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Problem Description

Multiphase machines are of interest to be applied in electric ship propulsion where
increased power ratings, reliability of operation, redundancy and efficiency are required.
The study of modelling and control of multiphase drives is important to realize this
application. A general model of six-phase machines has been developed. Control methods
for Induction Machine and Permanent Magnet Machines have been simulated in previous

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

A laboratory setup for a six-phase induction machine was assembled and programmed for
Double Synchronous Frame Current Control in a previous master thesis. In a specialization
project, the student has carried out a simulation study of modelling and current control
methods in six-phase machines. This master thesis should build on the previous results. In

this thesis work, the student should

e Carry out a more detailed simulation study of both Double Synchronous Frame
Current Control (DSFCC) & Single Synchronous Frame Current Control (SSFCC)
using Matlab Simulink/SimPowerSystems.

e Improve the DSFCC control method using new transformation methods and limiter
functions in order to avoid unstable oscillations and improve response to DC link
under-voltage.

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

phase induction machine.

Assignment given: 30. January 2012

Supervisor: Tom F. Nestli, Elkraft

Co-supervisor: Roy Nilsen, Wartsila Norway
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Abstract

Multiphase machines are of interest to be applied in electric ship propulsion, where
increased power ratings, reliability of operation, redundancy and efficiency are required.
The study of modelling and control of multiphase drives is important to realize this
application.

The main purpose of this thesis was to implement and test control methods for a six-phase
induction motor drive. The work focused on continuation and improvement of previous
results achieved in the same area of application. The modelling of six-phase induction
machine using two different approaches was studied. Based on these approaches, two types
of vector control methods were implemented. These are single synchronous frame control
(SSFC) and double synchronous frame control (DSFC).

The six-phase induction motor drive was tested for different operating conditions using the
two control methods. The motor is normally supplied from two inverters with a split DC
link. The DC link voltages are kept equal and the two 3-phase groups of the motor share the
torque and power equally. Testing the drive during normal operation showed desired control
performance using both SSFC and DSFC methods.

Asymmetrical operation of the drive was also investigated. In this case, the currents in the
two 3-phase groups of the six-phase motor are unequal. Thus, both do not have equal
contribution to the torque developed in the motor. The results obtained using SSFC and

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

The third case of interest in the drive testing was the investigation of supply asymmetries
and faults. During under-voltage in one DC link, failure of one rectifier, or trip of one
inverter, the DSFC method gave desired response in both torque control and speed control
modes. Similar results were obtained using SSFC except for the case of inverter trip during
speed control mode.

From the results obtained, it was concluded that both SSFC and DSFC methods give desired
performance during normal operation of the drive. This is also the case for current
asymmetries in the motor when there are no supply faults. In the case of supply faults, the
DSFC method gave better control of the drive. The DSFC method was also found to be

simpler to implement and less computationally demanding.
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1 Introduction

1.1 Background

Electric propulsion for ships emerged during the early 20™ century. However, propulsion
systems driven by diesel engines and gas turbines have been the most widely used. Electric
ship propulsion has gained a renewed interest during recent decades because it provides
several advantages. Some of these benefits include reduced fuel consumption and
maintenance, improved maneuverability, less propulsion noise and vibration, reduced
vulnerability to a single system failure and flexibility in location of thruster devices [1]. The
increased interest in electric ship propulsion can be mainly attributed to advances in power
electronics, digital control systems and electric machine design. These advances have enabled
the recently increasing applications of electric motor drives in the marine industry [2].

A number of requirements exist for the application of electric drives in ship propulsion. These
include high power ratings, efficiency, reliability and fault tolerant operation. In meeting these
requirements, multiphase machine drives can be better alternatives as compared to the
conventional three-phase machine drives [3]. Multiphase drives possess several advantages
over conventional three-phase drives such as: reduced current stress on power electronic
switches without reducing the power, lower electromagnetic torque pulsations, reduced rotor
harmonic losses, reduced harmonic currents of the DC link current, and improved overall
system reliability [4]-[6], [22]. Multiphase machines can have various possible phase numbers
including 5, 6, 7, 9, 12 and 18 [4]. Among these the six-phase machine with two sets of three-
phase windings spatially shifted by 30 electrical degrees is probably the most widely studied.

Wartsila, a leading company in marine solutions and flexible power plants, has been
conducting research on the application of multiphase drives in electric ship propulsion. Some
of the work has served as the main reference for this thesis. Modelling of synchronous
machines with 2, 3, 6 and 9 phases was presented in [7], whereas [8] discussed modelling
techniques for six-phase PM machines. Modelling and control of a six-phase permanent
magnet synchronous machine (PMSM) was discussed in [9]. This work presented simulation
results of double synchronous frame current control (DSFCC) in six-phase PMSM supplied
by two three-phase inverters with separate DC links. In [10] simulation results on control of
six-phase PMSM using two different current control methods were presented. The control of a
six-phase induction motor drive was implemented in a laboratory setup in the work

documented in [11]. Based on this work, study of the drive system and implementation of
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limiter functions was done on the same laboratory setup in [12]. The modelling and control of
six-phase PM machine was carried out in [13], and simulation results were presented. The

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

The work done in this thesis concentrates on the modelling and control of six-phase induction
machine. Theoretical study and experimental implementation are both presented. The models,
control methods and results in the aforementioned works are the bases for this project. The
challenges documented in these papers are studied to get insight for improved modelling and
control methods.

1.2 Literature Review

The study of electrical machines with more than three phases dates back to the 1910s. The
theory for three, four and six — phase armature windings for a symmetrical poly-phase system
was presented in [14]. Double winding generators were proposed later in order to reduce the
fault current stress on circuit breakers [15]. The extension of Park’s 2-reaction theory to
multiphase synchronous machines was discussed in [16]. However, there was limited
opportunity for application of multiphase machines. One of the reasons for this is the
machines had to be supplied from three phase sources as power processing units were yet to

come.

Research on multiphase machines started to get more attention in early 1970s with the advent
of power diodes and thyristors. Nelson and Krause [17] presented analysis of multiphase
induction machines with arbitrary displacements between winding sets. They also indicated
that, in a machine with two three phase groups, an arrangement with 30 electrical degree
displacement between the two phase groups gives significantly improved torque
characteristic. Lipo [18] presented a d-q model for a six-phase machine supplied from a
current source inverter (CSI). A comprehensive work including space harmonics, time
harmonics and symmetrical component analysis of multiphase induction motors was done by
Klingshirn [4]. Experimental work on six- and nine-phase machines was also presented by the
same author [19]. A six-phase induction motor voltage driven by a voltage source inverter
(VSI) was presented in [20].

Lipo and Zhao [21] introduced the modelling of six-phase induction machine using vector
space decomposition. This was an important work that simplified the modelling and control of
six-phase machines. It simplified the vector control of these machines using space vector and
other PWM techniques. Research on multiphase machines has proliferated over the last
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decade. In many of the publications, the most widely discussed multiphase machine is a six-
phase induction machine with 30 electrical degree separation between phase groups and with
isolated neutral points [5], [6], [20]-[26].

The six-phase induction machine can be modelled using the technique of vector space
decomposition as demonstrated in [21], [24]-[26]. This method results in a model of the
machine in single six-phase reference frame with three pairs of axes decoupled from one
another. A less common modelling technique is the dual stator approach mentioned in [23],
[24] and [26]. It considers the six-phase machine as two coupled three-phase machines, and
uses three phase transformations.

Vector control is the commonly used control technique for multiphase induction machines
although direct torque control can also be used [22]-[24]. Two different current control
techniques can be used in vector (field oriented) control: double synchronous frame control
(DSFC) and single synchronous frame control (SSFC) [24]. Current control in stationary
reference frame is also mentioned in [25]. There are various pulse width modulation (PWM)
techniques for VSI driven multiphase induction machine. Sinusoidal PWM, sinusoidal PWM
with third harmonic injection, and different variations of space vector PWM are the most
common as discussed in [6], [22] and [27].

In many of the publications referred, only normal operation of six-phase induction machine is
considered [5][21] [24][25]. The two stator phase groups of the machine share the power
equally. Moreover, the machine is supplied using a six-phase VSI. The analysis in [26]
considered unbalanced current sharing between the two phase groups. Fault tolerance
operation of multiphase drives to open circuit in one or some of the phases is discussed in [28]
and [29]. The work in [30] analyzed the fault tolerant operation to one or more failed inverters
in a six-phase induction machine supplied by four 2-level three-phase inverters.

In this thesis, the modelling and control of six-phase induction machine in both single and
double synchronous frames is investigated. The machine is supplied from two 2-level three-
phase inverters with split DC link. Modelling of these inverters is also discussed. The results
of experimental work are presented and discussed. Normal drive operation, and fault tolerant

operation during current asymmetries, supply asymmetries and failures are investigated.



1.3 Thesis Scope and Limitations
This thesis focuses on modelling and control of six-phase machine. Scope of the work

includes:

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

= Modelling of inverters for six-phase machine,

= Control techniques for six-phase induction motor drive in single and double
synchronous frames,

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

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

Limitations of the work include:

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

= Field weakening operation of the drive is not studied.

= PWM techniques considered are SPWM and SPWM with 3™ harmonic injection.

In addition to these limitations, a number of simplifying but appropriate assumptions are
taken into account in the modelling of the machine, inverters and control structures. These

have been explained in their respective topics.

1.4 Organization of the Report

In chapter 1, the background and motivation for the thesis, the scope and limitations of the
work, and a brief literature review are presented. Chapter 2 deals with the modelling of six-
phase induction machine in both single and double synchronous reference frames. Modelling
and modulation techniques for 2-level three-phase inverters are discussed in chapter 3.
Chapter 4 presents control methods (DSFC and SSFC) for six-phase induction machine. The
experimental setup used in the thesis work is discussed in chapter 5, whereas chapter 6
presents the simulation and experimental results. The results for different operating conditions
are included. In chapter 7, discussion of the experimental results is presented. Finally, chapter
8 concludes the report with recommendations for further work. Moreover, the machine
nameplate data and parameters, control parameters and additional simulation results are

included in the appendix.



2 Modelling of Six-Phase Induction Machine

2.1 Introduction

An induction machine is a type of AC machine in which alternating current is supplied to the
stator windings directly. Alternating current also flows in the rotor due to electromagnetic
induction from the stator. The rotor, which is separated from the stator by an air-gap, can be
of two types. A wound rotor has a winding similar to and with the same number of poles as
the stator, and slip rings are used to connect it to external circuit. A squirrel-cage rotor, on the
other hand, is built with conducting bars embedded in the rotor iron and short-circuited at

each end by conducting rings [31].

The three-phase induction machine with squirrel-cage rotor is the most widely used electrical
machine industry. Single-phase induction machines have also been commonly used in
household appliances, whereas two-phase induction machines are mainly used as servomotors
in a control system [32]. Recently multiphase induction machines, i.e. having more than three
phases, have gained increased interest mainly in some specialized applications including
electric ship propulsion and traction. This is because multiphase machines have better
efficiency, greater fault tolerance and less susceptibility to time harmonics than their three-

phase counterparts [22].

In this work a six-phase induction machine with squirrel-cage rotor is considered. The stator
of the machine has two three-phase winding sets which are separated by 30 electrical degrees
in space. Each phase group is star-connected and has three windings separated by 120
electrical degrees. The two phase groups have isolated neutrals. All the stator phase windings
are distributed sinusoidally, giving a synchronously rotating sinusoidal magnetic field around
the air gap of the machine. A schematic representation of the machine is shown in Figure 2.1.
A machine with one pole pair is shown for simplicity, whereas the actual machine considered
has two pole pairs (four poles). Phase group 1 stator winding axes are labeled as o°, b," and ¢;’;
whereas a,’, b,’ and ¢,” indicate axes of phase group 2 stator windings. Each winding is shown

as a concentrated coil along its own magnetic axis.



Figure 2.1: Schematic representation of six-phase induction machine

Modelling of the machine is needed in order to implement control of the machine practically.
Moreover, it is also important to model the machine and test the control principles using

simulation software.

Different modelling approaches can be used depending on the control technique desired. For a
stationary frame control, modelling of the machine is done in coordinates that are fixed to the
stator [25]. If rotor field oriented control is desired, the modelling is done in synchronous
reference frame, i.e. a reference frame rotating with the rotor flux. Two modelling approaches
can be used in the synchronous frame, namely single synchronous frame modelling and
double synchronous frame modelling. These approaches lead to two types of control

techniques [24]. These techniques are discussed in chapter 4.
The following assumptions are taken into account in the machine modelling [7], [24]:

= The stator windings give a sinusoidally distributed magnetic field around the air-gap
of the machine, i.e. only the fundamental component of the field is modelled.

= The stator windings are all equal, but have different directions of winding axes.



= Resistances and inductances are assumed to be independent of temperature and

frequency.
= Magnetic saturation, hysteresis and eddy currents are not considered.

= The rotor cage is equivalent to a wound rotor.

2.2 Modelling in Single Synchronous Reference Frame

This modelling approach is based on the vector space decomposition technique introduced in
[21], which transforms the stator and rotor quantities into a single six-phase stationary frame.
To transform these quantities into a common six-phase rotating frame, a modified

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

Initially the equations of the machine are established by modelling the physical system. Then
appropriate transformation and per unit system is used to obtain the per unit model of the

machine in synchronous reference frame.

2.2.1 Physical Modelling
For simpler analysis, the squirrel cage rotor can be replaced by equivalent windings [24].
Thus the rotor cage is taken as equivalent to a six-phase wound rotor as shown in Figure 2.2.

In this modelling approach twelve voltage and flux linkage equations can be obtained, six in
the stator and six in the rotor. The voltage and flux linkage equations are given compactly in

matrix form as

SR _ SR X
U™ =R™- 1= (2.1)
P B 2.2)

These equations describe the electromagnetic system in the machine. The vectors and
matrices in the equations contain stator and rotor quantities in their original frames of
reference, i.e. stator quantities in stator frame and rotor quantities in rotor frame. The voltage,

current and flux linkage vectors are

U Urbl Urbz U Urcz ]T

ra2 rcl

(2.3)

T
- [Isal |sa2 |sbl Isb2 Iscl Ich |ral IraZ Irbl Irb2 Ircl |rc2]

lP \Prbl \Prbz lP lPcm ]T

ral ra2 rcl



The rotor voltages are zero since the rotor is short circuited, but are shown in their respective
symbols for completeness.

