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Problem Description.

To increase the achievable power rating and to reduce cost of the drive system, both six and
nine phase machines are of interest to be applied in ship propulsion. Today’s typical
maximum power rating today is 5 MW using three phase machines and low voltage drives.

This work is to be based on the candidates work during the specialization project. The
candidate has studied the control strategy for a six phase induction motor and assembled a
laboratory drive with such a machine.

In this master thesis work, the candidate shall:

e Program the FPGA control card for the Double Synchronous Frame Current Controller
(DSFC) control strategy and compare the simulation results for different operating
conditions with the actual results observed in the lab for the six phase induction
machine.

e Implement and evaluate the new control method Decoupled Multi-phase Current
Control method (DMCC)

e Investigate the effect of limiter functions in the different inverters. The current and dc-
link voltage limiter functions are of particular interest.

If there is enough time, the candidate should model and discuss the control strategies for nine
phase induction machine and simulate such a drive in SimPower.

Supervisor: Prof. Tom F. Nestli.

Co-supervisor: Roy Nilsen Wartsila Norway As.
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Abstract.

Electric ship propulsion offers numerous advantages such as improved and precise control of
the shaft speed, increased manoeuvrability, increased fuel efficiency, reduced environmental
impact, and quiet operation. Inverter controlled multiphase motor drives are having number of
advantages over the three phase drives in the medium voltage medium power range.

The purpose of this project work is to continue the work in the last semester towards the
practical realization of the Six Phase Induction Motor drive. The hardware and Inverters are
ready. The

The main task of the thesis is to implement and evaluate the two control strategies, Double
synchronous Frame current Control and Decoupled Current Control. The FPGA control card
is programmed accordingly to implement these two control schemes.

It is found during actual operation of the drive that in the normal steady state working
condition both the control strategies perform satisfactorily, however in case of the fault in the
system i.e. trip of the one inverter or the loss of one DC link, the DFSCC control scheme
keeps machine running as three phase whereas the DCC control scheme fails. This is found
only when the machine is not heavily loaded.

The DCC control scheme is extremely good otherwise and gives comparable performance as
DSFCC since it try to balance the currents in the both the inverters.

In case of the low DC link voltage operation both the control schemes responds more or less
similarly. It is also found that DSFCC can start the drive with only one inverter in case of light
load whereas DCC scheme is unable to start the drive.
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Acronymes.

Acronyms | Explanation

VSI Voltage Source Inverter.

SPIM Six Phase Induction Machine.

HMI Human Machine Interface.

PDS Power Drive System.

IEC International Electrotechnical Commission.
PPU Power Prosessing Unit.

PWM Pulse Width Modulation.

DSP Digital Signal Processor.

FPGA Field Programmable Gate Array.

SVPWM Space Vector Pulse Width Modulation.
DSFCC Double synchronous frame current control.
DCC Decoupled Current Control.

RISC Reduced Instruction Set Computing.

RAM Random Access Memory.

ASIC Application Specific Integrated Circuits.
CAN Controlled Area Network

UART Universal Asynchronous Receiver Transmitter.
MAC Media Access Controller

MSPS Million Samples Per Second

LVDS Low Voltage Differential Signalling

IP Intellectual Property

Table 1: Acronyms used in report.




Parameters.

Parameters subscript and superscript used in the report. Lowercase letters are used to indicate
instantaneous values, bold characters are used for matrix and underline specifies space
vectors, hat is used to denote the maximum values while up ~ is used to denote the estimated

values.

Parameters | Explanation

S Stator parameters

r Rotor parameters

SR Parameters for both stator and rotor
d-q Parameters refer to d-q axes.
zZ Parameters in z axis

0 Parameters in zero axis

71,22 Axes of z subspace

01,02 Axes of zero subspace

N Rated values

n Base values

ph Phase values

rms Root mean square values

o Leakage coefficient.

h,m Main , Magnetising

I Feed-forward terms

Table 2: Subscripts.

Parameters | Explanation

S Parameters referred to stator.

r Parameters referred to rotor.

SR Parameters for both stator and rotor.

Y. Parameters in rotor flux oriented model.
«“ Transient

Table 3: Superscript.




Parameters

Explanation

Voltage

Current

Resistance

Inductance

Flux Linkage

EIEEREIRS
D

Rotor angular position

Transformation matrix in [8]

Time constant

Time

Mechanical angular velocity

Electrical angular velocity

Rotor speed.

Electrical torque , electrical torque in pu

E

Load torque, load torque in pu

Pole pairs

Electrical power

SR SRR

Base power

<

Base torque

<"
-

Frequency of the rotor flux linkage

Table 4 : Parameters.
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1. Introduction

The interests in the multiphase machine started to increase in late 1960 when the inverter fed
three phase drives were in the development stage. Engineers found problem of the low
frequency torque ripple in the three phase machines due to the six step operation of the
inverters. Analysis showed that the lowest frequency torque ripple harmonic in the n phase
machine is caused by the time harmonics in the supply of the order 2n+1. The best solution to
overcome this problem was to increase the number of the phases.

In 1974 Nelson and Krause carried out simulation of 7.5 hp six phase motor fed with two six
step inverters and showed that the torque pulsations in the machine is reduced as a result of
the asymmetrical placement of the winding phase group [3]. Further investigation of the
machine winding configuration and the mutual leakage inductances with different phase belt
angle and pitch for the six phase synchronous machine was done by Schiferl and Ong [4] in
1983 they also showed that if the axes of two phase groups are displaced by 30° the torque
pulsation and the voltage harmonic distortion is minimum.

In 1984 Abbas and Christen carried out practical work on the six phase motor fed with the six
step transistor inverter and showed that the air gap flux time harmonics of the order 6n+1 (n
= 1,3,5...) are eliminated which resulted in the elimination of the six harmonic dominant
torque component [5].

Research work was also carried out for the five phase motor by in 1979 by Danzer, however
the third harmonic currents were found excessive when the machine was supplied by inverter

[6].

Six phase induction motors when fed with the six leg inverter using the space vector
modulation technique that uses 12 sides of the space vector polygon, produce the 5" and 7"
harmonics in the space; these harmonics cancel each other in the space if the windings are
wound for the 30° shift in two phase groups. However these harmonics causes considerable
loss in the stator at low speed. This issue was addressed in 1993 by Gopakumar and
Ranganathan. It was proposed [13] to operate the six leg inverter as two three phase inverters
operating on three phase space vector modulation technique in the lower speed range; and it
was suggested that the operation of inverters afterwards will smoothly switch to the six phase
operation as speed increases.

The six phase machine were always viewed as the six dimensional spaces of currents and
vectors, which is quite obvious, and engineers were addressing the control of the six phase
machine by trying to locate the space vector in the six dimensional space and then rotating it.
This was making the control as well as the modelling of the six phase machine difficult. In
1994 Lipo and Zaho [8] showed that six dimensional spaces could also be think as the three
mutually perpendicular subspaces each containing two perpendicular vectors. Based on this
idea the inverter voltage vectors can be projected along these subspaces and the appropriate
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voltage vector in the respective subspaces can be selected for the switching. This technique
reduces the current harmonics in a particular (known as z) subspace which are responsible for
losses in machine, as it do not take part in the electromechanical energy conversion.

Research on the multiphase machine is still ongoing, the research work carried out in
multiphase motor drives over the span of last four decade has proven that the technical and
economic advantages of the multiphase motor are superior than that of the three phase motor
drives. Some of the advantages of the six phase drives are mentioned below.

e It can be shown [1] that for the same torque and same speed the stator copper losses
for the six phase machines are 6.7 % less than the three phase machines.

e The space harmonics generated by the fundamental component of stator currents in
six phase machines are of higher order and hence more attenuated as compared to the
three phase machines which lead to reduced torque pulsations [1].

e Six phase machines have greater fault tolerance than their three phase counterparts
[2].

e Current rating for the inverter switches are reduced for controlling the six phase
machine of the same power as three phase which lead to reduction of the cost.

In the following thesis an attempt has been made to realize vector controlled six phase
induction motor drive for the application to marine propulsion. Various control strategies
exists for the six phase machine control, the technology status for the same is reviewed in the

[2]

Two control strategies are discussed and implemented in the thesis work, one is Double
Synchronous Frame Current Control and other is Decoupled Multiphase Current Control.

The synchronous current control strategy was proposed by Bakhshai and Jin [11] this method
is described under the name vector classification technique as the space vector modulation
technique is used for the control of the inverters. Two schemes are proposed in [11]. In first
the voltage reference to two inverters are displaced 30° with each other and having identical
modulators. In second method the switching states of the two modulators are displaced 30°
with each other and whereas the reference voltage is kept common. In the thesis the former
method is used for the control using the sinusoidal pulse width modulation with the third
harmonic injection and with the split DC link.

The second control strategy with the decoupled control is proposed by Bojoi and Profumo in
[14], it is proposed to control the d-q and z;-z, subspace currents with the PI controllers.This
control strategy however is implemented in the stationary reference frame. The same control
strategy is also proposed in the rotor oriented reference frame in [12] for the PMSM. The aim
of the control philosophy is to control the currents induced in the z;-z, subspace.

