The reactance matrix, a result of applying both the transformation matrix and the pu sys-
tem to the physical model: 
 

dh s dh

qh s

s
r

s

s

s

dh dh f

sh g n n sh g n n
dh qh

n n

d dh s q qh s

x x 0 0 0 0 0 x

0 x x 0 0 0 0 0

0 0 x 0 0 0 0

0 0 0 x 0 0 0

0 0 0 0 x 0 0

0 0 0 0 0 x 0

x 0 0 0 0 0 x x

ˆ ˆ3 (L L ) I 3 (L L ) I
x x

ˆ ˆU U

x x x x x x

x

     

     















 

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

       
 

   

 (A.8)
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B. Model parameters 
 

In the following is listed the parameters used in Simulink to conduct the simulations 
documented in chapter 5. 
 

Parameter Explanation Value 

Un Nominal line-line voltage [Vrms] 601  Vrms 

In Nominal current [Arms] 1310  Arms 

fn Nominal frequency [Hz] 125 Hz 

p number of pole pairs 15 

rs Stator resistance [pu] 0.009 pu 

xd Direct axis reactance [pu] 0.3558 pu 

xq Quadrature  axis reactance [pu] 0.3558 pu 

xσ Leakage reactance [pu] 0.1 pu 

ψm Rotor Magnet flux [pu] 0.9255 pu 

Table 7: Six-phase dual winding machine parameters  
 

 

Parameter Explanation Value 

Kpd Gain factor in current controller direct axis 0.1510 

Kpq Gain factor in current controller quadrature axis 0.1510 

Kpz1 Gain factor in current controller z1 axis 0.0424 

Kpz2 Gain factor in current controller z2 axis 0.0424 

Tid Time constant of the direct axis controller 0.050 

Tiq Time constant of the quadrature axis controller 0.050 

Tiz1 Time constant of the z1 axis controller 0.0014 

Tiz2 Time constant of the z2 axis controller 0.0014 

Wmax Max windup of the integrator 1.15 

Table 8: dq and z1z2 current controller parameters 
 

 

Parameter Explanation Value 

Tv Time delay in the inverter  0 or 1/6000

fsw Switching frequency [Hz] 3000 

Table 9: Inverter parameters 
 

 

Parameter Explanation Value 

R Resistance between stiff grid and capacitor 0.05 Ω 

C Capacitance of the dc-link capacitor 12e-3 F 

Table 10: DC-link parameters  
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C. Decoupling network 

 

Figure C.1: Simulink model of the decoupling network 
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D. PI regulator with output limits 

 

Figure D.1: Simulink model of the PI regulator with output limits 
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E. Additional Simulations results 
 

E.1 200 V drop in dc-link voltage two with no output limits 

In the simulations testing the original DSPC system response to a 200 V drop in dc-link 
number two, the current controller parameters was kept the same as for chapter 5.2 and 
5.3 for the sake of continuity. However, the effects and results being discussed in rela-
tion to Figure 5.29 are much easier to convey when the regulators are set to operate at a 
higher speed. This is mainly because of the additional influence the quadrature axis 
regulator has on the system response before its integrator reaches saturation. This simu-
lation has therefore been repeated, and the results are presented here. The controller 
parameters for this simulation are given in Table 11. 

 

Parameter Explanation Value 

Kpd Gain factor in current controller direct axis 0.2831 

Kpq Gain factor in current controller quadrature axis 0.2831 

Kpz1 Gain factor in current controller z1 axis 0.0795 

Kpz2 Gain factor in current controller z2 axis 0.0795 

Tid Time constant of the direct axis controller 0.050 

Tiq Time constant of the quadrature axis controller 0.050 

Tiz1 Time constant of the z1 axis controller 0.0014 

Tiz2 Time constant of the z2 axis controller 0.0014 

Wmax Max windup of the integrator 1.15  

Table 11: Current controller parameters for simulations in appendix E.1 
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Figure E.1: Transient current responses to a negative 200 V step in dc-link voltage 
2 with no output limitations to the regulators and faster regulators, using new 
control structure. 

 

Figure E.2: Transient control voltage and regulator responses to a negative 200 V 
step in dc-link voltage 2 with no output limitations to the regulators and faster 
regulators, using new control structure. 
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Figure E.3: Transient voltage responses to a negative 200 V step in dc-link voltage 
2 with no output limitations to the regulators and faster regulators, using new 
control structure. 

Figure E.4: Transient phase a current responses to a negative 200 V step in dc-link 
voltage 2 with no output limitations to the regulators and faster regulators, using 
new control structure. 
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E.2 Additional plots to start-up with low dc-link voltage. 

In this section, additional plots from the low dc-link voltage simulations are included. 
These include plots of the control voltage, the dc-link voltage and the output of the quad-
rature axis and z2 axis regulator.  

 

 

 

 

 

 

 

Figure E.5: Transient voltage and regulator responses to a start-up with 800 V in 
dc-link two with no output limitations to the regulators, using new control 
structure. 
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Figure E.6: Transient voltage and regulator responses to a start-up with 400 V in 
dc-link two with no output limitations to the regulators, using new control 
structure. 

 

 

Figure E.7: Transient voltage and regulator responses to a start-up with 800 V in 
dc-link two with output limitations on the regulators, using new control structure. 
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Figure E.8: Transient voltage and regulator responses to a start-up with 400 V in 
dc-link two with output limitations on the regulators, using new control structure. 

 