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

R® =diag[R, R, R, R, R, R, R, R, R, R, R, R/] (2.4)

S S S S S r r r r

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

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

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

Ly L5 (0)
LSR — (25)
L.(0) L%

where 6 is angle of the rotor a; axis with respect to the stator a; axis as shown in Figure 2.2.

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

stator self- and mutual inductances are given in the matrix



Lsal Lsalsaz Lsalsbl Lsalsbz Lsalscl Lsalscz
LsaZSal Lsa2 LsaZSbl Lsa25b2 LsaZScl Lsa25c2
Ls stlsal stlsaz stl stlsbz stlscl stlch
ss
stZSal st25a2 stZSbl st2 st2501 st25c2
Lsclsal Lsclsa2 Lsclsbl Lsclst Lscl Lsclch
_Lsc25al LchsaZ Lchsbl Lsc25b2 Lchscl Lscz a
The inductances in this matrix are given by
S S
Lss = Lsa '|6 +Lsh
where lg is a 6 x 6 identity matrix, and the L% matrix is
P R S R S
2 2 2 2
V3o, ., L1 31
2 2 2 2
1o, o, ¥ 1 48
LS =L. - 2 2 2 2
R B R S < S |
2 2 2 2
B R
2 2 2 2
o I 3 1 3
2 2 2 2

Similarly, the rotor inductances are given as follows:

Lral Lralra2 Lralrbl Lralrbz Lralrcl Lralrcz
I-ra2ral Lra2 LraZrbl Lra2rb2 I-ra2rcl Lra2rc2
R Lrblral Lrblraz I—rbl Lrblrbz Lrblrcl Lrblrcz
er =
Lrb2ra1 Lrb2ra2 Lrb2rb1 I-rb2 Lrb2rcl Lrb2rc2
chlral chlra2 chlrbl chlrb2 chl chlrc2
_ch2ra1 chZraz ch2rb1 ch2rb2 chZrcl chz a

This is given as

R _ R
er _Lra'|6+Lrh

where lg is a 6 x 6 identity matrix, and the L% matrix is

(2.6)

2.7)

(2.8)

(2.9)

(2.10)



o, 31 31 ]
2 2 2 2
N3, 1 Bt
2 2 2 2
S I R |

LF:h:Lrh' 2 2 2 2
‘% —% g 1 0 —% (2.11)

11, B

2 2 2 2

o L 3 1 3o

L 2 2 2 2 |

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

cosd cos{ 0+ | cos 0+2—” cos| 0+5—” cos 0+4” Cos| 0+3—”

6 3 6 2

T 7T 2 L3 4z

cos| —— cos(0) cos| @+—| cos| @+=—| cos| @+—| cos| @+—
6 2 3 6 3
cos(@—%) cos(0) cos(9+%j cos[9+ 27[) ( 7

3
cos(@—%) cos(@) cos(&+%} cos| 6+ 2%

] (2.12)
L5, (0)=(Ls (o))

The different constant terms used in the inductance matrices are defined as follows:
L,, — Leakage inductance of each stator winding
L,, — Leakage inductance of each rotor winding
Ls, — Peak value of the mutual inductance between two stator windings
Ly, — Peak value of the mutual inductance between two rotor windings
L, — Peak value of the mutual inductance between one stator winding and one rotor winding

The electromagnetic torque, linking the electromagnetic and mechanical systems, can be
obtained using the co-energy concept as

M, :l_(I_SR)T _aLSR(e)_I_SR :B'(lSR)T 'aLSR(H)'I_SR
2 00 2 00

mech

(2.13)
The mechanical system is governed by the following equations:

10



dQ do,
J- =M —-M ~mech _ () =p-6 (2.14)
dt e L dt p mech

2.2.2 Transformation of the model
2.2.2.1 Coordinate Transformations
In order to simplify the dynamic control of the machine, a rotor field-oriented coordinate
system is used based on the method of rotating vector space decomposition [7]. The original
stator and rotor coordinates are transformed to a common rotor field-oriented system

composed of three orthogonal subspaces (d, q), (z1, z2) and (01, 0,).

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

oS 6, cos(@k —%J cos(@k 7%77 cos(@k - %ﬂj cos[ek —4?”} cos[t?k —37”}
—sing, —sin ek_f —sin Hk—z—” —sin Hk—s—” —sin Gk—4—” —sin 9k—3—7[
6 3 6 3 2 (2.15)
1 cos g, cos(@k —7—”] cos(ﬁk —2—”] cos(ak —&] cos[&k —4—”j cos(é’k —zj
T 2. 6 3 6 3 2

ss =
3
. . 7 . 57 . 57 . T . 3r
—sin(6, — ) —sm[@k—gj —sm(@k——Sj —sm[&k——ej —sm(@k—gj —sin ek—7j

1 0 1 0 1 0

0 1 0 1 0 1

where 6 is the angle of the synchronously rotating d-axis with respect to the stator a; axis as

shown in Figure 2.2.

Similarly the transformation matrix for the rotor quantities is

C0s 6, cos| 6, 21 cog 0, i cos| 6, — o cos| 6, 4 cos| 0, — £l
6 3 6 3 2
-sing, —sin[t?r —%] —sin(@r —2?”] —sin[é’r —%ﬂj —sin[é’, —4?”) —sin[er —37”)
7 2 11z 4 (2.16)
1 cosé. cos(ar - —”j cos(ﬁ, - —”j cos(ﬁr - —J cos(@r - —”j cos[b?r - gj
T == 6 3 6 3 2
3 . . T . 57 . 5z . T . 3r
-sin(¢, -z) —sinl 6. ——| -sin| g, ——| -sin|f ——| -—sin|6, -—| -—sin b ——
6 3 6 3 2

1 0 1 0 1 0

where 6, is the angle of synchronously rotating d-axis with respect to the rotor a; axis. This

angle is given by

0,=6,-0 (2.17)
11



The complete transformation matrix from the physical stator and rotor windings to a common
rotor field oriented system becomes
TS O
T = (2.18)

The transformed model can be obtained by applying this transformation on equations (2.1),
(2.2) and (2.13).

Tk QSRZTK-RSR lSR+Tk d\ZJtSR
—k k
Uk:Tk.RSR.Tk.ukm.Ldet*P ) (219)
uk:Rk-|k+dgk+Tk~O'T_kA{Jk
- Tt dt —

where T¥is the inverse of the matrix TX.

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

k
u*=R* Lk +o, P
dt (2.20)
déo, o dTy ,
where el o, , J=T, "do and xcanbek or r, for stator or rotor quantity.
The vectors and matrices in the transformed voltage equation are

L_Jk = [Usd Usq Usz1 Usz2 UsO1 U302 Urd Urq Urz1 Urz2 Urol UrO2 ] !

lk = [Isd Isq Isz1 I:sz2 |501 ISO2 Ird Irq Irz1 Irz2 IrO1 IrO2 ] ! (221)

vy, w, v, ¥, ¥

sq 74 sz, sO,;

R*=diag[R, R, R, R, R

The rotation matrix is obtained as

12



0 -1 00 0 0O 0 O
1 0 00 0 00 0 O
0 000 0 0O 0 O
0 000 -100 0 O

J=|0 0 01 0 00 0 O
0O 000 0 0O 0 O
0O 000 0 0O -10
0O 000 0 01 0 O
0 0 00 0 00 0 O

The flux linkage equations are transformed as

Tk'ESRZTk‘LSR‘lSR

Ek:Tk.LSR.Tfk'Iik
P

The transformed inductance matrix is obtained as follows:

L 0o o 0 O o0 L, 0 O

oL 0 o o0 o0 Oo01L o

o 0L, 0 0O O O 0 O

o 0 0oL, 0 O O 0 O

o 0o o oL, 0 O 0 O

L o o o o 0L, O 0 O

L, O 0o 0 O o0 L 0 O

oL o0 o o0 O 0L o0

o 0o 0o o 0 O O 0 L,

0o 0 0 o0 0O O 0 0 O

0o 0 0 0 0 O o0 0 O

)0 0 0 0 0 0 0 0 O
where L,=L,, +3-L L =L, +3-L,

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
o 0
0o L,
0 0
L, =3-L

O O O O O O O o o o o

Transformation of the electromagnetic torque equation is given as

M :B_QSR)T .5LSR 'lSR

) 00

M, = ;’.(T-k.|'<)T.ala‘;R.'|'-k.|kr
P (Y T A g

DT

13
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(2.23)

(2.24)

(2.25)



The torque equation in transformed equations is obtained as:
M,=3p-Ly (g 1y =l 1g) (2.26)
Using the transformed flux linkage equations from (2.23), the torque can be written as
M,=3p(P 1y P - 1) (2.27)

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

winding in steady state. By averaging the power in each winding over one fundamental
period, the rated input power can be written as [7]

U, |
P, =6-7"*‘N2 PN . cosg, =6-U

L cospy (2.28)

phN,rms phN,rms

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

~ ~

U - -
SN :6'M:3'Upm 'Ith :6'Uth,rms ’ Ith,rms :2'\/§'UN ' IN (229)

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

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

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

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

Isdn sgn szln — I

Usdn = Usqn =U =U

— “szln

sz2n = IsOln = IsOZn = IN

sz2n = UsOln = UsOZn = U ph,N

c,

(2.30)

_ _ ph,N
s0ln — ZsOZn - r

2y =2y=2,,=2

sdn sgn — “szln

=Z

sz2n
N

Upy U

w, 2-7-f

ph,N

= TsOln = lPsOZn = an =

— “szln sz2n

\Psdn = \Psqn =Y =Y

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

The basis for torque is

Yom Tow _5 04

n phN

M :SiN:psiNzgp
a)n

(2.31)
n QN

@y,

where Qy is the rated synchronous speed in mechanical radians per second.

14



2.2.2.3 The Transformed per unit model
The transformed per unit model of the machine is obtained after scaling the transformed
equations (2.20), (2.23) and (2.27) by the basis values of the aforementioned per unit system.

The voltage equations are obtained as

1 dy 1 dy
U, =r i, +— d _ U, =r -i, + 24 f
sd s ‘sd ] dt k l//sq sq s 'sq a)n dt k l//sd
1 dy 1 dy
Uy =15 -l P Tszl_’_ fk "W Uy, =11y, » dtSZZ K Vs
n n (2.32)
1 dygy 1 dygy
Usor =I5 " Lso — Usoz = I~ o2 :
s s ls ] dt s s ls ] dt
1 dy .1 dy,
0 =r iy, +— W gy 0 =r Q4+ f oy
r ] dt r Vrq r g o, d r¥r
The flux linkages are
Vs :Xs'isd+xh'ird l//sq:Xs'isq+Xh'irq
Var = Xso iszl Vo = X6 iszZ
Yso = Xso " lson Vs = Xso *lsop (2.33)
Vi :Xr'ird+xh'isd qu:Xr’irq_FXh'isq
X, =X, X, X =X, +X,
The mechanical system equations in per unit become
me = !//rq ' Ird l//rd Irq
dn J.-Q2
Tm'_zme_mL Tm_ &
dt S,
de 6 (2.34)
E:wn'n Qmech :B
, (0}
f=f —n f, = f =
(0] [0}

Since there is no excitation of the (z1, z2) and (01, 0,) subspaces in the rotor circuit, the
corresponding equations have been left out of the model. The rotor voltages are zero as
mentioned earlier. Considering that the two stator three phase groups have isolated neutrals,
there is no excitation of the (04, 0,) in the stator. Therefore, it can be omitted from modelling.
However, the stator (z;, zz) system can be excited due to current or supply asymmetries
between the two phase groups; hence, it is included in the model.

15



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

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

daxis . fic. s Xe, X, foovg
Isd Is Y Ird
o > +
w X
Usd n Iy
g axis fk. e Xsy Xro frova
Isg rs aaal Irq
T g N
X
u5q n Iy
Zy axis e Ws 2 axis_ fi. wsn

rs

Isz1 s Isz2

Xso Usz2 Xso

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

2.3 Modelling in Double Synchronous Reference Frame

The six-phase induction machine can also be modelled in double synchronous reference frame
as an alternative to the single synchronous modelling presented earlier as demonstrated in
[24]. This approach is based on the modelling principle of three-phase machines. In the
following sections, model of the physical system is established first. Then a transformed per
unit model is derived. Finally the equivalent circuit of the machine based on this modelling
approach is presented. The physical modelling of the stator and the transformations are based

on the work in [8].

2.3.1 Physical Modelling
The two stator three-phase groups are taken as separate ones, but the mutual impedance
between the two is considered in the inductance matrix. Each 3-phase group is transformed to

16



a synchronously rotating d-g-0 coordinate system. The squirrel cage rotor is modeled as an
equivalent three phase wound rotor as shown in Figure 2.4.