Field orientation and high performance control of the drive requires high speed
microcomputers to process the digital signals. It is also required to have adequate resolution
of the signals with respect to the time and amplitude. Various DSPs are available nowadays

2
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in the market to fulfil both the tasks, i.e. sampling and processing of signals on the single
control card. Power consumption, cost, speed and the suitability of the hardware for the
effective implementation of the process algorithm are some of the very important criteria of
the effective drive design. FPGAs are proving good option in that respect because of their
parallel processing and interchange ability in addition with the improved control. The suitable
choice of the FPGA also allows developer to use the floating point processor instead of the
integers, thus allowing flexibility and ease of development of the process algorithm in the
higher level language such as C and C++.

For the realization of the six phase induction motor drive the Xilinx Virtex5 FPGA is used
which provides adequate flexibility in terms of the implementation of the floating point
processing, and compatibility for signal processing with high speed sampling.

The control and process algorithm needs to have communication channel to the HMI. There
exist various standards for generic interfaces and device profiles for communication. Few of
them are listed in the IEC standard 61800-7 for Adjustable speed electrical power drive
systems. However in the thesis work for the realization of the six phase motor drive
DRIVECOM standard is used.

For the development of the process algorithm software development platform SDK is used,
which is based on the Eclipse. This platform is provided by the Xilinx.

For the realization of the drive asymmetrical six phase induction motor is used which is fed
with two three phase IGBT based inverters. The inverters are fed with the two separate DC
links. Two DC link ensures the redundancy in the system.

The thesis is divided in the four main parts. The first part contains relevant theory of the three
induction machine vector control along with the space vectors and machine equivalent circuit
description.

The second part is dedicated to the six phase machine modeling and control. In the third part
the development of the drive system is documented along with software and hardware
description; while in the fourth part the simulation and the practical results are compared and
discussed.
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2. Three Phase Induction Motor Drives- A Brief Review.

Three phase induction motors are the workhorse of the industry. The invention of the vector
control in early seventies was the first step in the high performance control of the induction
motors. Increase in ratings of power electronic components made it possible to push the
ratings of the induction motor drive as high as 4 MW [B.1]. Subsequent section contains
relevant discussion about vector controlled three phase induction motor drive.

2.1. Power supply for high performance drives.

Various inverter topologies exist for the drives ranging from few kilowatts to several hundred
Megawatts. However CSI and VSI are main inverter configurations that are more commonly
used for the high performance induction motor drives in the medium voltage and medium
power range.

VSI supply controlled voltages waveform for the motor while CSI produces controlled
currents. The PWM controlled CSI produce motor friendly waveforms and reliable short
circuit protection and thus it is believed to be widely used for the high power drives. VSI are
popular in the medium voltage medium power range generally employing IGBT which can
switch above 16 kHz i.e. beyond audible noise. VSI also provides large bandwidth for the
control; with sufficient DC link voltage, fast current control loops can be designed to produce
waveform nearly ideal current source for the machine. The configuration and typical current
waveforms are shown in the Figure 2-1. [B.1]

When the DC side is fed with the controlled rectifiers, it is possible to feed the power back to
the lines during the breaking operation of the motor and recover the power.

Drive -
Control Drive
Control
i i
A s .
Stator current
N W R
1 -
-20

(a) VS with IGBT (b) CSI with Thyristors
a wi .

Figure 2-1 : Four Quadrant Drives for the MV and High Power Applications.




@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

2.2. Vector Control of Three Phase Induction Motor.

2.2.1 Space Vectors.

The Vector control or the high performance control allows the Induction motor to be
controlled as the DC motor i.e. the torque and speed can be controlled independently; this
control is also known as decoupled control, transvector control, or high performance control.

The theory of space vector forms the basis of the vector control; this theory was first
developed for the multi-phase AC in Hungary. The space vectors in relation with the
electrical machines can be viewed as the resultant of time varying quantities in the space.

b Fy 2 Phase A
e Reanant
’
Fc(t) 1; T '(),s‘\ ,,,,,, .
T PR L wd
*?"%‘\ \T\ a’f‘?ﬁz I*
/' F® 5 _ J
/ _ Sl
Fy(t . U i ;
/ b() \ f
W I
/ | it
/ JR Y - SN SO SR ! P,
/ ¢
(a) Space Vector MMF addition (b) Space Vector resultant MMF in space [W. 1]

Figure 2-2 : Space Vector representation.

The three phase symmetrically spaced windings when fed with the balanced three phase
sinusoidal currents produces the rotating magnetic field in the air gap. The resultant mmf in
the space rotates at synchronous speed. This resultant mmf at any angle 6, at any time t along
the stator periphery can be mathematically calculated as vector addition of the time varying
currents.

fs(6,t) = N [isa(t)cos(e) + ig, (t) cos (9 - %ﬂ) + ig.(t)cos (9 - %ﬂ)]
(2-1)

Where Ns is the effective number of stator turns including the winding and pitch factors.
Similar to the mmf space vector the equations for the current and voltage space vector can be
written, which proves very useful although both do not have any physical existence. Using
Euler’s identity the equation (2-1) can be re written as

£,(8,) = 2Ny, Re{ls(t)e ™ + [;(t)e 7%}
(2-2)

I(t) is stator current space vector and I is complex conjugate of the same, the stator current
space vector can be expressed as.
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1,(0) = k[isa(0e ™ +ig,(®e /5 + ige()e 5]
(2-3)

Where k is constant, if selected 2/3 and there are no zero sequence currents, then the
projection of the space vector I;(t) on the corresponding three phase axes will result
instantaneous values of the respective phases.

2.2.2 Clark and Park Transformes.

Figure 2-3 : Clark and Park transformations for three phases.

The Clarke transformations transform the three phase alternating quantities to two dimensional
stationary reference frame.

[fsdqo] = [Tsdqo] [fanc]

(2-4)
Where [T* 440] is the transformation matrix given by
1 1
-
_2 3 3
[Tsqu] = g 0 E \/;
i1 1
2 2 2
(2-5)
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If the three phase system is balanced the last row of the equation (2-5) becomes zero and
system is reduced to two variables d-g. When the Clark’s transforms are further transformed
using Parks transformations using equation (2-6) the stationary d-g-O components are
transformed to the rotating d-g-0 transforms.

[frdq] = [T"aq] [fsdq]

(2-6)
Where [T" 4] is the transformation matrix given by.
[T7 40 _2[cos@ sind
441 ™ 3l sin@ cos@
(2-7)

2.3. Equivalent circuit of three phase Induction Motor.

Vector control of induction motor requires the estimation of the flux in the machine. The
calculation of the flux depends on the physical parameters of the machine hence it is required
to represent the physical parameters of the machine such as resistances and inductances in
equivalent circuit so that necessary mathematical equations can be set up for the flux
estimation.

Induction machine can be represented with three different equivalent circuits, T equivalent, I’
equivalent and inverse I" equivalent. Each one requires different numbers of parameters to
describe the induction motor, such as T equivalent requires two resistances and three
inductances, while I' and inverse I' requires two resistances and inductances to model the
Induction Machine. These equivalent circuits are chosen for the control depending choice of
the reference frame and availability of the motor parameters.

The T equivalent circuit is hardly used for the vector control of induction machine; it can be
used when the air gap flux orientation is used. I" and inverse I" equivalent circuits are more
commonly used. In the " equivalent circuit the total leakage impedance is transferred to the
rotor side, this equivalent circuit is used while employing the stator oriented control. In
inverse I" equivalent circuit the total leakage impedance is transferred to the stator side, and it
is used in rotor flux oriented control. Only four parameters are needed in all to model the
induction motor in I' and inverse I' equivalent circuits i.e. two resistance and two
inductances. Figure 2-4 summarizes the equivalent circuits for the induction motor and
relevant equations used in each. The equations are written in d-q frame of reference rotating
with the frequency f and all the values are in per unit.
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. 1 dy .
U = 1l + - TP

Ts Xo

I
n
[0
=
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(c) Inverse I' equivalent circuit.

, 1 dyr ,
0="nip+ - ti(f —n)e

ﬂs = (xm + xo*)is + Xpig
ﬂI’? = X (is + Ir)

me = (fRdL'sq - quL'sd)

Pr
iR - (1+0y)
R=i1+0)
Xy = 0X X, = —t_
[ s m — (1+0y)
rp = —1T
R ™ (1+0,)2

Figure 2-4 : Equivalent circuits of three phase Induction motor.
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2.4. Indirect Vector Control of the Induction Machine and Flux Estimators.

Various methods for the Vector control of the induction machine evolved over the period of
time, the methods are described in brief in [B.1], since the indirect vector control method is
used in the thesis, it is relevant to present the brief overview of the same along with the flux
estimators that will be used in the drive.

Udc
PI Current I—
Regulator T Modulator
. = t
Iy Ugr ; a
AN — 1 Usre
7 | : t
/®\_ + DN | tb ]
I =
AN > - ®_ f_ Udrs Ugr/N ]
j*q Iq - yr I . . Ua Ub uC
| , L Ids 1a
~ - 3 7
m*, 7 Iy N . N Ior . I
3 K 7 J i e’y i i
£ - 2 Py
qr
Flux
ller ¥ A - Taq Tap M
controller ¥; Flux Model / Estimator
m*g gr f n y
" N
m~yser input Speed sensor
| 4
A

Speed
w*, ]\ controller

Figure 2-5 : Indirect vector control of three phase Induction motor.

The indirect or the feed forward vector control method employs a speed sensor, usually an
incremental encoder. The speed signal form encoder is used to generate the rotor angle which
is then added to the slip angle calculated from the flux model to determine the instantaneous
angle of the rotor flux &r. The rotor flux rotates in the air gap with the synchronous speed.
The rotor flux vector angle & is used to transform the stationary ds-gs components of
currents to the synchronously rotating d,-g reference frame.

The flux model estimates the flux and the instantaneous flux position in the machine.
Estimated flux is compared with the reference and regulated by PI regulator to generate the
direct axis current reference. The g axis current component is either generated by the speed
controller or the user defined torque input. The reference currents i'q and i’ q are compared
with the transformed d,-g; currents and regulated by the PI controllers to generates the
reference voltages ug and ug. The voltage reference signals then transformed back to the three
phases and are fed to the modulator to produce the switching sequences for the PPU.

The rotor flux is always kept constant and aligned to the direct axis with help of the
coordinate transformations so that there is no q axis flux linkage and thus the decoupled
control or the high performance of the induction motor is possible.
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The rotor flux estimator or the flux model is very important in the vector control of the
induction machine. The most simple and commonly used flux estimator is current model. It
gives very good results in the in general, the only drawback is that the flux estimation
accuracy depends upon the rotor time constant, which changes as the temperature of the rotor
varies. This leads to the incorrect estimation of the flux magnitude as well as position which
results in poor dynamic response.

Using the stator and rotor voltage equations in the inverse I' equivalent circuit the following
equations can be derived for the flux and instantaneous angular position in the synchronously

rotating d-qg reference frame.

dPr YR  xg .
=T+ R
T, =

a Xm-ls
== w(fy, +n) = wn(Tr@: +n)

(2-8)

Voltage model using the stator currents in the stationary a-p components and the stator
resistance can be used to determine the flux estimation. This is provides more accurate
estimate of the rotor flux vector in the high speed range. The rotor flux can be estimated
using the stator voltage equations as shown below.

st = I(Eds - strs)dt

Qqs = f(ﬂqs — Iyere)dt
(2-9)

From the flux linkage equations in the inverse I' equivalent circuit as shown in the Figure
2-4, if the rotor currents are eliminated, the rotor flux linkage equations in stationary a-f3
coordinate can be written as below.

gdr =1+o0) (gds - xa-lds)

fqr ={1+o0) (@qs - xa'qu)
(2-10)

This estimator is mostly used in the stator oriented control. This flux model in the low speed
range introduces serious errors due to open integration as the stator voltages are very low.
More ever if the stator resistance estimate contains error the flux estimation is erroneous,
resulting poor dynamic response.

10
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3. Modelling of Six Phase Induction Machines.

Multi-phase machines are of two types, symmetrical and asymmetrical. When the windings
of the multi-phase machine are wound such that the spatial displacement between the axes of
two phase groups is 27”,where n is total number of phases then the machine is said to be

symmetrical, otherwise it is asymmetrical. The machine used in the thesis is six phase
asymmetrical squirrel cage induction motor with g phase displacement between the axes of

two phase groups.

3.1. Vector space decomposition.

Six phase induction machine as shown schematically in the

Figure 3-1 is a six dimensional system of phasors i.e. current and voltages. For simplifying
modeling and control of the six phase machine it is required to transform these six
dimensional system of phasors into the another six orthogonal axes. These axes can be found
by using the base vectors [8].Using this base vector the existing set of the six phase voltages
can be transformed to new set of axes which are mutually perpendicular. The base vector
matrix is as below.

(1 cos(0) cos(48) cos(50) cos(88) cos(96)]
0 sin(8) sin(40) sin(560) sin(808) sin(96)
11 cos(50) cos(88) cos(0) cos(48) cos(96)

T=2
310 sin(560) sin(80) sin(6) sin(40) sin(96)

1 0 1 0 1 0

0 1 0 1 0 1

(3-1)

stator

Figure 3-1: Six Phase Induction Machine.
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The actual transformation matrix from the six phase quantities to the d-gq-z subspace can be
written by putting 6 = % in equation (3-1, which is angle between the two phase groups

1 B 1 B 1
2 2 2 2
R S R
2 2 2 2
3 2 2 2 2
SRR SR B
2 2 2 2
1 0 1 0 1 0
L0 1 0 1 0 1-

(3-2)

This transformation is also termed as the vector space decomposition [8]. This is similar as
stationary d-g-0 transformations in the case of three phase machines however in six phase
machine additional set of axes are present and are termed as z;-z, axes. If the neutrals of the
two phase groups are isolated there are no zero sequence currents in the system, the
transformations in Equation (3-2) has following important features [8].

e The fundamental components of machine currents along with the k™ order harmonics

with k=12m+ 1 (m =1, 2, 3....) are transformed into the d-q subspaces.
e All the harmonics with k= 6m+ 1 are transformed into the z1-z2 subspaces.
o All the zero sequence harmonics (m-3) are transformed into the 01-02 subspaces

3.2. Electromagnetic system.
Before proceeding further it is important to mention assumptions that are made while
modelling.

1. Capacitances of windings are neglected.

2. Each distributed winding is represented as a concentrated winding producing
sinusoidal flux distribution in air gap.

3. Magnetic saturation is neglected.

The model of the six phase machine is based on the model presented in [8]

In six phase induction machine there are six voltage equations in stator and one for the rotor,
for the physical model the equations can be written in the matrix form as below.

d¥sp
dt

Usg = Rgp. Isp +
(3-3)

12
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The flux is given as

Yor = Xsp-Isp
(3-4)

The voltage, current and flux linkage matrices are listed in the appendix.

3.3. Mechanical system.
The mechanical system can be described using the Newton’s law of motion for the rotational
system as shown below.

an
JE =M, - M,
dOmech — .Q
dt
0 = p.Omecn
(3-5)
The torque M. can be expressed as
[SR\T 0xSR sk _ P cpsryr 9X5R sr
M =5 (IS ISR =B (5.2 1
(3-6)

3.4. Transformation of co-ordinates.

Using equation (3-2)vector space of the SPIM can be decomposed to the d-q, z;-z, , 0:-0;
subspaces. The stator and rotor equations can be written in stationary reference frame, as
shown in

Figure 3-1.Thus the voltage equation (3-3) for the machine can be transformed as below.

T.U5 = T.RS.T1.1.15 + 7420

3-7)
The equation (3-7) can be written for decomposed subspaces as below.
d-g subspace

Stator voltage equation.

Xso + Xn 0 od cos 6, —sin6,] [lig
S - . s + Lh' . . r
Usq R dt 0 Koo + Xnl " Usq sing,  cos O, ||l

(3-8)

13
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Rotor voltage equation.

=[5 o] [l &l ™ R R e R
ol [0 Rl " dt 0 Xm+Xh hlsin6, cos@

(3-9)
21-Z, subspace
Stator equation Rotor equation
d d
[U;ll _ Rs + EXSG 0 Ilgll 0] _ Rr + EXra 0 l[;ll
UZSZ 0 Rg + %Xsa I;z 0 0 R, + %Xra IZrz
(3-10)
Stator equation Rotor Equation
s1 |Ry+<x 0 s -+ LX 0 r
lU01l — S atTSe lloll [0] at”Tro ll()ll
ng 0 Rg + %Xsa 52 R, + %Xra Igz
(3-11)

To eliminate the position dependent inductance in the rotor equations it is necessary to refer
the rotor equation with the same reference frame as that of stator for that following simple
transforms serves the purpose. The inductance matrix after transformation can be found in
appendix

s = cos(6,) —sin(ﬁr)]
" 7 Isin(8,)  cos(6,
(3-12)

The torque can be written as

SR
M, =2 (ISR 2 [SR=E (1717

5 )T ax5k T 1 IT — (IT)T (T—l)T 9x5k T-1 Ir

This can be written as

M, =3.p.(I") . @ = 3.p.(Wa.l, — ¥,. 1)
(3-13)

3.5. Per unit system
Average power input to the machine over a fundamental period is generally the basis of the
power in AC system, the input power is given as

14



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.
_ + UpnnIphn _
Psy = 6. -, cos ¢y = 6. Uth,rms- Ith,rms- cos ¢y
(3-14)

Writing in terms of apparent power

Upnn-I ~ .
SN = 6@ = 3 Uth.Ith = 6 Uth,rmS'Ith,rms = 2\/§UNIN
(3-15)

Here Uy and Iy are the rms values of the line voltage and line currents respectively from the
above equation it is evident that for the same voltage rating the current per phase of the SPIM
is halved as compared with the same rating of three phase IM.

For six windings 6 basis voltages and currents are to be chosen while scaling the model, so
for that rated per phase peak values are used as the base values in the stator windings.

lin = an = lyan = Lon = loin = logn = Iy
Uan = an = Uzin = Uzon = Upin = Ugan = phN

Upnv _ Uphn

Yan = llan =% =% =%Y%1n =% =¥ = on  2mfy

(3-16)

It can be seen that the product of current and voltage in each winding becomes equal to the
base for the power.

The scaling of power for the stator then becomes.

P =3.(Ug. g+ Ug. 1y + Upy.lggy + Uga. Iy + Upy. Iog + Upa-Ioz)

SN = 3. (Uth.ith)
Pg . . . . . .

p =—==3, (ud. lg + uq. lq + Uyq-lgz + Uyp.lyn + Up1- o1 + Ugo- loz)
SN

(3-17)
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The base torque at the synchronous speed Qy can be written as below.