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

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

SR
TN s (2.35)
- - dt
ESR — LSR 'lSR (236)
The voltage, current and flux linkage vectors are
QSR = [Usal Usbl Uscl Usa2 Usb2 USC2 Urd qu U"O ]T
lSR = [Isal Isbl Iscl Isa2 Isbz Iscz Ira Irb Irc]T (237)
ESR = [lPsal \Psbl lPs<:l \Psaz \Psbz lIJscz \Pra \be leC ]T
The resistance matrix of the physical model is
R* =diag[R, R, R, R, R, R, R, R, R,] (2.38)

The inductance matrix of the physical model is given as follows:
17



Ly L)
LSk _ (2.39)
LL(0) L%
The sub-matrix of stator self and mutual inductances is
I Lsal Lsalsbl Lsalscl LsalsaZ Lsalsbz Lsalch_
stlsal stl stlscl stlsaz stlsbz stlscz
S Lsclsal Lsclsbl Lscl Lsclsaz Lsclsbz Lsclscz (2 40)
LSS =
LsaZSal LsaZsbl LsaZScl Lsa2 Lsazsbz Lsa25c2
st25al st25bl stZscl st25a2 st2 st25c2
_Lsc25a1 Lchsbl Lchscl LchsaZ Lchst Lscz a
The values of the inductances in this matrix are given by
L =L, -1 +L3 (2.41)
where lg is a 6 x 6 identity matrix and
PR S S R
2 2 2 2
Lo L BB
2 2 2 2
1, By
1s-L.| 2 2 2 2 (2.42)
R R R C I S
2 2 2 2
B
2 2 2
S I C R S S
L 2 2 2 2 ]
The sub-matrix of rotor self and mutual inductances is
Lra I‘rarb Lrarc
L’jr = I-rbra Lrb I-rbrc (243)
chra chrb ch

The values of the rotor inductances are given by
18



L% =L, 1y +L5, (2.44)
where I3 is a 3 x 3 identity matrix and
1 11
2 2
2.45
LF:h =Ly - _% 1 —% ( )
e
L 2 2 _
The mutual inductance sub-matrices between stator and rotor are
i Lsalra Lsalrb Lsalrc )
stlra stlrb stlrc
Lsclra Lsclrb Lsclrc
L3 (0)=
Lsa2ra LsaZrb Lsa2rc
st2ra stZrb st2rc
L Lchra Lsc2rb Lsc2rc i
(2.46)

L%(0)= (L5 ()

where the values of each inductance are given in the following matrices
cosé COS[@ + Zij COS[H + 4lj
3 3

cos[@ - 2”] cos(8) cos(e + 2?”)

%)
7005(9—%) cos[e—%] Cos[e‘%] (2.47)

L%(0)= (50
The different terms in the inductance matrices are defined as
L,, — Leakage inductance of each stator winding
L,, — Leakage inductance of each rotor winding
Ls, — Peak value of the mutual inductance between two stator windings

L., — Peak value of the mutual inductance between two rotor windings
19



Lsh — Peak value of the mutual inductance between one stator winding and one rotor winding
6 — Position of the rotor with respect to the stator a; axis

The equations describing the mechanical system are:

S S
Me:l.(ls)T.aI_s—S(g).lSZE.(ls) .M.ls (2.48)
2 00 oeh 2 06
dQ de
J=2=M -M —Zmech _ ) O=pn-0 2.49
dt e L dt p mech ( )

2.3.2 The Transformed Per Unit Model

2.3.2.1 Coordinate Transformations

A double synchronous transformation is used to transform the stator (a, by, ¢1) and (a,, b, C2)
quantities into (d1, g1, 01) and (d2, gz, 0,) coordinate systems respectively. Both (d;, qi, 01) and
(d2, g2, 02) systems coincide. The amplitude invariant transformation matrix for the stator

quantities is given as

cosg,  cos| 6, o cos| 6, il 0 0 0
3 3
-sin g, —sin[@k —2377} —sin[@k —4;) 0 0 0
(2.50)
1 1 1 0 0 0
T _2| 2 2 2
ss 3
0 0 0 cos[ﬁk —Ej cos[@k —5—7[) t:os[@k —3—”]
6 6 2
0 0 0 —sin| 6, ~Z| —sin 0, i —sin Hk—g—”
6 6 2
0 0 0 1 1 1
L 2 2 2 J

where 6y is the angle of the synchronously rotating d-axes (d; and d,) with respect to the stator

ay axis.

The rotor (a, b, ¢) quantities are transformed into a synchronously rotating (d, g, 0) coordinate
system, which coincides with (d;, g1, 01) and (d, gz, 02). The transformation matrix for the

rotor quantities is

cosé, cos[ar _Zij cos( 9 - 4n j
3 3

Tar :g' -sing, —sin Gr—z—ﬂ —sin gr_4l

3 3 3

1 1 1
2 2 2

(2.51)
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where 6, is the angle of the synchronously rotating d-axis with respect to the rotor a-axis. It is
given by

6,=6, -0 (2.52)

The complete transformation matrix from the physical stator and rotor windings to a common
rotor field oriented coordinate system becomes
TS O
T _ (2.53)
0 T

Therefore, the complete transformation matrix is

c0s 6, cos(ﬁk—%{j cos(&k—%zJ 0 0 0 0 0 0
—sin 6, —sin(&k—%ﬂj —sin(ﬁk—%’r] 0 0 0 0 0 0
% % % 0 0 0 0 0 0
0 0 0 cos| 6, -z cos| 6, 5 cos| 6, —— 0 0 0
6 6 2
2
T==| o 0 0 —sin| 6, -Z| -sin 0k—5—” —sin Hk—g—” 0 0 0
3 6 6 2
0 0 0 1 1 1 0 0 0
2 2 2
0 0 0 0 0 0 cos b, cos(&,—%ﬂj cos(&,——”j
0 0 0 0 0 0 —siné, —sin[&,—z?ﬂj —si (6,—%}
(2.54)
0 0 0 0 0 0 1 1 1
2 2 2
The inverse of the transformation matrix is
c0s 6, —siné, 1 0 0 0 0 0 0]
. T T

sm(&k *g] cos[&k 73) 1 0 0 0 0 0 0

—Sin(9k+%j —cos[9k+%] 1 0 0 0 0 0 0

0 0 0 cos 6 -Z -sin(@k-f 1 0 0 0

6 6

T = 0 0 0 -cos(ak+%j sin[€k+%J 1 0 0 0

0 0 0 -sin g, —c0s6, 1 0 0 0

0 0 0 0 0 0 cosé, -sing, 1

0 0 0 0 0 0 sing-Z| cofg-Z| 1

6 6
0 0 0 0 0 0 —sin[n9r+£) —cos(&,+£] 1
6 6) | (2.55)

Introducing the transformation and inverse transformation matrices into equation (2.35) gives

-k k k -k
uk — Tk _QSR —TK.RR.T 'lk + T 'ﬂ-l%):Rk 'lk +dd7$t+-rk .%_Ek (2.56)
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By introducing the matrix J, the voltage equation can be written as

k
Uk =R* -1k+dd7$t+a;n-fx-3gk
dT "
where J=T% ——, do, o, f, (2.57)
de, dt

X represents k in stator termsand r in rotor terms

The matrix J is given as:

1
1

0O -1 00 O OO O O
1 0 00 O OO0 0 o
(2.58)
0O 0 00 O OO O O
0O 0 00 -1 00 O O
J=0 0 01 O OO O O
0O 0 00O O OO o o
0O 0 00 O OO -10
0O 0 00 O O1 O O
|0 0 00 0 00 O O]
The flux linkage equation is transformed into
ik:Tk'ESR:Tk'LSR'lSR:Tk'LSR'T_k'lk:Lk'lk (259)
The voltage, current and flux linkage vectors in the transformed equations are
k T
L_J = [U sdl Usql UsOl Usdz Usq2 UsOZ Urd Urq Uro]
k T
l = [I sd1 Isql IsOl Isd2 Isq2 IsOZ I rd I rq I rO] (260)
k T
i = [lPsdl \Psql \P501 \Psdz \Psqz lI1502 \Prd lIIrq \Pro
The resistances are given in the diagonal matrix
R*=diag[R, R, R, R, R, R, R, R, R,] (2.61)
The inductance matrix after transformation is obtained as
L, +=L, 0 0 3., 0 0 gLs,h 0 0
0 L,+-L, O 0 3., 0 0 gLSm 0
0 0 L, 0 0 0 0 0 0 (2.62)
3., 0 0 L,+-L, 0 0 gLsm 0 0
k
L=l o gLsh 0 0 |_S,,+g|_sh 0 0 gLSm 0
0 0 0 0 0 L, 0 0 0
gLsm 0 0 gLsm 0 0 L,+-L, 0 0
0 3., o 0 3., 0 0 L. +oL, o0
2 2 2
|0 0 0 0 0 0 0 0 L, |




The inductance matrix can be written as

L 0 0 L O 0 L, 0 0
oL 0 0 1L O 0 L, 0
0O 0L, 00O 0 0 0 O
L, 0O 0 L L 0O 0 L, 0 o© (2.63)
tk=|lo L, 0 0 L O O L O
0o 0 0 0 0L, 0O 0 O
L, 0 0 L O 0 L, O 0O
oL 0 0L 0O 0 L, O
o o 0 0 0 0 0 O L,
where
L=L,+oL, L=l 4oL, Ly=oL,=oL, (2.64)
2 2 2 2

The electromagnetic torque can be obtained in terms of the transformed quantities using the

following equation:

_PB kY o) ., k_P (%Y (e« )T oL*O) .\ 2.65
_E.(T 'l)' T _E.(l).(-r ) = T (2.65)

This gives

e

M :gs Lh .(Isql : Ird - Isdl : Irq + Isqz : Ird - Isdz : Irq) (266)
which can be written in terms of rotor quantities as

M :g's'(\yrq'lrd _‘Prd'qu) (267)

e

The torque expression in terms of stator quantities is

Me: '3'(T5dl'| 1_\Psq1'|sdl+\ysd2'Isqz_‘{lsqz'Isdz) (268)

N o

sq

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

after scaling the transformed equations in (2.57), (2.59) and (2.67) by the basis values. The
same definition of the per unit system used is used as the one in single synchronous modelling
(section 2.2.2.2). Thus the peak phase voltages, peak phase currents and peak flux linkage
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values are used as the basis values for voltage, current and flux linkage respectively. The basis
values for power and torque are the same as the ones used in single synchronous modelling.

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

. 1 dy _ 1 dyg,
Uy =1, -l +— —— 2 — f - Uy =1, iy +— —— 4 f, -
sdl s 'sdl a)n dt k qul sql s 'sql ) k Wsdl
. 1 dyg, . 1 dyg,
Uy, =T, iy, +— ——2=— f - Uy, =r i ,+— ———+f - (2.68)
sd2 s 'sd2 wn dt k l//qu sq2 s 'sq2 ) dt k l//sdz
.1 dy, .1 dy,
Ozrr'lrd +_n' dtd_fr'[//rq o=r‘r'qu a)_ dtq+fr'Wrd

The flux linkages are

War = Xs lggr T X - lggo + X o1y Vet = X 'Isql + X, 'Isqz + X Irq
Vo = Xs “lggp T Xpy lggp T X, g Ve = X 'Isqz + X, 'Isql + Xy Irq (269)

Wig =X lg +Xp ot Iggr + X g Vig = X, 'Irq + Xy 'Isql + X 'Isq2

The quantities in (01, 0,) subspace are not excited for similar reasons as in the single
synchronous modelling. Thus they are omitted from the model.

The electromagnetic torque and other mechanical system equations in per unit are given as

m = W sy =W “lsin T Wsa2 "lsq2 =Wz "lsaz

¢ 2

J-QF
Tm'd_nzme_mL Tm= N
dt S,
(2.70)

do 0

—=w,-Nn emech:_

dt p
frsz_n fk:wk fr:&

w, )

From the voltage and flux linkage equations in (2.68) and (2.69), the per unit equivalent
circuit of the machine in double synchronous frame can be drawn as in Figure 2.5.
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d axis

(di&d) ; fic s Xso
Isd1 3 4 ‘
i fic. Wsq2 Xsy Xro fr. Yrq .
Isd2 Is Y Ird

g axis

(01 & 03) i rs fk Ysd1 Xso
A sl - 2820
) fic. wsa2 Xs
r 1o
Isq2 s : : A
Usql T

usq2

Figure 2.5: Per unit equivalent circuit of SPIM in double synchronous frame

In this chapter, two different modelling approaches of the six-phase induction machine were
considered. It is important to establish the relationship between the two models. From the
definition of rotor windings, the transformation equations, the transformed inductance
matrices and the pu system definitions, the relationship between the two pu models is derived

and summarized as follows:
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Equivalent circuit parameters
1 I I

|
rS = rS XSO‘ = XSO‘
| | |
n_F n_ X n_ Xy
rr - A Xra -5 Xh -5
2 2 2
Currents
1] all Hl HL
il = s Flsao a0 hsi s
sd 2 sq 2
=1l Hil
g by g
Ird _? Irq - A4
Fluxes
1 1 L
1 _ Ysar W2 w! = Vsar T ¥sq2
sd 2 sq 2
I | |
l//rd _l//rd ‘//rq _l//rq
Voltages
1" 1l 1 1
u' = Uggy +Uggo 1 Usgn T Ugqp
sd sq
2 2
I 1 I "
Urg =Urg =0 Upg =Up =0 (2.71)
Torque
m; =m,'

The superscript 1 indicates quantities in single synchronous modelling, whereas quantities in

double synchronous modelling are designated using the superscript 11.
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3 Modelling of Inverters for Six-Phase Induction Machine

3.1 Introduction

Inverters are required to supply six-phase machines mainly for two reasons. The first is
because the mains supply is normally three-phase. Therefore, a supply that can give six-phase
currents with the correct phase difference is required. Secondly the currents into the machine

need to be controlled precisely for variable speed operation.

In this chapter, two different topologies of inverters for a six-phase machine are discussed. A
brief discussion of six-phase two-level inverter is presented first. Then a more detailed
analysis of two three-phase inverters with separate DC links is presented. Pulse width
modulation (PWM) techniques for this topology are mentioned with particular emphasis on
sinusoidal PWM with 3rd harmonic injection. Only voltage source inverter (VSI) is

considered in this chapter.

3.2 Six-phase Two-level Inverter

A six-phase two-level inverter can be built by connecting six bridge legs as shown in Figure
3.1. The aj, a2, b1, bz, c1 and c, terminals are connected to the corresponding six-phase
machine terminals. The switch gate signals are obtained from a controller so that appropriate
magnitude and phase of currents are delivered to the machine. A six-phase two-level inverter
can also be formed from two three-phase two-level inverters by connecting them to a common
DC link.

£ & K¥ KF £F A

+44ﬁ}444

a1 dz b1 bz Cy Cy

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

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

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

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

PWM techniques can be used to control the inverter including conventional space vector
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modulation, vector space decomposition, vector classification, double zero-sequence injection
and sinusoidal PWM [6]. However, the six-phase 2-level inverter will not be discussed

anymore because it has not been used in this thesis.