SN SN Uphn-Iphn T f
M, =—=p.—=3.p.——————=3.p.¥,.1
n Qy wn p 0n p. 1y phN

The per unit torque can be written as

Me _ 3p.(Yalg—¥qla) _

me = M—n —3_p_l;l\/njth —_ Ilbd' ICI - “./)q. Id
(3-18)
The mechanical time constant is
J.Q%*y
T, = S
The model for the mechanical system can be written as
dn ae (2]
TmE:me_mL Z:wn-n emech:;
(3-19)

3.6. Transformed Model of SPIM

After the transformations and introduction of the per unit system the equations for the SPIM
for the stator and rotor can be written as below. Note that here the d-q axis is fixed in stator as
shown in

Figure 3-1.
Subspace Stator Rotor
_ _ . 1 dygq _ . 1 dyrq
d—q usd—rs.Lsd+w—nd—; O_rr'lrd+w_n d: — N Yyq
_ . 1 disq _ . 1 dyrq
usq—TS.lSq‘Fw—? O—Tr qu+— dt + .ll)rd
—_ . 1 dlli 1 1 dlpzl
71— Z - 2 ¥z - a¥z1
1 2 uzl TS' lZl + W, dt 0 Tr. 71 + wn dt
T e 7]
Uyy = Ts.lyy + o dt 0 . 1 dv,,
=Tl wp dt
— _ , 1 dioq _ 1 dyoq
01 02 u01 = T‘S. lOl + w_n dt 0 = ‘r'_r_ 01 + w—n ,”
Ugy = Ty gy + — 2002
02 s t02 w0, dt 0=r i+ deoz
— Ir-t02 wy dt
(3-20)
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Here the mutual leakage inductances in the stator are neglected.

The flux linkage equations are as below.

Subspace Stator Rotor
d—q Ysq =Xs.lsqg + Xp-lrg Yra = Xplpg + Xp.lsq
Ysq = Xs.lsq + Xp-lrg Yrq = Xp.lpg + Xp.igq
z1 =22 Y5y = Xs5.l551 Yrz1 = Xpgelyzr =0
1/)522 = Xsg+lsz2 l/)rzz = Xrg-lyz2 =
01—-02 501 = Xg6-is501 Yro1 = Xpg-lrgr =0
Y02 = Xsg Lso2 Yro2 = Xpg-lroz =
(3-21)
Reactances are as below
Xg = Xgg + Xp, Xy = Xpg + Xp,
(3-22)
And finally the mechanical system
dn dao ‘]
TmE=me_mL E=wn-n gmech=;
(3-23)

For the z;-z, and 0;-0, subspace for the rotor equations it can be seen that there is no
excitation in the rotor circuit, this means that this do not contribute to the machine dynamics.
Also the flux linkage variation in the rotor z and 0 subspaces is zero. So the rotor dynamics
for the z and zero subspace will be neglected.

17
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4. Control Schemes for Six Phase Induction Machine.

The control of the SPIM involves the location of the control voltage vector in six dimensional
subspaces such that it will produce the desired magnetization for motor and deliver the
required torque. Detail analysis and comparative study of various modulation techniques are
discussed in [10] for the control of SPIM, relevant few are discussed briefly in the next
subsection.

4.1. Conventional SVM technique.

For the six leg two level inverter there are 26 = 64 switching states as shown in the [8] in
Figure 4-1. This method was proposed in [8], this is called conventional SVM as it is same
that is being used in the three phase drives. Two adjacent space vectors and one zero vector
are used to calculate the desired reference vector as shown in the Figure 4-1(a), since only
three vectors are used out of five, it results in generation of harmonic voltage in the z;-z,
subspace resulting the extra losses.

4.2. Vector space decomposition technique.

This method was also first proposed in [8], which uses four adjacent voltage vectors and one
zero vector to calculate the reference vector as shown in Figure 4-1(b). This method
minimizes the harmonics in the z;-z, subspaces, however this method is more complicated
to implement than previous and it requires more computational power which may increase
the cost of the drive.

4.3. Vector classification technique.

This method is quite different as compared to the previous two mentioned above, the
previous two methods employs single unit of six legged two level inverter to drive the SPIM
while this one uses two three legged two level inverter. This method is discussed in [11]

In this method two three legged two level inverters are controlled independently and the
switching state vectors are mapped into the inverter basis frame rather than machine basis
frame as shown in the Figure 4-1(c).

This method can be implemented in two ways, in the first the same reference vector is
applied to the modulators with one modulator switching states having phase shift of 30° with
respect to the other refer Figure 4-1(c).

In second method two reference vectors are used which are 30° phase shifted with respect to
one another to control the inverters having the same switching states, this method will be
implemented in the control of SPIM with split dc link.

18



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

(b). Vector space decomposition.

A 1o
o (010)
f
(011
VAN 110)
&
(001) (100)
\
(001) (101) (101)

(c). Vector classification technique.
Figure 4-1. Different modulation techniques for SPIM. [10]
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The advantages this method offer is that the control is simple than the previous two, since
two three phase inverters are to be controlled independently, so no extra computational
capabilities are needed for the signal processors. Thus one can use the existing two three
phase modules of inverter and reprogram the DSP or FPGA to build the six phase drive.

However unlike the vector space decomposition technique this method does not directly
control the excitation of the z;-z, subspaces, but the harmonics in the phase currents are less
as compared to the conventional space vector modulation technique.

Since the method similar to vector classification technique will be implemented with split DC
link in SPIM drive, at this stage it is worthwhile to discuss the relationship between the
voltage and current in motor d-q frame of reference to the individual d-q frame of references
of the inverters.

For the individual inverters the phase voltages can be transformed to their own stationary d-q
frame of reference using Clark transformations as below.

For inverter 1 it is assumed that the d-q frame of reference is aligned to the stator fixed d-q
reference frame of SPIM.

Ugs 2 -1 -1][Va
Ugl = 3 [0 \/§ —\/§ Upy
Ug, 1 1 1 11U,

(1)

For the inverter 2 the transformations should be shifted at an angle 30° in space as the second
phase group is displaced 30° in the space with respect to first as shown in the

Figure 3-1

Usz| V3 —v3 0 ][Vez
32 =31 1 —2||Upz2
Us, 1 1 1 1LU

(4-2)

Comparing the above two equations with the equation (3-2) it can be seen that [15]
Ua] _1(|Va:| , [Vaz
[Ug] =2\|us | e,
(4-3)

The same relationship holds true for the currents also.
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5. Control schemes evaluated for six phase motor drive.

5.1. Double Synchronous Frame Current Control.

Figure 5-1 shows the block diagram of the DSFC control scheme that is implemented in the
evaluation of the performance of FPGA based SPIM drive. This block diagram is based on
the simulation and work carried out in [9] on the PMSM.

As shown in the figure the split DC link is used for the drive, with the two separate rectifiers
supplying the power to the two inverters; the idea behind the use of the split DC link is to
increases the redundancy of the drive system.

The six phase currents are first transformed using individual three phase Clark transforms,
and then Park transforms are taken with 30° phase shift to rotate the reference frame with the
rotor flux vector, refer Figure 3-1. The two individual d-q currents are then transformed to the
six phase d-g with the relationship mentioned in the equation (4-3). It was decided earlier to
implement direct six phase transforms as proposed in the [21] ; however since the two three
phase transforms makes code more flexible in case if it is to be used for the three phase
machine , the idea of direct six phase transforms is rejected.

The flux model is essentially current model as discussed in the section 2.4, equation (2-8) |
uses the rotor position from the pulse encoder to estimate the angle of the rotor flux vector.

Decoupling block processes these transformed currents and calculates the feed forward term
for the two d-q controllers.

At this point it is required to mention how the decoupling will be achieved. From equation
(4-3) it can be seen that the response in the motor d-q current will be same if there is step
change in the d-q voltages of either of the inverter.

Splitting the d-g components of motor into d-q components of the different three phase
groups and using three phase transformation for the individual three phase group in rotor
reference frame, the d-g equations can be written as shown in (5-3) in control philosophy it is
assumed that for inverter 1, ug; and ug; are used to control ig; and ig; and for the inverter 2, ug,
and ugqp are used to control ig, and ig.

For inverter 1 writing the d-q quantities, with d axis aligned to rotor flux linkage vector.[B.3]

Y
di_&- 1.y ' (1-0) ¥ w y
sd1 Ty ey R n r
— = —=1 + Wy,. .l - —+—.u
dt T, “sd1 n f‘Pr sq1 oT, “xy | xg Sdl
R
di; " 1 —
sq1 Y .Y (1 0') Wn ¥,
—=—=i. " —w, fu.l. . — NnY¥Yy+—.u
dt T, Sq1 n f‘Pr sd1 - R Ty, sa1

(5-1)
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Similarly for the inverter 2,

diy, 1 lp ‘P (-0 ¥ wn W
sdz _ r r R %n r
dt T Lsaz T @n. f‘*’r sq2 oT, " xy + Xg Lsaz2
dls 1.y lp _(1-9) w 17
qz _ _ * Tr T Wn T
at T lsq2 Wn- f'l’r sd2 . ¥ Usq2
(5-2)
Where
" Xg L _xp 1y v, xXp?
T, = - =T+  Xyg=—— g =77 ,¥Yp = ,o0=1-—
Wn.T 1+0, (1+0y) 140, ' Xg Xy

From the equations (5-1) and (5-2) the feed forward terms can be written as shown below.