3.3 Three-phase Inverters with Split DC Link

A six-phase machine can also be supplied from two three-phase inverters with separate DC
links as shown in Figure 3.2. The terminals from the two inverters are connected to the
corresponding terminals of the six-phase machine. This configuration is preferred to the six-
phase inverter or two three-phase inverters with common DC link in this thesis. This is
because it offers redundancy and better reliability. If one DC link fails or one of the inverters
trips, the machine can continue to run from the remaining DC link and inverter. However, the
control becomes more complicated because of the need to ensure fault tolerance of the drive

in the event of low DC link voltage or trip of one inverter.
£ 1} fj o fj
udcl — E } udc2 E— H
YIESIES +F 4}@*
L L

Nl NZ

di bl Cq1 a; bz Cy
Figure 3.2: Two 3-phase inverters with split DC link

To apply appropriate control to the inverters, a relationship between inverter voltages and the
motor voltages must be established. Let N; and N, represent the negative terminals of DC link
1 and DC link 2, respectively, as shown in Figure 3.2, and let n; and n, represent the neutral
points of phase group 1 and phase group 2, respectively. In the following analysis, only
inverter 1 and phase group 1 will be used. Then it is later generalized for the other inverter

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

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

U ajby (t) =U N, (t) -U by N, (t)
Upe () =Upy, () -Ugy, (B) (3.1)
U iy (t) =U N, (t) -uU ayN; (t)
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The inverter line-to-line and machine line-to-line voltages are equal. This gives
Uy, (0 -Upy (1) =U,, () -Uy, ()
UblN1 (t) _UclNl(t) = Ubln1 (t) _Uclnl (t) (32)
UclNl (t) - UalN1 (t) = Ucln1 (t) - Ualn1 (t)

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

voltages of the machine as follows:

Uo(t):Ual(t)+Ubé(t)+Ucl(t) )
From equations (3.2) and (3.3),

Uy 0=3+(2-Us (0-Uyy, 0-Usy, 04U,

Uy (0 =3+(2-Uy, (0 -Us, ©-Upy, 0)+Ug (34)

Ue (=3 (2-Uep, (0-Uyy, ©-Uyy, 04U,

It can be assumed that there is no zero system voltage as long as the sum of stator currents is
zero. Then the following relationship between bridge leg voltages and motor phase voltages is

obtained:
Uy =32 0-Uyy, ©-Usy, )
Uy (0 =3+(2-Up, 0 -Us ©-Upy, ) (35)
U (0= (2Uss, Uy, (0 -Up, )

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

machine can be controlled.

The average representation of a bridge leg can be used to analyse and control a switch model
three-phase inverter [33]. The duty ratio of each bridge leg is the ratio of the pulse width (the
time interval the upper switch in the leg is ‘on’ within a switching period) to the switching
period. Considering sinusoidal PWM, which is explained in more detail in the next section,
the duty ratios of the three bridge legs of inverter 1 can be expressed in terms of the control

voltage as

29



t
du =<1+ 5m W)Ly cos))=L e uy, -cos(onn)
2 G, 2 2
t
dbl(t):% 1+u35’—1() :%(1+ ustl-cos(gl—lzoo)):%(H Uy, -cos(wslt—120°)) (3.6)
tri
d,, (t) :% 1+”S‘f—1(t) :%(1+ Uy, - CoS(¢, — 2400))=%(1+ Uy, - COS(yt — 240°))
u

tri

where ug,and @, are the amplitude and frequency of the control voltage for inverter 1
obtained from the current controller. The amplitude of the triangular carrier signal U,; is

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

The average values of the inverter leg voltages during a switching period can be obtained
from the DC link voltage and the duty ratios [33].

Uan, () =U, -d,, ()
UblNl (t) =Ug -y (t) (3.7)
Uen, (1) =U - dar(t)

From equations (3.5) and (3.7) the motor phase voltages can be expressed as

Uy ()= 524 (0) - (0 - ()
U, (t) = U;“ (2-dyy ) —d, () —d, (1)) (3.8)
U, () =25 (2.d, (1) - dy ()~ d,, 1)

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

motor phase voltages are obtained within a switching period:

Udcl .

Ua1 (t) = ustl ’ COS(é/l)

U dcl
2
U dcl
2

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

U, (t) = ‘U, - €0S(¢, —120°) (3.9)

U, (t)= Uy, - COS(¢, —240°)

frame. Therefore, it is important to establish the relationship between the control voltage and
the motor voltages in this frame of reference. Using the amplitude invariant Clarke transform,
the motor voltages in stationary orthogonal coordinates can be obtained as
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u;, 2 -1 -1]||U, 2 -1 -1 cos(<,)
s 1 ' 1 Udcl 0
Ua|=50 v3 -3 ||u, =510 V3 -3 kU | cos(g; ~120°) 3.10)
U 1 1 1 ||uU 1 cos(¢, —240°)
01 o 1
This can be simplified to
s | [cos(¢,) |
s U, .
Uql = ;1 “Ugyy - Sln(gl) (3.11)
Uy, 0 ]

Park’s transform can be used to transform quantities in equation (3.11) to a rotor field

oriented reference frame. The transform used is

U, cosf, sing, 0] |Ug,
Uy [=|-sing, cosd, 0 Uy (3.12)

Uy, 0 0 1[|U,

A relationship between the stator voltages in synchronous frame and the control voltage is
obtained from equations (3.11) and (3.12).

U
Udl = ;Cl “Ugyy 'Cos(gl _ek)

(3.13)
Udcl :
Uq1: 2 'ust1'3|n(§1_9k)

Similar analysis can be carried out for inverter 2 and phase group 2 by replacing
corresponding values and taking the phase shift into account. This gives

U
Udz = 2 “Ug, -COS(Q’Z _(ek _300))
2 (3.14)

Uy =2 52u,, sin(¢, - (6, ~30)

q2

Scaling (3.13) and (3.14) by the per unit system defined in Appendix Six-phase Induction
Machine Nameplate Data & Circuit Parameters, the relationship between pu stator voltages

and control voltages is given as
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Uy = Uger ~Ugy 'Cos(é/l - Hk)

Ugr = Uger "Ugyy 'Sin(é/l - Hk)
. (3.15)
Uy = Ugep Uy -COS(§2 - (ek -30 ))

Uy =Ugeo Uy 'Sin(é/z - (ek _300))

This relationship is used to obtain the amplitude and angle of the control voltage used in the
PWM modulation of the inverters from the outputs of the current controllers as discussed in

chapter 4.1.

3.4 Pulse Width Modulation Techniques

The main goal of the PWM control strategy is to impose the reference stator voltage vector
generated by the current controller. There are different types of PWM techniques that can be
used for controlling inverters for six-phase operation [6]. In this thesis, only sinusoidal PWM

and sinusoidal PWM with third harmonic injection are considered.
Considering inverter 1, the control voltages in sinusoidal PWM are given as
Ugar (1) = Uy, - COS(@, - 1)
ustbl (t) = ustl ) COS(C()sl t _1200) (316)

Uster (t) =Ug - Cos(a)sl - 2400)

These are compared with a triangular signal of a given frequency (the switching frequency) to
generate the gate pulses that control the inverter switches [34]. This is shown in Figure 3.3 for

the upper switch of the first bridge leg in inverter 1 (az).
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150 = Control Voltage = Triangular Carrier Signal = Switch Gate Signal

1.00 “ lr m 1Il

0.50 ' | '

] / 1\
. 0.00 ‘ r }
I |
-1.00
-1.50 -
t 000 0.010 0.020 0.030 0.040 0.050

Figure 3.3: Sinusoidal PWM

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

linear range can be obtained as [35]

\/§ Udc

u = e 0612, (3.17)

LL,max,rms
A2

Harmonic distortion can be used to improve the linear modulation range of a three-phase
voltage-source inverter. The harmonics introduced appear in the bridge leg voltages but
cancel out in the motor phase voltages. This can be achieved by adding a third harmonic with
certain amplitude to the fundamental. The maximum improvement in linear range is obtained
when the amplitude of the third harmonic is one-sixth that of the fundamental [36]. Taking

inverter 1, the control voltages for sinusoidal PWM with third harmonic injection are

Ugtar (t) =Ugy - Cos(wsl : t) - % ’ COS(3 "W - t):l

Uy, (t) = U, | cos(ay, -t —120°) - % -c0S(3- , - t)} (3.18)

Uy (1) =Ug, | cOS(@g, -t — 240°) —%-cos(S oM -t)}

This is shown in Figure 3.4 for the upper switch of the first bridge leg in inverter 1 (a1). The

value of ugin the figure is equal to one. The maximum possible value of ug for linear

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

equal. This is the case for
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2

Usmax = 7= (319)
B
From equations (3.9) and (3.19), the maximum value of peak phase voltage in the machine is
obtained as
U Yee _Ye (3.20)

phase,max = st,max
2 3

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

3" harmonic injection in the linear range is

\/§ Udc

=% ~0.707U (3.21)

LL,max,rms — \/— \/—

From this, it can be concluded that sinusoidal PWM with 3 harmonic injection provides

U

better utilization of the DC link voltage as compared to pure sinusoidal PWM. The
improvement is approximately by 15%. For this reason, sinusoidal PWM with 3 harmonic

injection is used in this thesis.

SPWM with 3rd Harmonic Injection

m Control Voltage = Triangular Carrier Signal = Switch Gate Signal

1.00 J-i

0.00 + \

=
-0.50
I
-1.00
t o000 0.010 0.020 0.030 0.040 0.050

Figure 3.4: Sinusoidal PWM with third harmonic injection

The control signals for both inverters of the six phase machine are
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Uggan (1) = Uggy - _COS(G () - % -€os(3- ¢, (t))}

Uy (1) = Uy - €OS(S, (1) —120°) —%'003(3 "6 (t))}

Uges (1) = Ug +| €OS(, (1) — 240°) —%' cos(3-¢; (t))}

. (3.22)
ustaz (t) = ustz ’ COS(§2 (t) - 300) - % : COS(3 : (42 (t) - 300 )):|

U (§) = U+ €O, (1)~ 150°) - - cos(3- (¢, (1) - 30° ))}

ustcz (t) = ust2 ’ COS(gZ (t) - 2700) - % : COS(3 : (4'2 (t) - 300 ))}

The average voltages, which are equal to the reference voltages that should be generated, are

given as

—S

u® :[Ué}:ll_zlﬂl_zz:l.(uﬂ.em(w 1, -e0)
q

’ P22 (3.23)
_Ya |, [COSGO) | Uy, | [00S(S(D)
= 4 stl Sln(é,l(t)) 4 st2 Sin(é’z (t))

In general the angles £, and &, would be equal in steady state; however, during transient

conditions they may be different. For the (z1, z,) system

u,- Va | (U] (UL L, em0 y,, e i0)
—lu,| L2 2 ) 2

Uy, [ ] Uy, [ s
4 sin(, ()] 4 —sin(¢, (1)

If the system had common dc-link and common control signals, the average voltage in the (zi,

(3.24)

z,) system would be zero. However, with separate dc-links and separate current controllers,
both usy and usw, as well as ¢, and &, , may differ during transient states. Non-linear effects
in the inverters may give harmonics in “average”-voltages in the (z1, z2) system. The z-vector
is the difference between the stator voltage vectors for the two three-phase groups, however,
rotating in the opposite direction. The conclusion is that when the two stator voltage vectors
are different, the z-system will be excited [9].
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4 Control of Six-Phase Induction Machine

4.1 Introduction

Scalar control and vector control are two commonly used methods in the operation of
induction motor drives. In scalar control, the motor speed can be controlled by controlling the
frequency and magnitude of the stator voltages applied to the motor. The control method is
also known as volts-per-Hertz (VV/Hz) control because the amplitude and frequency of the
applied voltages have a linear relationship in order to maintain rated flux in the machine [33].

Vector control works with vector quantities, where the voltages and currents in the machine as
represented by space phasors. It is also known as field oriented control (FOC). The
magnitude, frequency and phase of these quantities are controlled in this method. The ability
to produce a step change in torque on command is necessary for high performance drive
systems. This can be achieved using vector control, which enables the torque and flux of the
machine to be controlled independently. As an alternative to FOC, direct torque control
(DTC) can also be used. In DTC, the torque and flux are directly controlled by applying the
appropriate stator voltage vector [33], [35]. Compared to FOC, DTC is less commonly used.

Vector control can be divided into direct and indirect. Direct vector control uses flux
measurement using sensors, while indirect vector control computes the flux from the stator

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

The modelling of six-phase induction machine was presented in chapter 2. Two different
approaches were considered: modelling in single synchronous reference frame and modelling
in double synchronous reference frame. These leads to two different vector control methods,
termed as single synchronous frame control (SSFC) and double synchronous frame control
(DSFC). In this chapter, control of the six-phase induction motor drive using these methods is
presented. Theoretical basis and design of both inner and outer controllers is included.

The control of six-phase induction motor drive is shown in the block diagram of figure 4.1.
The outer controllers in the system are speed controller and flux controller. The rotor speed is
measured using a sensor, while the flux is computed using the flux model. Various limiter
variables are included in the control system to operate the drive in desired operating limits and
to ensure appropriate response to fault conditions [12]. The current control method depends
on whether SSFC or DSFC is chosen. This is described in the next two sections.
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4.2 Single Synchronous Frame Control

4.2.1 Introduction

The model of six-phase induction machine in single synchronous reference frame was
developed in chapter 2.2. In this section, control of the machine based on this model is
presented. The flux model, current (torque) control, flux control and speed control of the

machine are discussed.