;¥ (-0 ¥ (1-0) ¥

d fo,
oT, "xy On- T Sql oT, "xy

Usanr = usdlII + ustII —Wn. fy,. lsq1

(1 o) ‘pR

_ v,
= —Wy. f‘}’r (lsql +1i sq2 — 2. 6T, " xpy

From the relationship of d-q parameters as shown in equation (4-3) which also true for the
currents, above equation can be modified as

v, (1-0) Yg
Ugy = Uggyy + Uggay = =2 (Wn. f w,- L oT, xH)
Similarly for the g axis

v, sv (1-0)

Ugqrr = usquI + uquII 2. (wn- fy, Igq — oy ¥r)

(5-3)

From the equation (4-3),(5-1),(5-2) it can be said that in the steady state it is possible to
regulate the voltage of one inverter to control the di-and g; currents and with the other
inverter d;,-and gz currents. In the case of transient state the change in the one inverter voltage
will cause the currents in the other to change, however the closed loop PI1 controllers will take
care of the imbalance in the d;-d;, and gi1-q; currents.

Thus two sets of the d-q currents are controlled independently of each other by PI regulators

to generate the reference voltage vectors us; and U, which are displaced in phase by 30°.

The modulation technique used in the implementation is the normal Sinusoidal Pulse width
with the third harmonic injection which gives nearly same modulation range as that of the
space vector modulation.
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The flux model used in the realization of the drive is current model as explained in the
section 2.4.
The reference current in per unit for the drive is calculated as shown below.

Py Mref

sd YR
(5-4)

The reference d axis current should be limited to maximum allowed current, as the
independent control of the ig and igcan only be possible as long as the maximum current in
the motor is not reached. The strategy used in the drive for current set points is as described
in [B.4] where the iq is allowed to reach half of the rated per unit current. This allows
adequate control margin for the torque producing component ig.

The reference currents are compared with the actual components of the respective d-q
currents of the two phases and the error is minimized by the PI regulators. The transfer
function of the PI regulators can be expressed as

h=K 1+T;.s

-0 Ti.s

This analog PI controller is discretized by trapezoidal rule to adapt it to the digital signal
processing.

The sinusoidal pulse width modulation technique is used to generate the command signals to
the switches. Two modulators are used with the same triangular carrier signal and six
modulating signals as shown below.

tstar (8) = tges [c05(82 (D) = 2. cos(3.24 (1))
Ugepn () = tgey [c0s((4(8) — 120°) — 2. cos(3.4, (1))
Ugeer (£) = ey [0S (G, () — 240°) — 2. cos(3. 44 (1))
gtz (£) = Usea | c0S(Ga(£) = 30°) — 3. cos(3. (¢4 (£) — 30%))]

gz (£) = ez [c05(52(8) = 150°) — 2. cos(3. (52 (6) — 30%)]

tgea (£) = Usez [05(G(6) = 270%) = 3.cos((3.4,(6)=30%)]
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5.2. Decoupled Current Control.

The decoupled current control strategy as proposed in [12] for the PMSM is also
implemented and evaluated in the thesis.

In the decoupled control the two sets of Pl regulators are used for controlling the d-q and the
zZ subspace currents.

The relations ship that is mentioned in equation (4-3) can be written for the currents as shown
below

HES R
iq
And for the z subspace currents
=) [
iS
q2
The inverse relationship back in terms of individual d and g currents can be written as

el {31+ )
[l = {1+ ()

(5-5)

(5-6)

(5-7)

These relationships are very important as it allows the control of the d-g currents by
controlling the z axis currents in the close loop.

The stator voltage equation can be written in the time delay element format in terms of the
individual d-q currents as shown below.

d(llp’" +i

d d) 1 ,.¥ ¥ (1 a) &
% - _F(lsdrl + lsdz) + wn. fu,. (fggy +1 qu) B
S

"Xy

w v
+".2.uy
Xo

d(l 1+1qu) 7 Wy (1-0) w Y.
T = ——(lsq’"1 + quz) wp. fo . (g T sd2 ——n¥; + x—: 2.ugg
(5-8)
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Similarly

d(lsdl 'sdrz) Wn
dt - __(lsdl_lsdz)-l__ 2, u

Y
a(- 15q1+lsq2)

dt __(_lsql sq2)+ 2. u
(5-9)

The detail schematic of the control strategy is shown in the Figure 5-2.

In the control scheme the same flux model is used, however to implement the control strategy
the six phase transforms are employed which converts the two groups of three phase currents
directly to the six phase d-q in the rotor reference frame.

The structure of the software code employed to test this control scheme is same as that of the
earlier control scheme. The only change is done while the calculating the current references,
while calculating the current references the transforms have to use for the individual
subspace.

As seen from the equation (5-9) for the z1-z2 subspaces, it can be seen that the z controllers
try to balance out any imbalances occurring between the two three phase groups by
controlling the z currents induced in the stator winding. However up to what extent the z axes
controllers manage to balance out these imbalances need to be investigated.
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6. System Synoptic and drive Implementation.

Building of the drive has to be carried out on the two stages hardware implementation and
software organization with debugging activity alongside. In the following section the system
overview of the drive system under test as well as the software structure and the development
is discussed.

Autotransformer-1 Rectifier-1 Inverter-1

SPIM
/%’ * J_ li} —
% T
Water cooled
% resistror
Autotransformer-2  Rectifier-2 Inverter-2
AC #% %’ * _|_ —><”f’} W DC Machine
ActiveDSP !
Interface

Xilink Virtex5

FX30T FPGA

'y

NS

Figure 6-1: System Synoptic of the test rig.

A

Above figure shows the synoptic of the test rig that is used for the actual implementation and
evaluation of the performance of the SPIM

As shown in the figure two three phase inverters fed with separate rectifiers are used to drive
the SPIM. Pulse encoder is used to get the rotor position.

The two inverter modules are controlled using the FPGA control card. The control card is
programmed by using the eclipse based platform viz. Xilink SDK (Software Development
kit) available in the Xilink ISE development suit 12.3.The necessary IP modules on FPGA
are provided by SINTEF for drive control.

The control card is connected to the have the PC interface via Active DSP version 1.507 for
online monitoring of the various parameters.

The induction machine is loaded using the DC generator.
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6.1. Software Implementation.

In the following section the structure of the software for the drive is discussed. The program
skeleton is based on the structure that is used for a three-phase grid-connected active rectifier
in the SINTEF Energy Lab [19].

The drive profile is based on the Drivecom standard [22]. The state machine is used in the
software is provided by Roy Nilsen of Wartsila.

6.1.1 Program Structure.
The program structure is summarised in the Figure 6-2 .

The standard C start-up routine main() is located in a framework file, ramme.cpp. The start
routine contains the initialize files which initializes all the drive parameters as well as
configures various FPGA modules.

The background routine is empty; it does not contain anything. The program is having two
interrupts one is fast and other is slow. Fast interrupt contains inner current control loop
whereas in the slow interrupt the speed and flux control is carried out.

The fast interrupt occurs at the interval of 0.3 ms. Following tasks are carried out in the fast
interrupt routine

A/D conversion of the stator currents.
Overcurrent and DC link Protection.
Co-ordinate transformations.

Updating of flux model.

Current control.

Conversion of d-q currents to stator coordinates.
Updating the reference to PWM Modulator.

@meooo

The slow interrupt is having period of 1.5 ms which contains following tasks

a. Flux control.
b. Speed control.

The entire program for the drive is attached in the appendix.

6.1.2 The State Machine

This is the subroutine which controls the logical switching conditions of the program. There
are mainly eight states defined as below.

a. Not ready to switch on. e. Operation enabled.
b. Switch on disabled. f. Quick stop active.
c. Ready to switch on. g. Malfunction.

h. Switched on. h. ldentification.
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Slow Interrupt
( DriveRoutineslow)

—I MotorilowRoutine |

v
‘ State Machine Run.

NO
Speed Regulation.

Flux Regulation.

Malfunction

Set bits

Figure 6-2: The Program structure.

R

eInverters Parameter Initialization.
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Start Routine.
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Background Routine. ‘

Fast Interrupt
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Motor Fast Routine
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eProgram termination
eInterrupt stop.
eInverter off
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The state machine haves following important words to carry the information to and from the
state machine.

i.  Motor Control Word.
This is the main control word. By setting or resetting various bits in the word the
internal events of the state machine or the sequence can be changed.

ii.  Motor Status Word.
The current status of the drive state machine is read by the status word.

lii.  Motor Fault Word.
This word holds the information about various faults occurring in the motor as well as
inverter.

iv.  Motor Warning Word.
This word indicates that particular limiting parameter of the inverter and the motor is
reached or not.

6.1.3 Motor States.

The state machine switches to different states depending on the different operating conditions
that prevail in the Induction machine as well as in the inverters. In the subsequent paragraph
the description for the state machine is described.

The machine is in ‘Not Ready to Switch On’ prior to power on. After powering on control
and drivers circuits it goes to ‘Switch on Disable’ state.

The state is changed from the ‘Switch on Disable’ to ‘Ready to Switch on” when both the DC
links are charged, and the command from the user to enable the voltage is received. In
‘Ready to Switch on’ state the pulses to the inverters switches are still blocked and user is
allowed to made selection for the identification run. On selection of the identification run the
machine switches to ‘Identification run’. The ‘Identification run’ state is retained till the
parameter identification is not completed. When the identification run is completed the
machine switches back to the ‘Ready to Switch on’ state. The machine then switches to the
‘Switched on’ state; in this state the pulses for the inverters are released and magnetization is
carried out. When the magnetization is finished the machine switches to ‘Operation Enable’
and the drive is started.

In each state the malfunction word is checked, if some fault occurs in any state the respective
bits in malfunction word is set, and machine goes to the ‘Malfunction’ state.

The conditions to shift the various states and the various states are as shown in the Figure
6-3.
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For Each State first the fault
word is checked

If -
FaultWord.all 1=0 [ State Machine Run |

v
Not Ready To Switch
Malfunction On
Reaction
Active
Switch On
il
Disabled -
Y
Malfunction
(CSwithcOn | CAutoStart)
& CvoltageEnable
& CNotQuickStop
& Sdclink1 Powered
& Sdclin&Z Powered
Ready To Switch |«
> On
SIdRunCompleted
CSwithcOn
& CIdRun
CSwithcOn & CvoltageEnable
& CNotQuickStop & ! SIdRunCompleted
& !CIdRun & SReadyToSwitchOn
& Sdclink1 Powered
& Sdclink2 Powered - -
&! SIdRunCompleted
& SReadyToSwitchOn
! CSwithcOn Switched On
& CvoltageEnable
& CNotQuickStop
& !COperationEnable .
CSwithcOn SQuickStopCompleted
& CvoltageEnable
& CNotQuickStop
& !COperationEnable
CSwithcOn
& CvoltageEnable
& CNotQuickStop Quick stop active
& COperationEnable
&
SReadyForOperationEnable
C- Control Word
S- Status Word ! CvoltageEnable
1 - Not & ! CNotQuickStop
& - And

—‘ Operation Enabled }

Figure 6-3 : The State Machine
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6.2. Hardware Implementation.
Following section describes the hardware components that are used in the implementation of
the drive.

6.2.1 FPGA Control card.

current transducers LEM (8X)

O

Configuration Flash

DA Converters
FPGA: Virtex5 FXT 4 X 12 bits
®  Power PC procssor
® 306 kBRAM

® 64 multipliers

128 MB flash

- 5: 64 K Eeprom
14— Signal Inputs 6X
IH
==

256 MB DRAM

LVDS Signal (2X)

16 bit digital 10 (3x)

Ly

+ | |[4&—— Converter Driver Interface
H

JTAG programming
Interface

Pulse Encoder input

CAN Bus

RS 232 Ethernet

D @E: || i:::: 5

Figure 6-4: FPGA Control card [17].

For the control purpose the Xilinx Virtex5-XC5V FX30T FPGA chip is used, the control card
outline with the chip and other important peripherals is as shown in the Figure 6-4. The
control card is specially developed by SINTEF to suit the various requirements for different
power electronic control applications. The important components of the control cards apart
from FPGA are mentioned below.[16]

a. Communication ports:

The card is having RS232 serial port connected with a male 9 pole D-sub connector. The
serial port is not isolated. Ethernet port for L0MB/sec and 100 MB/sec connection is available
on board. The port is based on the MAC block which is embedded in the Virtex 5 chip. The
standard physical interface (PHY) is located on the separate chip (National Semiconductor
DP83848) outside FPGA on the board. The board is also having the high speed V.2 USB port
with the separate controller NXP ISP1582 available on board outside FPGA.

CAN controller IC, Microchip MCP2515, is available on card for the with the other control
cards
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b. Memory:

Card is having ample amount of memory as summarized below.

e DDR2 DRAM - Micron MT74H64M16HR-3E in 1GB, 16x64Mbit 333MHz clock
frequency.

e EROM- Renesas HN58V257A. 32k x 8 bits.

e FLASH- Spansion S29GL512P is 512 Mbit flash chip, 32Mx16 64Mx8.

c. Clock:

The FPGA is supplied with the 40 MHz clock on the card. FPGA generates different clock
frequencies inside which are used by various components are as listed below.

e AD-converter is operated with a differential 40 MHz clock.

e AD converter generates a 240 MHz clock. This drives the transfer of data from the AD
converter.

USB controller is powered with a 12 MHz clock.

CAN controller is driven by a clock of 20 MHZ.

Ethernet PHY circuit is run a 25 MHZ clock.

The RISC processor is powered by a 300 MHz (PowerPC) or 100 MHz (Micro Blaze)
clock.

Processor bus powered by a 100 MHz clock.
e DDR2 DRAM chips driven by a differential clock of 200 MHz.
e Transport correction (IDELAYCTRL) for DDR2 DRAM is run by a 200MHz clock.

d. Inverter Driver Interface.

The card has the separate output port for the signals to the inverters as shown in the Figure
6-4. Signal level is 4 V CMOS and the control signals are active high. Two power switches in
a bridge-leg are controlled by two separate signals and a common on signal for all transistors.
Feedback signal from the inverter is common OK signal which is active high and four bit
status signal (0000) which is active low .This code is defined as inverter error /reset / voltage
/ offline. The code can be found in the appendix.

e. Pulse Encoder.

Card has input for connecting a two-phase encoder with a reference signal.
The signals are adapted to a Heidenhain ROD 420 pulse encoder, which has balanced signals
with RS422 signal levels. Pin numbering is the same pin numbers on the Round 12 pole
connector ROD420. Receiver circuit MAX3097 detects signal on lines.
Three green LEDs at the connector can be used to indicate the signal levels from the pulse
sensor, while a red LED can be used to indicate errors.
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f. Relay drivers.

Card is equipped with four relay driver. The output voltage is 5V.This is sufficient to run
many types of relays with coil voltages 6V. Small cooling fans can be operated with this.
An LED illuminates when a relay driver is turned on.

g. LVDS.

The card is having contacts for high speed serial communication with LVDS signals having
600 Mbit/sec. transfer rate. LVDS transmission line has 100 Q differential line impedance.
The line pair is terminated on FPGA with 100 Q resistance between lines.

h. Signal Inputs

The card is having six general purpose signal inputs either analog or digital .The analog
signals are read through the voltage divider network and with low pass filter with 30 p sec
time constant signal level for the analog signal is 0-5 V. Digital signals are inputted through
the low pass filter with 1 u sec time constant, the signal level being 5 V CMOS.

i. AD Converter

The card is equipped with an Analog Devices AD9222, 8-channel 12-bit AD converter.
Each channel has its own AD converter that works with 40 MSPS. The channels thus
sampled synchronously. Data is transferred to the FPGA in a serial form, the baud rate is
12BIT x 40 MSPS = 480 Mbit/ sec rates.

J. Digital Input Output port.

There are three channels on card with 16 bit digital 10 ports. The signal level is the 0-3V.
This can drive 5V TTL inputs; however as the FPGA block is fed with the 3 volts so voltage
is clipped before entering into FPGA.
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6.2.2 FPGA IP Modules .

On the FPGA various IP modules can be made out of the logic gates and input outputs to
perform the specific tasks. In the drive following IP modules are used which are provided by
SINTEF .

AD converter serial signal interface
Pulse Encoder Interface.

Inverter Interface.

Accumulator filter block.

Pulse Width Modulator.
Comparator Limiter.

These modules are hooked up to the processor local bus so that these can work along with
the processor available on the FPGA chip. The code for the configuration files for the various
IP modules can be found in the appendix.

6.2.3

Control board.

LEM (DC Link voltage measurement cards) 6 phase current measurement Q

Buffer Card

v ‘ \ FPGA card
‘\ﬂ

‘, Inverter output

Pulse Encoder input

Power supply for FPGA card

Figure 6-5: Control Board.

Above figure Shows the control board. This is the command and control of the drive; this
includes low voltage control components.

The Control board includes

a. The LEM sensors for DC link voltage measurement.

b. The Pulse Encoder measurement connections.

c. Signal and power connections to the LEM current sensors.
d. Power supply for the control card.
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6.2.4 Currents and voltages measurements.

Line current measurements are performed by LEM transducers, LA205-S type based on Hall
Effect sensor. The LEMs are directly mounted on the inverters to sense the line currents.
LEMs are powered by the +15 volts supply on the card. The A/D converter on the card
samples the six line currents at the frequency of 40 MHz; the sampled currents are then
down-sampled to 0.1 MHz with the help of the filter on the FPGA card. The down sampled
currents are further filtered with the help of the moving average filter in the FPGA to avoid
the unwanted ripple that occurs at the sampling time. This sampling signal for one electrical
period is shown in the figure Figure 6-6 . The readings in the pink are the discrete current
readings from the A/D converter; the red points are the average values, while the yellow are
the filtered values. It can be seen that the filtered waveforms are smooth. The advantage of
sampling and integrating the values at these high rates ensures that the transient currents
between the two PWM sampling periods will get captured by the software and the over
current protection will come into action to trip the system.

Figure 6-6: LEM Current Transducers and sensed currents

The two DC link voltages are sensed by the LEM sensors (LV 25-600) cards that are
mounted on the Control board as shown in the
Figure 6-5: Control Board.. The same method is used as that of currents for the DC links
voltages measurements, however the moving average filter is not used in this case since DC
link voltage remains constant most of the time.