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

1 dy 1 dy,
Uy =F iy +— —— — U, =TI, i, +— L+ fowy
sd s 'sd ) dt k sq sq s 'sq a)n dt S|
1 dl// 1 dl//szz
Ug =1l +— d =+ fk Vo Ug, =T g, +— - Tk szl
\ t o, dt
. .1 dy
0 = P P Vg Tt WPrg 0 = r Irq +— . + fr Vi
. dt o, dt
(4.1)
Ve =X "Iy + X, 71y Ve = Xs * Isq + X - Irq
Vi = Xso "l Vo = Xso "l
Wi =X g + X0 Vig = X, Irq + X - Isq

Since rotor field oriented control is used, the d-axis is aligned with the rotor flux linkage
space vector. This implies

dy

=0 (4.2)

l//rd = l//r l//rq = O

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

currents gives

. — X, -1 =Xl
i = T iy = (4.3)
X, X

r

The stator flux linkages can then be expressed as

Vs =X lg + Vi Vs =Xo "Iy

2 y v y (4.4)
where X, =[X,—— |, yr=—"twy,=—""—, o, ="

X, X, 1+o, Xy



Since indirect vector control is used, a flux model is needed to determine the rotor flux
linkage vector magnitude and position. There are various models that can be used for this
purpose. Two commonly used types of flux model are current model and voltage model. The
current model uses only the measured stator currents for calculating the rotor flux vector. In
the voltage model, the rotor flux linkage space vector is calculated as an integration of the
stator voltage difference. The voltage model works well at high stator frequencies, whereas
the current model is better for low frequencies. In addition, the voltage model is
unsatisfactory for low stator frequencies [37]. Thus, the current model is the preferred choice

for the application considered in this thesis.
The equations of the current model can be obtained from the rotor voltage equations in (4.1)
by substituting for the rotor currents and rearranging the terms. This gives

We __ Ve, X
dt T T

r r

¢ Kl (4.5)
' Tr T, Yg
X X
where X, =-—" T =
1+o, w, T,

In the following sections, the design of controllers based on the above equations is covered.
Design of inner (current) controllers is described first. Then the outer controllers (speed

controller & flux controller) are designed.

4.2.2 Design of Inner Controllers

The inner control structure in SSFC is shown in Figure 4.2 . The measured currents and the
current references obtained from the outer controllers and limiters are converted to the (d, g,
21, Z») reference frame. The current control and decoupling are implemented in this reference
frame. Then the computed voltage references are converted to the (d;, 1) and (dz, g2) frames
in order to compute the control voltages for the PWM operation of the two separate inverters.

The d-axis current is used to control the flux in the machine, and the g-axis current controls
the torque. To control the unbalance in the currents of the two stator phase groups, the z; and
z, currents are used. The unbalance may be due to different references, limiters, supply

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

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

voltage equations in (4.1) by substituting for the stator flux linkages. This gives

X_ di . 1 d
usd:rs'lsd Do Tsd _fk'xa'lsq—i__'ﬂ
, dt w, dt
oox, dig )
usq:rs'lsq CO_T]. dt +fk'xa'|sd+fk'l//R
(4.6)
: X, dig, .
Ug =151y T 4 fk Ko M2
n
. X, dig, .
Ug, =11y, 2 dS; - fk R

The d- and g-axis equations in (4.6) can be further modified using the following substitutions
from the flux model:
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dt T T e
r r ) ) (4.7)
Xy - Xy -1
fi WRZ(fr+n)'l//R:( o +nJ'WR= . =Ny
T o, yg T, - o,
This gives
ud:r'.d X_U.dISd _fk. i — Ve
S s s o lsq
. dt T, o,

X, sq .
usq=rs"sq—|—_ +fk Xy lgg T N-Wg

a)n

: X, i,y :

uszl = rs ' Iszl + . —& + fk ' Xso- : IszZ (48)

w, dt

. X,, dig,, .

Ug, =T, + ) - fk Kso 1

w, dt

X r

where r/=r,+r, and rp=—H9"o—=—"

The control terms are thus obtained as

. di .o x_ di
Ug, = s"lsd +—= Sd usql ZrS’ Isq+_6 4
n dt @, dt
(4.9)
X di X di
uszl,l Mol + .S uszz,l Mol + 0. =22
. dt odt
whereas the decoupling (feed-forward) terms are
— ; Vr .
Usd,n __fk'xa"sq_-l-— Ug = Fi X, iy +n-pg
r (4.10)
uszl,ll = fk A iszZ uszZ,II = _fk A iszl

To explain the design procedure of the current controllers, the d-axis current control loop is
considered. Using Laplace transform on the d-axis equation in (4.9) gives

isd (S) _ ]7/rs’

Ug(s) 1+T-s

. (4.11)
where T)=—=
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The d-axis current control loop considering analog control system is shown in Figure 4.3. The
time delay in the controller is taken into account in the control loop. The time delay
introduced by the current filter is also included; it is equal to the filter time constant. The
decoupling term can be considered as a disturbance in the control system design [38]. The
type of controller used is of PI type.

Pl controller Time delay Converter Machine
- 1 u r, .
i (s + 1+T,s R R de R 2 . i4(S
(%) \2/ Koo T s 1+Tys 1+T,s 1+T/s ~1a(9)
— id
1
1+Tgs

Current filter

Figure 4.3: d-axis current control loop in SSFC

The plant transfer function is given as

G (s)= U  Yr, 11
P 1+T,-s 1+T/-s 14T,;s 1+4T,;-s

o (4.12)
G,(s)= S here T
O~ e (T ) WheTe

sum,i

sum,i =T, +Tf,i +TA,i

To avoid the dependence of the control parameters on the DC link voltage ugc, a serial gain
equal to the inverse of ugc can be used at the output of the PI controller [39]. This is equivalent
to disregarding the term uqc in the plant transfer function when a conventional P1 controller is

used.

Digital control is used in the actual implementation of the system. Hence, the control is done
in discrete time whereas the plant is a continuous time system. Such a system can be
represented by the block diagram in Figure 4.4 [40]. For discrete-time analysis of the system
considered in this thesis, the PWM of the inverter is assumed to have the function of a zero

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

The frequency domain representation of the discrete-time system can be obtained using the Z-
transform, resulting in the block diagram in Figure 4.5: Frequency domain equivalent of
digital controller and continuous plant.

Controller ZOH and plant

R(z) ;’Ci\‘g’ Ge(z) G(z) > C(2)

A

C(z)

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

The pulse transfer function of the digital Pl controller in z-domain is given by

, K
G.(z)=K, + l—Kzl’l where K; :?" (4.13)

The pulse transfer function of the plant is the Z-transform of the plant preceded by a zero
order hold [40].

S

G(z):g(l—e_Ts 'Gp(S)J (4.14)

In order to apply conventional frequency response design methods, the transfer function in the
z plane is transformed into that in the w plane. The w transformation is a bilinear

transformation defined by

1+(T/2)-w _
z_m (4.15)

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

the transfer function is transformed into w plane, it may be treated as a conventional transfer
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function in w. Conventional frequency response design techniques, including Bode diagrams,
can then be used to design the discrete-time control system [40].

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

obtained. This results in the following transfer function in w plane [39]:

T _ ",
1'[1—5‘3;‘“Wj(1+w(ysum _ys’)wj

G(W) = rs TS"_Tsum 4 16
- (l+7/;'Ts”'W)'(l+7sum'Tsum'W) ( ' )
where V4 =~ l—ﬂ 7/ ~1— Tsampyi
. 2- Tsum ’ ° 2 'Ts"
The PI controller using w transformation is obtained as
1+T, -w
GeWw)=Ky | = (4.17)
C( ) p ( Ti ‘W J

Thus the transfer function of the PI controller in w plane is the same as in the s plane [39].

The open loop transfer function of the d-axis current control loop is then given by combining
(4.16) and (4.17).

T . ",
1+T :-,(1— 53’2“”" WJ(]‘_'_-:} -_I—Fum '(7/sum_7/;)'wj
hey (W) = Ko ( i ‘WJ‘ : s __sum (4.18)

Ti,d W (1+7Q'Ts”'w)'(1+7sum'-r W)

sum

The s domain plant transfer function in (4.12) has two time constants in the denominator: a
very small Tsumi and a relatively large T.". Therefore, the modulus optimum technique can be
used to design the controller for this system [42], [43]. Using modulus optimum criterion for a

digital control system in (4.18), the parameters of the digital Pl controller are determined as
follows [39]:

T A
TS”_ samp,i T -
K,q= - 2 T, =T,/ s (4.19)
R (2Tsum + Tsamp,i ) 2

r

S

Using similar procedure, the parameters of the g- , z;- and zy-axis current controllers are

obtained as
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T i
” samp, 1
T/ — el

K T T" Tsamp,i
pa g = 's T
ir ’ (ZTsum + Tsamp i )
rg '
Tsamp,i T
z 2 samp,i
Kp,zl = 1 Ti,zl :Tz - 2P (420)
o (2Tsum +Tsamp i )
I '
Tsamp,i T
K p.z2 — 2 Ti 2 = Tz el
1 ' 2
o (2Tsum +Tsamp i )
Iy '
where T, = Xso
a, T,

n S

As mentioned earlier, torque control of the machine is achieved using control of the g-axis
current. From the torque equation of the machine in (4.1) and the stator flux expressions in
(4.4), it can be shown that

m, = po iy (4.21)

The flux in the machine is normally kept constant at its rated value, i.e. when the machine is
not in flux weakening mode. Thus the torque is proportional to the g-axis current, and torque
control is achieved using this relationship.

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

i (5) = ————-is()
" A+ Tpis) ™ (4.22)

where T, ;=2-T

sum,i

Hence, the transfer function for the torque control is [39]

m(s) = yr i) =w -(—)l Q) =y MO
e R 'sq R l"‘Teq,i'S sq R (1+Teq,i'5) -
1 *
m(s) = o ™ (4.23)

eq,i

which can be transformed to w domain using the procedure explained earlier. For digital
implementation, the time constant in the transfer function is [41]

T
Toi = 2.(1-5umi +ﬂ} (4.24)
' ' 2
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4.2.3 Design of Flux Controller
The flux model is used to derive the transfer function of the flux control loop. Using Laplace

transform on the rotor flux magnitude equation in (4.5) gives

Vr (S) _ X4
i (s) 1+T. -s (4.25)

The continuous time equivalent of the flux control loop is given in Figure 4.6. The inner d-
axis current control loop has been represented by an equivalent time constant.

d-axis current

Pl controller Time delay control Machine
- 2 1+T. s 1 1 Xy (s)
v (S +(y) N iy > R R » WilS
() K T s 1+T,,8 1+T,;s 1+T,s
— iy )

Figure 4.6: Flux control loop

The open loop transfer of the plant in continuous domain is

X 1 1
G = - '
% (S) (1+T,— . S) (:|_+-|_qui . S) (1+TA,|// : S)
X (4.26)
G ~ -
e (S) (1+Ts : 5)' (1+Tsum,v1 ’ S)
where T, = T+ Tu,

The plant transfer function has one large and one small time constant. Thus it is suited for
modulus optimum design technique [42], [43]. Using a similar design technique in w-domain
as in section 4.2.2, the digital PI controller parameters are obtained as

T
T — samp,y
K - ' 2 T. =T _Tsaﬂ (4-27)
Py T id — 'r 2
samp,y
2- Xy, (Tsum,y/ +2]

4.2.4 Design of Speed Controller

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

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

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

loop. It is represented by the transfer function in (4.23). The time delays in digital speed
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controller and speed filter are taken into account. The load torque is considered as a
disturbance and disregarded in the controller design. The mechanical system equation in (4.1)

is used to derive the relation between the electromagnetic torque and the speed.

Torque m Mechanical
Pl controller Time delay (g-axis current) control L system
, - 1
n"(s)—* (%) P T 1 1 ;,é_, T » n(s)
_x PP TS 1+T, s 14+ Teqi -8 mS
1

1+T; -8
Speed filter

Figure 4.7: Speed control loop

The open loop transfer of the plant in s domain is

6. () -+ .1 1 1
o) S T, D T, ) B )
i 1 (4.28)
Gp,n(s) ~ Tm‘s'(l'f_Tsum,n's)
where Tsum,n = Teq,i +Tf,n +TA,z//

Using the w transform on the continuous system preceded by a ZOH and adding a digital Pl
controller gives the open loop transfer function of the speed control loop as follows [39]:

(1—Tsa;anJ(l+( sum,n _l)'Tsum,n W)

Tm "W (l+ Y sumn 'Tsum,n : W)

hoa(W) =K, [ st 'WJ- (4.29)

T,-W

n
Tsamp,n

2.7

sum,n

where y ., = 1—

The plant transfer function in (4.28) implies that symmetric optimum technique can be used to
design the controller [42], [43]. For a digital controller, the parameters are based on the
transfer function in (4.29) [39]. eheek

-
K, = T T, =4-[T,,  +—2men (4.30)
M (2T + T, ' ' 2

sum,n samp,n)

Note: Tm here is variable cuz variable load, hence Jtot varies ... online estimation

can be used...
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4.3 Double Synchronous Frame Control

4.3.1 Introduction
The model of six-phase induction machine in double synchronous frame was developed in
chapter 2.3. Double synchronous frame control of the machine can be achieved based on this

model. The per-unit equations describing the model were obtained as follows:

- 1 dl//sdl i 1 dl/jsql
Uggy =I5 lggy +— at _fk“//sql usqlzrs'|sq1+a)_' at + v
n n
- 1 dl//sdz i 1 dl/jsqz
Uggo =T lggp +— dt — W2 usqz =1 'Isqz +60_. dt + fk W2
n n
- 1 dWrd H 1 dl//rq
ozrr'lrd +_'—_fr'y/rq O:rr'qu+_'—+fr'lr//rd
. dt o, dt
(4.31)
Vsr = Xs “lsgr + Xy lggo + Xy -1y Vst = X Isql + X - Isq2 + Xy Irq
Wieao = Xg gy + Xy gy + X -1y Vg2 = X - Isq2 + X Isql + X, 'Irq
Vi =X oy T X dggy X, 0 g0 Vi = X, 'Irq + X 'Isql + X, Isq2

M= Y- Isql Ve T P Isq2 V2 Isa2

dn
m '_=me_mL
dt

.
Rotor field oriented control is used, and thus the d-axis is aligned with the rotor flux linkage
space vector. This gives

dy,
Vi =V l//rq = 07 Tq =0 (432)

Using these substitutions in the rotor flux linkage equations and solving for the rotor currents
yields
Ve = Xp g — X gy P Xy 'isql — X 'iqu (4.33)

= II’
! q
X, X,

Ird

The stator flux linkages can then be expressed as

Ve = X “lgr T (Xo- - Xso—)' lgo T+ Wi l//sql =Xy Isql +(Xa - Xsa)' Isq2
Vo = Xo lggp + (Xo - Xso)' lgr T Wr Vg = X, Iqu + (Xa - Xsa)' Isql
(4.34)
Xﬁ Xh l//r
where X, =X, —— We=—"VY, =
X, X, 1+o,
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The current model is used to determine the rotor flux vector magnitude and position as
explained in chapter 4.2.1. For DSFC, the equations of this model are obtained as

dy Ve Xy g .
d—tR:_T_?_F%'(Isdl—'_lst)
f = XH '(isql +isq2)
r T -, v, (4.35)
X
where x, = X T = i o, =t
1+ o0, w, T, X,

4.3.2 Design of Inner Controllers

The inner control structure in DSFC is shown in Figure 4.8. The measured stator currents are
converted to the (d1, q1) and (d, g.) reference frame. The current control and decoupling are
implemented in this reference frames, giving voltage references in (di, g1) and (d,, g2) frames.
Using inverse Park transform, the voltage references in (di, 1) and (d, g2) frames are used to
compute the control voltages for the PWM operation of the two inverters.

The d;- and dj-axis currents are used to control the flux in the machine, and the g;- and -

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

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

currents. In the derivation here, the equations of the stator d; and g; axes are developed first.

Taking the ug, equation in (4.31) and replacing v, and v, from (4.34) gives

er . disdl + (X(T — XSo’). diSdZ
dt ® dt

Uy =15 -l +

S

@n " (4.36)
+ CU_ dt - k'X:r'Isql_ kXe = X, 'Isqz

n

To control the current isg; USINg Usq1, the dynamic term containing isg2 in (4.36) is replaced
using other suitable terms. This can be done by replacing iss2 using the ysq2 equation in (4.34),
replacing wsq> using the usg2 equation in (4.31), and then replacing wsq, from (4.34). The

derivation results in
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(4.37)

Uy =F i, +— - i, ——— 2 f X
sdl s 'sdl ] dt 1+0, 1+G sd 2 1+O_s a)n Tr k s 'sql
’ 1
X X, —X
where o] =—"2— X, =X, 1—[ z S"j :xa-(l—ﬁ]
XO' _X o X¢7 +O_’
° * (4.38)
: X
r'=r+—=2r,=r+—=-r, r'=r,———=2—.r,=r,—o.-r
S S . R S 1+0é R S S XO_ —XSO_ R S S R
r. = XH _ rr
R — - 2
w, T, (1+0,)
Using a similar procedure, the usq1 equation is obtained as
: X disql Use o o, r o
usql =T 'Isql +w_n' dt +l+(7; - 1+G; 'Iqu +1+0, ' fk Yr Tt fk “Xs lsan (439)

The first fi in (4.39) can be replaced by (f; + n), and f; is again substituted from the flux model
given in (4.35). This gives

: x, i u r’o o! :
Ugg =1 g+ b= S ey + f X iy, (440)

1 1
W e, dt 140l 140 1+ 0,

The equations for the stator d, and g, axes are obtained using similar derivations. The derived

equations are

!

dt 1+o0, 1l+o0,

x! di u r; o v
Y s sd2 sd1 s H s R ro
Uggp = I Iy +—— + r f g — y - fk "X 'Isq2 (441)
w, dt 1+o0! 1l+0] 1+o0. o, T,
x, di u r’o ol .
_ ! 592 sql s s '
u g, +—- + - A +T-n-z//R + X, (4.42)
S

From (4.38), (4.40), (4.41) and (4.42), the control equations can be identified as
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, .
u r.! i i'dlsdl
sd1,l1 s Usdl
Tt
, .
u r’ i ﬁ._dls‘jz
sd 2,1 s 'sd2 d
N t
. (4.43)
X! dlSql
Ugqa,i _rs, Isql —
”' oot
, .
u i g X e
2,1 2
sq2, s lsq dt

And the decoupling terms are

14 !

u d 2 I’s H O-s l//R o
Usgrn = S g2 T ) _fk'x'll
S 1+o0, 140 ) 1+o0! o, T, s
u r’ . ol .
usd2,|l = Sdl, - : , gy — > , Yz - fk X; 'Isq2
l+o, 1l+o0] l+o, o, T, (4.44)
u, r o . '
_ q2 s : s '
usql,ll - 1+ o - 1+ o 'Isq2 +1+ , fk Wet fk 'Xs .Isdl
s s
u r” GV
_ sql s ; s '
usq2,|l _1+O" - 1+ o' 'Isql +1+O" n-yq + fk Xs sy
s s s

The equations in (4.43) are used to derive the transfer functions of the control loops and

design the PI controllers. The dj-axis current control loop in s domain can be represented as in
Figure 4.9.

PI controller Time delay Converter Machine
— 1+T.,.S 1 u ]/r’ .
=% + /R idl . dc s o
Idl(s) _\;/ Kpdl[ Tidls 1+TAis 1+TVS 1+TS"5 'Idl(s)
1
1+Tgs
Current filter
Figure 4.9: d;-axis current control loop in DSFC
The plant transfer function for d;-axis current control is
u r, 1 1 , X

G,(s)=—2— l/f : : where T, =—=—

1+T,-s 1+T,-s 1+T;;s 1+T,;-s w, - T,
' ' (4.45)

O v

1+T-5)-(L+T,,, -S

sum,i
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It is evident that the d;- axis current control loop in DSFC is similar to the d-axis loop of
SSFC in Figure 4.3, except for the difference in the stator time constant. Thus the same design

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

Using similar procedure, the parameters of the g- , z;- and zy-axis current controllers are
obtained as

’ Tsamp,i
s A T .
Kp,dl = 1 2 T =Ts’_ Sa;pl
r’ : (2Tsum +Tsamp,i )
T )
' samp,i
s 2 ’ Tsamp,i
Kqul= 1 Ti,q1=Ts_T
F ’ (2Tsum +Tsamp,i ) (446)
s
T/ Tsamp,i
s 2 ' Tsamp,i
Kp,d2= 1 Ta2 =T~ 2
P (2Tsum +Tsamp,i )
s
' Tsamp,i
s Tsam S
prqZ = 1 2 Ti,q2 =Ts _Tp
rs' ’ (2Tsum +Tsamp,i )
Calculated parameters

From the torque equation and flux linkage equations in (4.31), the torque can be expressed in
terms of rotor quantities as

.= A
me: l//rq rd zl/lrd rq (447)

Substituting for the rotor currents from (4.33) into (4.47), replacing for the rotor flux linkages
from (4.32),

Iy +1g I I
me: WR{qquZJZLWRquj—F[WR ;ZJ

X
where w, ="y,
X

r

(4.48)

Therefore, torque control can be achieved by controlling the gi- and g-axis currents, and
similar design method used in torque control of SSFC applies here. This can also be verified

using the equivalence relation between the two different models resulting in
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m, = yg 'isq
(4.49)

] i, +i
where |sq:¥

which is exactly the same equation as in equation (4.21) of the SSFC method.

4.3.3 Design of Flux Controller
Taking the equation for the rotor flux linkage magnitude from the flux model equations in
(4.35), and applying Laplace transform gives

_ Xy - (isdl(s) + isd2 (S))
va(s)= 1+T, s
r (4.50)
Xy 'isdl(s) Xn 'isdz(s)
s) = +

Ve ls) 14T,-s  1+T,-s
implying that the flux can be controlled using the di1- and d,-axis currents.
From the equivalence relations between the two models, it can be shown that

¥ (S) __ *u

isd (S) :l.-l--l—r S (451)

where i Sl tlaz gy Xy =Xy =2-X, Oruse X,

This is the same as the s domain flux equation of SSFC. In addition, both d;-axis and d;-axis
current references are kept equal in normal conditions, also making them equal to the
equivalent d-axis reference. Thus the flux control can be designed by replacing both d;-axis
and d»-axis inner control loops by one equivalent time constant. The parameters of the flux
controller are found to be the same as that of SSFC designed in chapter 4.2.3.

4.3.4 Design of Speed Controller

Speed control of the machine is achieved by using the torque (inner) controller. The torque
control in DSFC, as seen from outer control, is the same as that of SSFC. This was discussed
in section 4.3.2. Both modelling methods have the same mechanical system equations relating
the speed and torque of the machine. Therefore, it can be concluded that the speed controllers
in DSFC and SSFC are exactly the same.
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5 Experimental Setup of Six-Phase Motor Drive

5.1 Hardware Setup

In this chapter the experimental setup of a six-phase induction motor drive used in the thesis
is presented. The setup consists of various hardware and software components. The hardware
setup and components are discussed in this section. The software implementation, including

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

5.1.1 Setup Overview

The high-level schematic of the laboratory setup is shown in Figure 5.1. The setup is the same
as the one used in [11]. The main hardware components are a six-phase induction machine, a
DC machine connected to load resistors, two 3-phase inverters, two diode rectifiers, a three-
phase variable transformer, an FPGA (Field Programmable Gate Array) control card, current
and voltage sensors, rotary pulse encoder, and a PC.

\ariahle Rectifier 1 Inverter 1

Transformer " - Water-cooled
400V Lis Lo | J_ |5|.||):.’| phase Resistor patk
AC line —H . uetion
T Machine
=G
||J_
i %S _|_ —|-—| @ | T
a00 v —#— -+ *

Rectifier 2 Inwerter 2 AC line —r
| Rectifier 3

FPGA

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

The six-phase induction machine is supplied from two switch-mode inverters with separate
DC link voltages. Two diode rectifiers are used to obtain the DC link voltages. The AC input
to the rectifiers can be varied using the three-phase transformer, thus varying the DC link
voltage as needed. The DC machine is directly connected on the same shaft to the six-phase
induction machine. Water-cooled resistors are connected to the DC machine armature. The
PC is used to program the control system into the FPGA control board. Real-time monitoring

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

5.1.2 Six-Phase Induction Machine
The six-phase induction machine used in the experiment has two 3-phase stator winding
groups, separated by 30 electrical degrees in space. The machine has a squirrel-cage rotor.

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

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

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

machine are given in Appendix A.
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5.1.3 DC Machine
A separately excited DC machine is mounted on the same shaft as the six-phase induction
machine. The armature of the DC machine is connected to load resistors.

In the experimental setup the DC machine with the load resistors is used as a load, and thus
operates as a DC generator. The load can be varied either by changing the value of the load
resistors or by varying the field voltage (excitation) of the DC machine. The six-phase
induction machine is operated as a motor, and acts as prime mover as viewed from the DC

machine.

5.1.4 Converters

Two three-phase diode rectifiers are used to convert the AC line voltage into DC. The
rectifiers can take voltage input of 0 — 400 V rms. The current rating is 63 A. The DC voltage
output range is 0 — 540 V. The front view of one rectifier is shown in Figure 5.4.

Waillage messiTing

Figure 5.4: Rectifier module

Two three-phase IGBT inverters connected to the two rectifier modules are used to supply the
six-phase induction machine. The power rating of the inverters is 20 kW. The DC voltage
input can be 0 — 650 V, and switching frequency in the range of 0 — 25 kHz can be used. The
allowable current depends on the DC input and switching frequency. At 500 V DC and 10
kHz switching frequency, the maximum allowable current is 50 A. The capacitor bank inside
the modules is 3300 uF. The control signal for the gate drivers is 5 V CMOS. The inverter

modules have capacitive and RC snubbers [45].
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kLA T

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

5.1.5 FPGA Control Board
The processor board is designed for use in converter control system based on Xilinx Virtex 5
FXT FPGA. The main parts of the board are shown in Figure 5.6. The main features of the

processor board can be summarized as follows [46]:

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

= Memory: 256 MB DRAM (DDR?2), 128 MB Flash and 64 kB EEPROM.

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

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

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

= Communication ports: RS232, USB, Ethernet and CAN.

= Contains circuitry of IP (Intellectual Property) modules, including interface modules
and signal processing modules.

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

The IP modules are developed using Xilinx Embedded Development Kit (EDK). Time critical
operations are handled by these IP modules. The interface IP modules consist of AD converter
serial signal interface, DA converter interface, pulse encoder interface and inverter interface.
The signal processing modules are accumulator filter block, PI regulator, angle
transformation, pulse width modulator and comparator limiter. The IP modules for PI
regulator and angle transformation are not used in this implementation. These are

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

5.1.6 Current, Voltage and Speed Measurements

The measurement of stator line currents is done using LEM Current Transducer LA 205-S. It
is a closed loop current transducer using the Hall Effect. It has a primary nominal rms current
of 200 A, and a secondary nominal rms current of 100 mA. Thus, the conversion ratio is
1:2000 [48].

The DC link voltages are measured using LEM Voltage Transducer LV 25-600, which is
based on the Hall Effect. The primary nominal rms voltage of the transducer is 600 V, and the
secondary nominal rms current is 25 mA. The conversion ratio is 600 V / 25 mA [49].

Rotor position measurement is done using Heidenhain ERN-420 rotary encoder. It is an
incremental pulse encoder providing TTL signals that give information about the angular
position of the rotor. Initial angle detection and counting of the pulses is necessary to
determine the absolute position of the rotor. The rotor speed is computed as the rate of change
of the angular position [50].
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5.2 Software Implementation
In this section the software implementation of six-phase motor drive control is described

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

5.2.1 Software Environment
The software environment used to implement the control system is Xilinx C/C++ Software
Development Kit (SDK). A screenshot of the SDK is shown in Figure 5.7. The programming

language used in this implementation is C++.

i e B F R - AV AT N C e i R-B- i B-0-Q- IS
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Figure 5.7: Xilinx SDK

Computationally demanding but less time critical processes are written in the software and
handled by the PowerPC processor in the FPGA. Time critical operations, on the other hand,
are carried out using the dedicated IP modules as mentioned earlier. The control code together
with the library of IP modules is programmed from the PC into the FPGA using a USB
connection. The FPGA control system accepts measured inputs and control commands, giving

control signals to the inverters as outputs.
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Once the FPGA is programmed, real-time operation and monitoring of the drive is done using
the ActiveDSP software on the PC. Figure 5.8 shows a screenshot of the software. The

communication is done through the RS232 serial cable connected to the computer.
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Figure 5.8: ActiveDSP main window [51]

Using the ActiveDSP interface, control commands can be sent to the FPGA and data can be
read from the FPGA and displayed in the graph window. Moreover, the software enables the
real-time logging of data [51]. This data can be saved and processed using other software
tools such as Matlab.