6.2.5 Rotor Position Measurement.

In the vector control it is required to have the instantaneous rotor position for estimation of
rotor flux vector position as well as the current transformations. Various analog and digital
methods exists to find out the rotor position such as potentiometers, synchros, resolvers,
absolute and incremental encoders. In the implementation of the six phase motor drive the
incremental encoder of Heidenhain make (model- ROD 420) is used. Refer appendix for the
data sheet.
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6.2.6 Inverter Modules.
These are main power processing unit of the drive, air cooled inverter modules designed by
SINTEF for the laboratory purpose at NTNU are used. Having following salient features.

Overload protection- The temperature of the cooling fins are measured for overload
protection, at high temperature the drivers will block any signal to the inverters.

Over current and SC protection- The driver cards monitor the voltage v¢. when the voltage
drop across collector and emitter becomes high due to over-current or SC the drivers block
the signals to inverters.

High DC link protection- The chopper control card monitors the DC link voltage, if the
voltage goes high the card switch on the IGBT to discharge the DC link capacitor to the
external braking resistor.

The inverter has a Hex display board which the status of the inverter is displayed

Detail technical specifications of the inverter can be found in Appendix

4DE O
= [0 1
To
Breaking DLk G G
csistors in
n—mtm Capacitor o g
p— OA
-IC J__ Flate
(a). Circuit Diagram
Cooling Fans “ IGBT- Diode Modules /B -

\ ‘ - / ‘%~ IGBT Snubbers
e | N~ ) =

Cooling Fan 4 Voltage equalizing
Relays resistors for capacitor
bank
""" |
DCLink [ S

Capacitiors

Hex Display

Chopper control

msss Driver connection card

(b). Inverter Module.
Figure 6-7. Three phase IGBT Inverter.
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6.2.7 Converter.

Figure 6-8. DC Rectifier

The inverters are fed through the rectifiers these are standard modules available at the
university as shown in the figure above. Rating of the converter is as below.

¢ Voltage input (rms) — 0-400 V AC.
e Voltage output — 0-600 V DC.
e Current— 63 Amps.

6.2.8 Six Phase Induction Motor.
The six phase machine specially made for the evaluation for the control has following
specifications

e Power output — 11.7 kW

e Voltage (Line to line rms)- 400 V star connection
e Current ( line rms) —11.8 Amps.

e Rated Speed — 2235 rpm

e Maximum speed — 5000 rpm

e Rated frequency — 75 Hz

e Rated Torque — 50 Nm

e Power factor — 0.77
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6.2.9 Assembly of the drive.

Following picture shows the snapshot of the drive test set up.The transformer is used to
provide the galvanic isolation to the drive power supply form the AC grid. The converters are
supplied by three phase auto transformer.

The auto transformer that supplies the two converter DC link can charge DC link up to 325
Volts so the motor cannot be operated with the rated conditions since the inverters goes to
saturation before the rated conditions are reached. This limitation has to be overcome to test
the drive up to its rated condition.

Figure 6-9: The test drive set up
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7. Comparison of Simulations and Actual Results on the drive.

7.1. Introduction.
The DSFCC control strategy is tested for the following test cases and the simulations are
compared with the actual result obtained on the Six Phase Induction Motor.

1. Normal operation with same DC link Voltage in both the inverters and same torque
references.
2. Normal Start up with the same DC link Voltages and then torque reduction in the one of
the inverter
Trip of one inverter
. Operation with different DC link voltage.

> w

In the following sub section the DSFCC control strategy is discussed.

7.1.1 Normal operation with the step change in the torque reference for the both inervters.

The simulation results are shown in the Figure 7-1. It can be seen from the simulations that
the magnitude of the z currents induced during the steady state operation is negligible.
The total line currents in case of the 0.4 pu torque reference and 0.5 pu direct axis current is

around 0.6 per unit currents

Figure 7-2 shows the actual results on the drive with the iy keeping 0.5 pu and the 0.4 pu
ramp increase in the iq reference of the both inverters. The result is real time plot in the
Active DSP. The regulator response can be seen from the figure. The ramp is used to avoid
sudden transient in the system. It can be seen that under balanced condition the z;-z, currents
are almost zero.

Figure 7-3 shows the oscilloscope traces of the actual currents in the both the phase group, it
can be seen that it is about 0.6 pu which is equal to the resultant of the d and g axis currents.

While taking the readings of the motor currents the 2.9 kHz filter on the oscilloscope is
turned on to filter the spikes due to blanking time of the IGBTSs.
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Figure 7-1 : Simulation results for the step change in the torque reference.
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230kHz Moise Filter
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Figure 7-3 : Oscillogram traces of the Actual Motor Currents

43



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

7.1.2 Normal operation with the same DC link voltages and the reduction in the torque
reference of one of the inverter.

) Stromreg1
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Figure 7-4: Simulation results of the step reduction in the inverter 2 for DSFCC

Figure 7-4 shows the simulation results, the torque reference of the inverter 2 is reduced from
the 0.4 pu to 0.1 pu It can be seen that the z components are getting induced as the result of
this the magnitude of the z axes currents can be seen as 0.2 pu peak.

The current in the inverter 2 is reduced as the result of the reduced torque Bridge leg module
reference; the magnitude can be seen as 0.56 pu from the simulations.

The actual results are as shown in the Figure 7-5 , torque reference of the inverter 1 is
reduced from the 0.4 to 0.1 as it can be seen in the figure the z components are getting
induced, however when the torque reference is again increased the motor reaches its previous
operating state. It was also observed that the motor speed is reduced when the torque
reference is reduced.

From the Figure 7-6 it can be seen that the pu currents flowing in the phase group a is around
0.5 pu, which is in agreement with the simulation.
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R ActiveDSP v1.507 - D:\NTHU_Control\SW_Projects\SDK_Workspace_1\six_phase_drive_2\debug_scalar_1.x
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.I_Trans.q_2 double 0.4314156473
.I_Trans.zZ double 0.0011713165
MM Trarszl double 0,0143543640

Figure 7-5 : DSP trace of machine currents
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Figure 7-6: Oscillogram traces of the Actual Motor Currents

45



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

7.1.3 Trip of one of the inverter.

In this case one of the inverter is tripped to evaluate the performance of the drive. From the
Figure 7-7 it can be seen that the when the inverter 2 is tripped the inverter 1 has to supply all
the torque producing current. The line currents of inverter 1 are increased after the fault. This
simulation is carried out at the load below the rated so that the inverter one has proper margin
in currents to supply the load. The z system currents are induced as the result of the trip of
inverter 2, the magnitude of the currents can be seen as 0.5 pu.

) Stromregl M=] E3 ||| <) Stromregz

sE clepp hBEBR BEA T B o P ABBE EaH

Figure 7-7: Trip of inverter 2.

The trip case is also actually tested on the motor drive by disabling the pulses to the inverter
1, the results are shown in the Figure 7-8, both the d and q axis components supplied by the
inverter 1 goes to zero as the result of the trip, the amount of z axis currents induced as seen
from the figure is 0.4 pu which is nearly matches the simulation results.

It was observed that drive continues to run even if one inverter is tripped if the other inverter
has sufficient margin to supply the motor. However if the motor is loaded fully healthy
inverter also trips due to large over-currents

There is the mismatch between actual and simulated the currents in inverter of the healthy
phase group due to the loading is not exactly simulated in the simulation.
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ﬁ ActiveDSP v1.507 - D:\NTNU_Control\SW_Projects\SDK_Workspace_1\six_phase_drive_2\debug scalar_1.x
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Figure 7-8: The trip of inverter 1.
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Figure 7-9: Current in the inverter of healthy phase group.
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7.1.4 Operation with different DC link voltage for the Inverters.

In the actual operation of the drive the two inverters will have change in their share of the d-q
currents due to the change in the DC link voltage supplied by the converters. This condition
is also tested on the actual drive.

The results for the simulation in case of the different DC link voltage are as shown in the
Figure 7-10.

There is torque limiter chain included in the simulations so the simulated conditions are not
exactly as carried out on the machine.

SH|(LPLL ABRR B A GE LLp ARE B

Figure 7-10: Simulation results for operation with different DC link

It can be seen from the simulation results the when there is step change in the DC link
voltage the transient currents can be observed in the inverters if the DC link voltage changes
suddenly this may cause the heavy transient currents .

While testing on the actual drive it was not possible to produce step change in the DC link
voltage as the autotransformer is used to supply the DC links; however the DC link voltage of
the inverter 1 was reduced to check the reduced DC link operation.

48



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

The result is as shown in the Figure 7-11. The voltage of the dc link of the inverter 1 is
reduced to 90 Volts from 320 Volts. It was observed that the inverter 1 was saturated from
the modulation index and from the line currents of the phase group 1 in the Figure 7-12.
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Figure 7-11: Different DC link Voltage operation
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Figure 7-12: Line currents in the inverter with reduced DC link.
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230kHz Moise Filter
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Figure 7-13 : Line currents of the other inverter

7.1.5 Start with single phase group of the SPIM.

The DSFCC scheme can start the SPIM as with one inverter. This was observed during
testing. The pulses to one of the inverters are disabled and machine was started on light load.
The result of the operation can be seen in the figure however the z system currents were
found as high as 0.5 pu refer Figure 7-14.
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Figure 7-14: Start with single phase group of the SPIM.
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7.2. The DCC strategy.
In following subsections results of the DCC strategy on the SPIM are discussed. The DCC
strategy was particularly tested for the extreme cases i.e. trip of the one inverter and the low
DC link voltage operation as the normal operation of the DCC strategy was found same as
that of DFSCC.

7.2.1 Trip of one of the inverter.

It was observed that during the trip of the one inverter the DCC strategy fails to run the SPIM
as the three phase machine. The trip of the other inverter was observed even if at low loads.
The current trace of the healthy inverter is as shown in the figure below.
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Run Tria? 230kHz  Moise Filter

[40.0ms

S0 A |l

Jagros |

52



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

Figure 7-16 : Trip of healthy inverter as recorded on oscilloscope.

7.2.2 Low DC link voltage operation

For the DCC in case of the low DC link voltage for one inverter it was observed that the z
controllers try to control z subspaces currents as can be seen from the imbalance in the
system , however when the DC link voltage becomes too low the system is tripped as can be

seen from the Figure 7-17
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Figure 7-17: Different DC link operation DCC strategy

7.2.3 Start with the single phase group.

The SPIM was tried to start with the only one of the inverter, it is observed that the drive
cannot be started with just one inverter using this control scheme.
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8. Summery and Conclusion.

In the thesis the two control strategies, Double Synchronous Frame Current Control and The
Decoupled Current control are implemented and evaluated. The FPGA control card is
programmed accordingly.

The results obtained in the simulations and the actual results that are observed on the SPIM
drive for the DSFCC strategy are in agreement. The operations of the control strategies
during the extreme conditions were tested such as the trip of the one inverter.

It was observed that the PI regulators are able to regulate the currents in both the control
schemes, however in the DCC strategy the controllers cannot control the huge imbalance
between the two inverters and the system trips same is true if the DC link voltage falls too
much.

For the DSFCC strategy the SPIM drive operation is still possible even if one inverter is
failed during the operation, this is possible in case if the SPIM is loaded below the rated and
the inverter has sufficient overcurrent capacity.

The two control strategies are more or less gives equal performance in the steady state but in
the transient state there are more z axis currents are induced in the DSFCC strategy than the
DCC strategy as the DCC employs the Z axis regulator.

From the results it can be concluded that both control strategies can be complementary to
each other for example in case of the failure of the one inverter on board the DSFCC control
strategy can be used for the start of the machine with one inverter. While in normal operation
DCC control can be used.
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9. Further work.

In the thesis work the two control strategies were implemented and evaluated to study the actual
behaviour of the two control schemes in the steady state as well as in the transient state.

The further work consists of adding the DC link torque limiting chain and the speed torque
limiting chain in the drive to check the performance under the limiting conditions.

For the drive it is necessary to have online estimation of the parameters so that the vector control
could be more accurate. So the program for online estimation of the SPIM parameters needs to
be written and implemented.

It is interesting to see if the harmonics in the drive can be reduced with application of SVM and
with increased frequency of the switching.

This work will continue during this summer.
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Machine parameters.

Voltage, current, resistance and flux linkage vectors for physical model
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Mutual Inductances
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Voltage, current, flux linkage vectors for transformed model.
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2. Hardware Configurations
2.1 Inverter Technical Data.

* DC voltage: 0-640V.
* Capacitors: 3300 uF 350V. 2 strings of 2 capacitors in series. 47 kQ voltage sharing resistance
per capacitor

* Short circuit protection: Turning off the 400-600A

* Switching Frequency: 0-25 kHz, 0% -100% modulation.

» Power Capabilities in continuous operation: Limited by cooling: 560W losses. Tj =110° C
Thurs transistors in 99% modulation, the DC operation, no diode rectifier. Transient power
capability is defined as the power that gives temperature (80 ° C) at Tj = 125 ° C. Given in
parentheses.

45 (80) A at 300V DC, 20 kHz switching

70 (105) A at 300V DC, 10 kHz (measured 67 ADC without disconnection for over temp.)
95 (120) A at 300V DC, 5 kHz

110 (130) A at 300V DC, 2 kHz

25 (55) A at 500VDC, 20 kHz switching

50 (90) A at 500VvDC, 10 kHz

80 (105) A at 500VDC, 5 kHz

105 (125) A at 500VDC, 2 kHz

* Control Signals: 5V CMOS, the signal ground potential, separated from the power circuit.
* Cooling: Air-cooled: Flange: Fischer LA V 10-300 Activation of fan: 50 ° C Cut-off : 80 ° C
Cooling capacity: 560W at 45 ° C temperature rise (estimated). Forced air cooling

* Transistors:

Semikron SKM400GB125D 2x 400A 1200V IGBT Bridge leg module .

Fast transistors with relatively high lead voltage drops.

* Snubbere: 10 nF capacitive snubber and 22 nF / 1 Ohm RC snubber in parallel with the DC
terminals on each Bridge leg module
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Status codes for inverter

Status codes indicate the cause of the converter is blocked. In case of multiple errors, errors with
the highest number are shown. Possible use of available inputs is indicated in parentheses.
Status Code:

F +5 V low / delayed start

E protection transistor A + Trip

D protection transistor B + Trip

C protection transistor C+ Trip

B Protection braking transistor Trip

A protective transistor A- Trip

9 protection transistor B- trip

8 Protection transistor C-trip

7 (Signal 7) (Power Over current).

6 Over temperature of cooling fins

5 (Signal 5) (Over Temperature rectifier)

4 (Signal 4)

3 Overvoltage DC-link

2 (Signal 2) (External interlocking / blocking)

1 (signal 1, (main contacts open, charging the DC link.)

0 OK, Ready. No blocking. (Green LED lights up.)

Status codes are also available for the control unit via the connection socket driver (PWM
connector). Inverted logic, active low, is used here to avoid the error signals to the control device
when using power electronics converter is off.
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3. Per Unit system and Motor Parameters
In the control of Induction machine all the values are used in the per unit . The per unit scaling
factors used are as shown below.

Parameter Scaling Factor Per unit quantity
- U
Voltage V20, U= 55
. .1
Current V2I, L=
Resistence, Reactance Zy, = % r= Zi X = Zi
Angulr Speed w, = 21f;, f= win
Frequency fr f= %
— 60 — Nrpm
Speed n, = 60 m n=--
Power Sp=3.(0p. 1) S = SSLA
Torque m, =1L m = Mﬂ
Flux Linkage P, = 2o Y=o

10
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For the vector control of the Induction Motor the motor parameters are calculated from the name
plate data as below.

It can be shown that [B.4]

isa = /1 —cosg

A5
Isq = \/m
A6
From the approximate phasor diagram of the Induction machine
siny = sin(¢@ — (90 — a))
siny = sing. sina — cos ¢.cos a
siny = sin@.i;q — cos ¢. 1,
AT
Value of
cos = 0.77
From A7
siny = 0.1927
The leakage reactance value can be approximated by
~ Siny
= T
Xy, = 0.2196 pu.
A8

This is fairly accurate.

11
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Figure-A 1: Approximate phasor diagram [B.4]

The main reactance can be written as

~ 1
Xp = i——xa
sd

xp, = 1.865 pu

The leakage coefficient

o ==

The rotor resistance is assumed to be equal to the rated slip

. = 0.0066
~ _Xr
I = Wp. Ty

T, = 0.6380 sec

12
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4. Pl Regulator Parameters.

When the PI regulators are introduced in the stator voltage equations (3-20) the transfer functions
for the various currents can be written after introducing the serial gain equal to the inverse of the
DC link voltage as

h i -k 1+Tlds wnTg
oid — id - pd Tlds (14Tq.5).(1+Tfq.5)
ho. = l_d 1+Tiq.s wnTy
o — 4 Tigs ) \(14T4.5).(14Tf4.5)
h g 14Tjz1.S wnTz
oid — 7+ — .
iy Tiz1.S (14T71.5).(14Tfz1.5)

i 14Tiz2.8 wnT,
h J— fz2 — k ( 1z2 )( niz2 )
oid -k d-
i p

Tiz2.S (1+T225)(1+szzs)

The current controller parameters are calculated using the modulus optimum technique. As
below

Parameter | Explanation Value
Kopd Gain in d axis current controller 1.12
Tig Time constant for d axis current controller 0.04
Kpg Gain in g axis current controller 1.12
Tiq Time constant for g axis current controller 0.04
Kopz1 Gain in d axis current controller 1.12
Tiz Time constant for g axis current controller 0.04
Kpz2 Gain in g axis current controller 1.12
Tiz Time constant for q axis current controller 0.04

Table 5. Controller data calculated for the simulation

However while actual test run on the machine it is found that the inverters are tripping due to
over currents so the gain of the PI regulators are reduced to 0.12

13



@ NTNU

Modelling, simulation and implementation of multi-phase induction motor drives.

5. Nameplate Data of Components

1. Auto Transformer

Primary - 3 x 380 /220 Volts.
Secondary / 3X 0-415/ 240 Volts .
Apparent Power -10.8 KVA
Phase group — YO

2. lIsolation Transformer

Primary — 230 Volts -63 Amps
Seconadary — 400 Volts- 36.1 Amps
Apparent Power - 25 kVA.
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6. Software Code

The source files are too big to attach here so these files are attached outside in the DAIM .

The code developed by the author in co-operation with the SINTEF and Wartsila is available at
the NTNU. This code can be used to control of normal three phase machines as well as the six
phase machines. The code is being used by the Author for the Six Phase Induction Machine
Control and the Nahome Ayehuni (another master student at the NTNU ) for the Six Phase
PMSM control.
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