5.2.2 Program Structure

The program flow and interrupt routines of the drive control system are shown in Figure 5.9.
The start routine initializes the system and sets up the interrupt mechanisms. The control
system is implemented in two main interrupt service routines: the fast interrupt routine and

the slow interrupt routine.

The fast routine handles tasks that should be executed as fast as possible. It interrupts once at
every PWM switching period. Measurement and protection, flux model calculations, current

control loops and modulation are implemented in this routine.

61



Start Routine
- Initialize
- Interrupt & registers setup

- Start interrupt mechanism
- Initialize state machine

Background Routine

- Commros

lr 3 A

is Program NO
Running?

lYES

Service Routine

Run State Machine

YES

NO

Update
Motor Slow Enable
Word

A

y

Flux control

A

A

Speed control

Figure 5.9: Program flow and Interrupts

\ 4

Stop Routine
- Stop PWM interrupt
- Stop Timer Interrupt
- Stop interrupt mechanism

- Measurements
- Scaling
- Protection

- Transforms

!

End

- Load Control Bits

- Update Motor Fast Enable Word

62

!

Flux model

!

Torque control

\ 4

- Current control
- Decoupling

!

Run PWM




In the slow routine, control tasks that are less time critical are executed. It uses a timer for the
interrupt mechanism. The slow interrupt time is taken as ten times the fast interrupt time.

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

5.2.3 State Machine

The state machine enables the program to accept commands and execute them when certain
conditions are met. The drive system will be in a certain state determined by the operating
conditions and status of the drive components. The sate machine, which is based on the
DRIVECOM standard for drive controllers, is shown in Figure 5.10. This is basically the
same state machine used in [11]. However, modification is made so that the drive can
continue operation when there is fault in only one supply (DC link or inverter) while the other

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

6.1 Introduction

In this chapter, the results of simulation and experimental work on the control of six-phase
induction motor drive are presented. The aim of the work was to implement and test control of
the drive during different operating conditions. Various normal and faulty cases can be
considered to test the system. In this thesis, the following cases are of major interest:

1. Normal start-up and balanced operation,

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

3. Operation during supply asymmetries and faults, including low DC link voltage and
loss of a DC link supply and/or an inverter.

After theoretical modelling and control design, simulations were carried out. Digital
simulation was used in Matlab Simulink/SimPowerSystems. This was used initially to verify
the control methods before laboratory testing. Then experimental testing was done in the
laboratory setup described in chapter 5. The main results obtained in simulations and
experiments match for the operation cases in normal conditions and current asymmetries. For
the case of supply faults, desirable results were obtained in the experiments. However, the
results in the simulations of six-phase induction machine were not as expected. It is also
worth mentioning that desirable results were obtained in a simulation of six-phase permanent
magnet machine for all operating conditions. But, the results are not included in this thesis
due to limitation of the scope.

The parameters of the controllers in the system were determined in chapter 4. The theoretical
values obtained have been tuned in the experiments to obtain better performance. The

experimental values are given in appendix D.

The results presented in this chapter, except those designated as simulation result, are
experimental results. Real-time data was obtained using trigger mechanism in ActiveDSP
logger and plotted in Matlab. In the time axis of the plots, negative values show the data
before triggering and positive values show the data after triggering. In this chapter, emphasis
is given to the presentation of experimental results. Only few of the simulation results are

included.
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6.2 SSFC Results

6.2.1 Normal Operation

During normal operation of the drive, the two 3-phase groups in the machine are operated
with equal current references and supply voltages. Thus the power and torque is equally
shared between them. Due to the 30° displacement between the winding groups, quantities in
phase 1 lead the corresponding quantities in phase 2 by 30°. The drive may be operated in

either torque control mode or speed control mode.

Response of the inner controllers in simulation is shown in figure 6.1. Initially the
magnetization of the machine is using a flux controller is simulated. Then, a step torque of 0.8

pu is applied at 0.5 sec.

B} Current control: d and q controllers =

2B LLHL HEE BAFR N

u Current control: z1 and 22 controllers | = = P

B S,PLAL AEB P AR @

Figure 6.1: Simulation result: Response of current controllers during normal startup and operation
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In the experimental test, the machine is initially magnetized along the stator a;-axis by
applying the rated flux reference. The flux control variable used is yx as defined in equation
(4.4) in chapter 4.2.1. Setting wr to 0.95 pu gives a rated flux (y,) of 1.0 pu. The response of
the flux controller is shown Figure 6.2.

Flux control
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Figure 6.2: Flux controller response

Figure 6.3 shows the response of the inner d-axis current controller during the flux build-up in
the machine. Until the flux reaches the rated value, the controller output is at the saturation
limit, which is set to 1.02 pu. At steady state, the d-axis current needed to maintain the flux is
approximately 0.508 pu. This is determined by the value of the mutual inductance as evident
from the equations of the flux model.
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Figure 6.3: Inner d-axis current control during magnetization

After magnetizing, the machine can be started in either torque or speed control mode.
Response of the inner controllers during start-up with a step torque reference of 0.6 pu is
shown in Figure 6.4. The g-axis current reference is obtained as 0.6316 pu from the torque
reference. The DC link voltage inputs of both inverters are equal with a value of 500 V.

Current control
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Figure 6.4: Start-up and torque control in SSFC

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

The currents displayed in the figure are obtained after filtering using a two-point moving
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average filter, which is a low pass filter with cut-off frequency of ca. 1 kHz. From the
magnitudes of the currents before start-up, it can be seen that the machine is magnetized along

the stator a;-axis.

Phase1 Currents

Amplitude (pu)

0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Figure 6.5: Phase group 1 currents during start-up

Phase2 Currents
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Figure 6.6: Phase group 2 currents during start-up

The measured stator currents are shown in the oscillogram in Figure 6.7. The currents of only
phases a; and a, are shown. Both currents have the same amplitude and frequency, but is:
leads is;; by 30° as expected. The oscillograms of the inverter line voltages and the stator
phase voltages are shown in Figure 6.8.
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In another test case, the machine was started in speed control mode under no load. The field
voltage of the DC machine was set to zero, thus the only load to the induction machine is the
inertial mass of the shaft. A step input of 0.4 pu speed gave the response in Figure 6.9.
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Speed controller response at no load
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Figure 6.9: Speed controller response in no load

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

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

rotate the rotor

shaft and cover losses. The z,-axis currents are also very small because both

phase groups have the same currents.
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Figure 6.10: Inner controllers during speed control

6.2.2 Operation with Current asymmetries

In this operatin
Thus, they do

control mode.

g condition, the two 3-phase groups of the machine have different currents.
not share the power equally. This operation case can occur only in torque
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To investigate the control response and operation of the drive during current asymmetries,
different torque references are given to the two 3-phase groups. The torque reference me rer1 IS
reduced from 0.8 pu to 0.4 pu, whereas meer2 IS kept at a value of 0.8 pu. The DC link
voltages are kept at a value of 500 V. The g-axis current controller response shows that iq is
controlled at a value determined by average of the two references. It is noted that the current
i,2 increases from almost zero to 0.2 pu due to the imbalance in torque (g-axis currents) of the
two phase groups. Since both phase groups share the magnetization equally (have the same d-

axis currents), i1 is very small. The ideal value would be zero.

Torque asymmetry

Torque g,
g 0.5 =------ Torque, o, |*77 7T e 7]
[+ .
g 04f------ —lgret  |------- '
= — i : : : : :
g 03p ! I A A A prTT pTT T N
'21 : ! : : : :
0_2_ ______ IZZ s o mm oo el p B L S LR L e e e Ll
e Bt A HMRRELEE chu b AL LT R LRELEE S ERLLEED R ARRh 1
o B U I e
kLR
_______ IR FpRp

time (sec)
Figure 6.11: Response of controllers during torque asymmetry

The machine phase currents during asymmetrical operation are shown in Figure 6.12. The
current magnitudes in phase group 1 are reduced, while current magnitudes in phase group 2
are unaffected.
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Figure 6.12: Currents during asymmetrical operation (a) phase group 1, (b) phase group 2

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

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

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

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

The six-phase induction machine is normally supplied from two inverters with equal DC link
voltage. However, variations and faults might occur, and it is important to ensure the system
is robust to such faults. The cases studied in this work are differences in the DC link voltages,
DC link under-voltage, trip of an inverter and turn off of a rectifier. These are taken into

account in the system implementation and testing.

Figure 6.15 shows the experimental result for DC link under-voltage and variations. In the test
case, the drive operates in torque control with a reference of 0.6 pu. Rectifier 1 is supplied
from the variable three-phase transformer, whereas rectifier 2 gets direct line supply. DC link
2 is thus kept constant at 560 V. Initially DC link 1 is 450 V. Using the variable transformer,
the supply for rectifier 1 is manually reduced to zero. This corresponds to approximately 0 — 5
seconds in the time axis of the figure. The minimum acceptable DC link voltage was set to
250 V. As soon as DC link 1 falls below this value, the torque limiter acts by reducing the
torque reference mer, Which reduces the power delivered to phase group 2 to almost zero. If
the DC link continues falling, merr; takes on a negative value between (-0.1 pu and O based
on the setting used here). This causes negative g-axis current (is;1) in phase group 1, and
charging the DC link. Thus the DC link is kept charged. This avoids trip of inverter 1, which
can continue supplying power to the machine after DC link 1 is restored. The references and
currents of phase groupl (5 — 12 seconds) return to the pre-fault values when the supply of

rectifier 1 increased back to normal.

SSFC: Response to DC link variation

Amplitude (pu)

Time (sec)

Figure 6.15: SSFC response to DC link variation and under-voltage
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In another test case, the trip of one inverter during operation of the machine was investigated.
Before the trip event, the machine is operated in torque control mode with a torque reference
of 0.6 pu. Both DC link voltages have a value of 500 V. Inverter 2 is turned off, while inverter
1 is kept operational. The results obtained are shown in Figure 6.16 to Figure 6.20.

When inverter 2 is tripped, the current references and actual currents of phase group 2 go to
zero. The machine continues to run, but with a reduced torque. The speed is also reduced
given that the load stays the same before and after trip. The torque of the machine can be
increased to a desired value as long as the current rating of phase group 1 is not exceeded.
However, the torque capability is reduced by half since one of the phase groups is open.

Current i, is induced because there is current asymmetry as a result of the trip.
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Figure 6.16: SSFC response during inverter trip, i; and i

The air gap flux in the machine should be kept at the rated value even after inverter trip. This
is done by increasing the d-axis current in the operating phase group (ig; in this case). Thus
the total d-axis current iy does not change due to the trip event. The i,; is now induced because
the d-axis currents of phase groupsl and 2 are different.
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SSFC: d - and 21 - axis currents during inverter trip
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Figure 6.17: SSFC response during inverter trip: ig and iz
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Figure 6.18: SSFC response to inverter trip, Rotor flux

Oscillograms of the isa1 and isa2 currents before and after the fault are given in Figure 6.19 and
Figure 6.20 respectively. Currents in phase group 2 go to zero after trip, whereas phase group
1 currents increase in amplitude and decrease in frequency. The amplitude change is due to
increase in iy to keep the rated flux. In this test case, ig1 increases from 0.508 pu to 1.016 pu
while iqy is constant at 0.6 pu. This causes the peak value of the stator current to increase from
0.786 pu t01.18 pu. The stator frequency reduction from 30.67 Hz to 11.0 Hz is in agreement
with the decrease in torque and speed of the machine.
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Figure 6.19: Stator currents before inverter trip
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Figure 6.20: Stator currents after inverter trip

6.3 DSFC Results

In this section the results obtained using DSFC control are presented. The operating
conditions and the test cases are the same as in the corresponding SSFC tests presented in the
previous section. This is done in order to compare the two control methods.

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

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

In the experiment, the machine is magnetized to rated flux before start-up. The response of the
flux controller is the same as in SSFC. This agrees with the fact that the outer flux controller
is the same in both methods as described in chapter 4.3.3. However, the inner controllers used

here are ig; and ig, instead of ig.
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DSFCC: Response of flux controller and inner controllers
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Figure 6.22: Flux and d-axis current control in DSFC

After magnetization, the drive was started in torque control mode. Applying a step torque
reference of 0.8 pu gave the result shown in figure 6.23. The d-axis currents are also shown to
indicate the effect on them by the torque control loop.

Current control

Amplitude (pu)
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Figure 6.23: Startup and g-axis current control in DSFC

Operation of the drive in speed control mode was also tested. The speed controller response
was found to be the same as in the SSFC result. This verifies that the speed control is the
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same in both control methods. The difference is that the DSFC uses the inner iq and ig

controllers, whereas SSFC uses iq controller.

6.3.2 Operation with Current Asymmetries
The case of current/torque asymmetry was tested in DSFC method. The drive is in torque
control mode. Torque reference 1 is reduced from 0.8 pu to 0.4 pu while torque reference 2

remains constant at 0.8 pu. The responses of isq; and isqz controllers are shown in figure 6.24.

Torque asymmetry and g-axis currents
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Figure 6.24: Torque and current asymmetry

Figure 6.25 shows the effect of the torque asymmetry on the isq1, isa2, Isz2 and is2 controllers. It
can be seen that is» is induced due to the asymmetry.
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Figure 6.25: d-axis and z-axis currents during torque asymmetry

The rotor speed in the drive during torque asymmetry is shown in figure 6.26. The speed
decreases as the total torque is reduced due to decrease in torque developed by phase group 1.

Rotor Speed and Torgue reference

0.9F-—-"---- e T T e T P
080
T R— S —— . — J—
Torqueref1
A0 1] R S U SO S R Torque, .,
§ Rotor Speed
3 S S S SO (N S
Z '

time (sec)

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

The effect of DC link voltage variations, rectifier turn off and inverter trip was investigated
using similar test cases as in the SSFC tests of section 6.2.3.

The test case for DC link voltage variations gave the results in figures 6.27and 6.28. Rectifier
2 was supplied from ac line directly, keeping DC link voltage 2 constant at 560 V. Supply of
rectifier 1 was reduced to zero and restored to normal after few seconds. Due to this DC link
voltage 1 gets reduced from the pre-fault value (450 V). It does not go to zero because it is
kept charged due to the control system. All quantities return to pre-fault values when the
supply for rectifier 1 is increased back to normal.

Torgue reference change due to low DC link
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Figure 6.27: DC link under-voltage and change in torque references
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Current control during low DC link
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Figure 6.28: DC link under-voltage and g-axis currents

To test the effect of inverter failure on the system, inverter 2 was tripped while inverter 1was
kept operational. The main results are shown in figures 6.29 and 6.30. The controller and
phase currents in phase group 2 go to zero. The increase in the amplitude of phase group 1
currents is because the remaining phase has to keep the rotor flux linkage at rated value.

DSFCC: response of g1- and g2- axis current control to inverter trip
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Figure 6.29: Response of current controllers to inverter trip
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Phase currents during trip of inverter 2
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Figure 6.30: Phase currents (is;1 and isg2) during inverter trip
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7 Discussion of Results

7.1 Normal Drive Operation

In normal operating conditions of the drive, both SSFC and DSFC methods gave comparable
results. The theoretically calculated control parameters were tuned to improve the transient
response. The performance parameters used are rise time, percent overshoot, settling time and
steady state error. The rise time is taken as the time taken by the response to increase to 90%
of the reference step input. The settling time the time the response takes to remain within 2%
error of the step input. Using the designed control system and tuned parameters, the inner
current controllers gave fast response with small overshoot. The responses were found to be
stable. The response of outer controllers was found to be the same in both control methods.

The response of the d-axis controllers in both control methods can be compared from figures
figure 7.1 and 7.2. In both cases, the reference is increased as a step from 0.0 to 0.5 pu.
Responses of the other controllers were compared in a similar way and found to be
comparably good in both methods.
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Figure 7.1: SSFC - Performance of isq controller
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DSFC: iy, and iy, step responses
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Figure 7.2: DSFC - Performance of isq; and isg2 controllers

To compare the stator losses due to asymmetry between the two 3-phase groups, the
currents in the (z1, z2) system were investigated. These currents are directly controlled
in the SSFC method, whereas they can be obtained using transformations in DSFC.
Ideally, these currents are zero in steady state during normal operation of the drive.
These currents are, in reality, small but not zero since small imbalances between the
phase groups can be expected. A comparison of the (z;, z,) system currents in the two
control methods can be made from figures 7.3 and 7.4. The values in —ve time axis are
for normal drive operation, whereas the +ve axis values are for asymmetrical torque

operation. It is evident that the currents are similar in both control meth.ods
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SSFC: Currents in (21, z2) system
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Figure 7.4: DSFC - (z1, Z») system currents

One main difference in the implementation of the two methods is the decoupling network. In
SSFC, the full decoupling network based on the design equations is used. In DSFC, some of
the decoupling terms are removed to minimize overshoot of the responses and improve

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

A comparison can be made between the responses of SSFC and DSFC to various asymmetries
and fault cases. Current asymmetries, DC link under-voltage and variations, and inverter trip

have been investigated.

Both control methods work well and give comparable response during current asymmetries.
The responses to DC link under-voltage and variations are also similar in both methods. This

is the case both during speed and torque control modes.

When one inverter is tripped during torque control mode, both SSFC and DSFC respond in
similar way. However, the response in DSFC was found to be faster as it can be seen from
figures 7.5 and 7.6. In both cases, the drive is operated with a torque reference of 0.6 pu
before the fault.
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Figure 7.5: SSFC - Response to trip of inverter 2 in torque control mode
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DSFCC: response of g1- and g2- axis current control to inverter trip
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Figure 7.6: DSFC - Response to trip of inverter 2 in torque control mode

When the drive is operated in speed control mode and an inverter trips, the DSFC method was
found to respond well and the drive can continue operation using the remaining inverter
supply. However, the SSFC method did not work as expected and resulted in trip of the non-
affected inverter.

In general, the SSFC method was found to be more difficult to implement especially during
asymmetries and faults. The actual system references and asymmetries come in the form of
(dy, d2) and (g1, g2) quantities, but control is done in (d, q) and (z;, z2) system. This causes
difficulty when the asymmetries in outer control variables need to be reflected in the inner
controllers. SSFC method is also more computationally demanding due to the transformations
needed between (di, g1, d2, g2) and (d, q, z1, z2). These transformations are not necessary in
the DSFC method. This can be seen from the structure of inner controllers in figure 4.2 and
figure 4.8.

7.3 Analysis of Ripple and Harmonics

When the stator measured currents are converted to the synchronous d-g system, ripples are
found to be superimposed on the DC values in steady state. These ripples were observed in
both control methods in all operating cases of the drive.

The buildup of ripples when the drive is started is demonstrated in figure 7.7. Before applying

a torque reference of 0.8 pu, the machine had been magnetized. The d-axis current control
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response is has almost zero ripple before the drive is started. When the drive is started, there

are ripples in both d-axis and g-axis currents. Similar results were found in the DSFC method.
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Figure 7.7: Ripple in controlled currents before and after start-up [SSFC]
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The ripples were found to be strongly dependent on the rotor speed. To investigate this

dependence, the ripple amplitude and frequency were measured at different speeds. The

machine was run in torque control mode with a torque reference of 0.18 pu in all the cases.

The load resistance connected to the DC machine was varied in order to vary the speed. The

results found using DSFC method are given in table 7.1.

Speed | Fundamental stator | Frequency of the main ripple | Peak-peak ripple | Peak-peak ripple
[pu] frequency [Hz] COMPONENtS gy, idr, Iqr and ige [Hz] | in g1 & g [pu] inig & ig [pu]
0.075 | 5.63 53.73, 134.9 0.0303 0.0143

0.13 9.75 58.65, 234.6 0.0425 0.028

0.242 | 18.2 110.0, 437.0 0.0453 0.0355

0.44 33.0 99.71, 1994 0.0916 0.0581

0.56 42.0 126.1, 252.2 0.1356 0.0808

0.6 45.0 136.4, 227.3 0.21 0.1807

Table 7.1: Current ripple frequency and harmonics as function of rotor speed
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From analysis of the results presented in table 7.1, it was found that:

= The ripples in both d- and g-axis currents increase with speed,

= At low speed, the largest ripple component is 6™ harmonic of the fundamental stator
frequency, followed by the 24™ harmonic,

= At higher speeds (0.44, 0.56 and 0.6 pu in the table), the 3" harmonic is the major
component. A 6™ harmonic is also observed (but 5™ harmonic at 0.6 pu speed),

For the test case described above, the ripples at speeds of 0.075 pu and 0.44pu are shown in
figure 7.8 and figure 7.9, respectively. During the experiment, considerable vibration was
observed in the drive when the machine is operated at higher speeds (greater than 0.4 pu) and
light load.
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Figure 7.8: Current ripples at 0.075 pu speed [DSFC, 0.2 pu torque]
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Figure 7.9: Current ripples at 0.44 pu speed [DSFC, 0.2 pu torque]

In the simulation results, the ripple in the current controllers was not found to be dependent on
speed of the machine. The magnitude is also very small. A sample of the control response is
shown in figure 7.10. The result is from SSFC control at a torque of 0.8 pu. The steady state
speed is 0.71 pu. The magnitude of the peak-to-peak ripple is approximately 0.012 pu in both
ia and iq. The frequency of the ripple in iq is about 3 times the fundamental frequency

u Current control: d and q controllers T Y == DX
EIENEERAN .Y & % ~

Figure 7.10: Simulation result: Ripple in current control [SSFC, torque control at 0.8 pu,
speed 0.7 pu]
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8 Conclusion and Further Work

8.1 Conclusion

Electric ship propulsion has recently gained considerable attention. Variable speed electrical
drives, including multiphase drives, are of interest in this area of application. In this thesis, the
modelling and control of a six-phase induction motor drive has been investigated. The
modelling of six-phase induction machine using two different approaches was presented.
Vector control techniques based on these two approaches were studied. The work included
theoretical study, simulations and experimental implementation of the drive control system.

The normal operation of the drive was investigated initially. The results showed that both
SSFC and DSFC control methods give desired transient and steady state performance. Control
of speed and torque of the machine has been achieved for different loading conditions, from
no-load up to full-load. It was also found that the outer (flux and speed) controllers are the
same in both control methods. The difference between the implementation of the two methods
is in the inner (current) controllers. The simulation and experimental results are similar in this

operating condition.

Operation of the drive during current asymmetries and supply faults was also considered in
the control design and testing. When there is current asymmetry in the two 3-phase groups of
the induction machine, both SSFC and DSFC can control the drive as desired. This was the

case for both simulations and experimental results.

During DC link under-voltage and variations, the two methods give acceptable response.
However, the response in DSFC was found to be faster than in SSFC method. In both
methods, the affected DC link is kept charged at a desired level. This is needed so that the
affected inverter does not trip, for example in the case of temporary failure in the supply of
the DC link. When the supply is restored to normal value, the operation of the drive
automatically returns to the pre-fault state.

In the event loss of one inverter, the machine can continue to operate from the remaining
healthy supply. The available torque and power is, of course, reduced to half of the total six-
phase machine rating. This has been achieved in both torque control and speed control modes
using DSFC. The SSFC method can also handle this case in torque control mode, but this has
not been achieved in speed control mode. From the results in this work, it can be concluded
that better control of the drive is achieved using the DSFC method. It can handle the system
asymmetries and faults in a better way than the SSFC.
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8.2 Further Work

In this work, the modelling of six-phase induction motor drive has been studied. The control

system has also been designed and implementation in a laboratory setup.

The following tasks could be considered for further work in the drive system:

Experimental identification of the six-phase induction machine parameters,
Investigation of the ripple and harmonics in the torque and currents of the drive,
Improvement of the SSFC method so that it can give desired performance during
inverter trip when the machine operates in speed control mode.

Investigation of other modulation techniques, and the effect on current and voltages

harmonics.
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Appendix

A Six-Phase Induction Machine Nameplate Data
The manufacturer’s nameplate data of the six-phase induction machine used in the experiment

are given in the table below:

Parameter | Explanation Value
Un Nominal line to line voltage [Vims] | 400 V
In Nominal line current [Arms] 11.8 A
fn Nominal frequency [HZz] 75 Hz
p Number of pole pairs 2
Ny Nominal speed [mechanical rpm] 2235 rpm
Mn Nominal output torque [Nm] 50 Nm
Pn Nominal power output [kW] 11.7 kW
COSQN Nominal power factor 0.77
NmAX Maximum speed [mechanical rpm] | 5000

Table A.1: Six-phase induction machine nameplate data
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B Per Unit system
The per unit system used in the implementation of the system are given in The base
(reference) values are based on the following three nominal quantities obtained from the

nameplate of the six-phase induction machine given in Appendix A:

1. Uy, the nominal line-to-line voltage

2. |y, the nominal stator line current

3. fn, the nominal stator frequency

Physical quantity

Base quantity definition

Value of base quantity

U

AC Voltage U,=+2--% 326.6 V
] J3

. UN
DC link voltage Ugen =2-\/§~E 653.2 V
Current I, =21, 16.7 A

Un

Impedance VANES I 19.56 Q
Power S, =2-/3-Uy -1, 16.351 kW
Frequency f, =T\ 75 Hz

Angular speed (electrical)

rad
471.24 A

R fN
Speed (mechanical) n, = 60~—p 2250 rpm
SN
Torque M, = p-—~ 69.4 Nm
- Un
Flux linkage ¥, == 0.693 Wb

Table B.1: Per unit system
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C Six-Phase Induction Machine Equivalent Circuit Parameters

A method of calculating three-phase induction machine circuit parameters from the nameplate
data is given in [44]. The method uses inverse-I" equivalent model of induction machine. This
method is adapted to estimate parameters of the six-phase induction machine. Only the stator
resistance was estimated experimentally using DC resistance measurement and averaging the
phase resistances. Experimental identification of the other parameters is beyond the scope of
this work. The values are scaled according to the per unit system used in this thesis.

Parameter Value [pu]
I's 0.031
IR 0.0068
Xs 2.086
Xo 0.2175
XH 1.8685
or 0.0566

Table C.1: Circuit parameters of six-phase induction machine
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D Control Parameters
The PI controller time constants in the following tables are expressed as the sampling time
divided by the actual time constant for digital implementation. The sampling times are given

in each table.

Parameter | Value

Ko 0.15
Kog 0.13
Kozt 0.1
Koz 0.1

TS_d iV_Tid 0.07
Ts div_Tq | 0.045
Ts_div Tz | 0.04

Ts_div_Tiz | 0.04
Tsamp,i (1/3000) Sec
fc,i 1 kHz

Table D.1: SSFC current controller parameters

Parameter Value

Ko 0.12
Koat 0.12
Ko 0.12
Koo 0.12

Ts div_Tig 0.050

Ts div_Tiq | 0.050

Ts_div_Tig 0.050

Ts div_ Tie | 0.050

Tsamp,i (1/3000) Sec

fc,i 1 kHz

Table D.2: DSFC current control parameters
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Parameter Value

K, 18.11

Ts div Ty, |0.035

Ka 12.0

Ts div T | 0.082

Tsamp (1/300) Sec

Table D.3: Parameters of outer (flux and speed) controllers

Parameter Value

fsw 3 kHz
Ty 0.1667 ms
Ust max 1.15

Table D.4. Inverter parameters
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E Additional Results in SSFC
I. Speed Control

Speed control during load disturbance

Amplitude (pu)

Time (sec)

Figure E.1: Speed control during load disturbance
Speed control under load disturbance with speed control at 0.5 pu is given above. Load torque
is varied by varying the field voltage of the DC machine.
I. Rectifier turn off and DC link loss

S5FC: Response to DC link supply loss
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Figure E.2: Rectifier turn off and on
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lll. Inverter trip
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Figure E.3: Phase currents and voltages after trip of inverter 2
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F Additional Results in DSFC

Speed control

Amplitude (pu)

Arnplitude (pu)

Speed control at large loading

Time (sec)

Speed controller during load disturbance

Speed control in loaded machine
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Figure F.2: speed control during load disturbance
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II. DC link undervoltage

DSFCC: Torgque references during DC link under-voltage and variation

Amplitude (pu)

Time (sec)

Figure F.3: Torque references during DC link undervoltage

DSFCC: g-axis currents and speed during DC link under-voltage
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Figure F.4: Currents during DC link undervoltage
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