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Abstract, Mathematical models based on complex voltage vectors for the theoretical studies of five phase voltage source
inverters and five phase PWM inverters are presented. Complex vector repregentation is employed to help in visualizing
the current regulation similar 1o the three phase systems. A dq mode! based oo transformation theory is presented for five
phase induction machines. Finally a detail implementation of an indirect type five phase field orientation control including
the hysteresis type of PWM current regulator is described.
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INTRODUCTION

Rocent advances in the development of large power transistors have
resulted in & new interest in variable speod drives, particularly those
associated with the use of a direct voltage source. In these cases when
the outputs are ¢ither & controlled direct or vasiable frequency attemating
current, use of modern power transistors such as IGBTs could be
operationally superior to the thyristors, because of the ease with which it
can be turned off

High phase number drives posses several advantages over conventional
threo phase drives. This has revived interest in the development of
induction or gynchronous reluct hines and the ponding
inverters having more than three phases (1-15). Increasing number of
phases has several advantages such as: reducing the amplitude and
increasing the frequency of torque pulsations, higher reliability since loss
of one of the phases does not provent the motor from starting and
running, reducing the rotor harmonic currents, reducing the current per
phase without increasing the voltage per phase, and lowering the do link
curent harmonics. By increasing the number of phases it is also possible
%o increase the torque per rms ampere for the same volume machine as
prescated by Dente [10] and Toliyat et al [12-14). However, when a
voltage source inverter is used to supply a motor, its stator harmonic
- current amplitudes are determined not only by the source amplitude and
waveform, but also by the motor leakage inductances at harmonic
frequencics. These inductances are a function of the number of phases
and can be quite small so that certain harmonic currents have large
amplitudes as mentioned by ward and Harer [1], Abbas et al [5], and
Klingshim [6,7). However, Pavithran et al [11] have shown that the five
phase drive operates satisfactorily when fod from a pulse width
modulation (PWM) inverter.
mmy:phmordudﬁveislikslywminﬁmhedwspeddiud
applications where high reliability is demanded such as electric cars of
high power applications where a combination of several solid states
devices form one leg of the drive. Therefore, the requirement of n
lepantcdﬁvelmiuinnmulﬁphuesystemi:notopprudwﬁthrge
drives since many of the necessary components are present in the
contemporary designs.

A major objective of the present work is to realize a mathematical model
blndonoomplaxvotugevemrfortheﬁmuﬁulmdiuofﬁwphm
Volugewminmincludingbmhﬂnlenupvolugemm
invuur(VSI)mdthcﬁvephuePWM. Then a five phase hysteresis
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current regulated PWM algorithm is developed. Also the neccesary
differential equations describing the performance of five phase induction
machines are presented. Based oa these findings a simple five phase
induction machine field oriented control is given. Finally, the effect of
loosing two phases of the machine or inverter is illustrated.

FIVE PHASE VOLTAGE SOURCE INVERTERS

In a five phase motor, the five stator phases are distributed with a
spacing of 72 degree. Figure 1 illustrates the basic power circuit
topology of five phase voltage source inverters. The figure is preseated
with insulated gato transistors (IGBT') illustratod as the main power
switches. The anti parallel diodes in the five phase VSI provide reverse
current paths such that, when a particular IGBT is gated oq, one output
terminal and one input terminal will be connected. As a result, if 180
degree gating signals are used, a unique relation between input and
output voltage exists. The input current I; must be capable of reversal,
therefore an input filter capacitor has been placed st the front end of the
inverter. The basic operating principles of five phase VSI is developed
assuming ideal commutation and zero device forward drop.

Ten step voltage source inverters

In the ten step VSI the gating signals and commutation circuits result in
130 degreo conduction for each IGBTs with five IGBTS "on" at all
times. The pole voltages are illustrated in Figure 2. The full cycle can
be divided into ten separatc modes a3 illustrated in Figure 3. In cach
mode all line voltages are uniquely related to the inverter input voltages
also there is always three output line to line short circuit and possible
short circuit currents in ths resulting closed loops. Since the inverter
input variabies are isolated from thess loops, the short circuit current is
determined entirely by the load oa the inverter. By varying the initiation
and length of the individual conduction modes, the frequency and phase
of the output waves are casily controlled. Amplitude controlled is
accomplished by varying the amplitude of the input dc voltage using a
control front cnd converter. Another method is to employ pulse width
modulation of the inverter power switches. In [2] a dq model of a five
phase concentrated winding synchronous reluctance motor including the
effect of third harmonic of space harmonics was presented. The dq model
for a five phase VSI system is realized by applying the transformation
given in the Appendix to the inverter output voltages on 2 mode by mode




Figure 3 illustrates the transformed voltages to stationsry dq frame. The
complex vector form of these dq equations for the five phase VSI take on
very simple form and are useful in visualizing the converter operation
and explaining various coaverter properties. It is useful to define the
complex dq equations foc the voltages in the stationary frame as

s 8 ..¥
Vg™ Va1V )
‘The values of these vectors for the ten modes of operation are as follows
Mode 1 through 10
s 4 x J-k-‘-
qu.l"’ﬁ“?" 5 k=0,1,2,..,9 @

Clearly these ten modes show that in each mode the complex vector for
vohaehuomntlmplhldeof(vl%cu':'). Moreover a constant

phase angle equalto (k)

Five phase pulse width modulation inverters

The induction motor is a non lincar multi-variable system which may
interact with the source impedances whea is supplied by the converter.
The analytical study of such system is difficult and therefore digital
computer simulations become favorsble. PWM operation makes
possible the implementation of very fast current control which is
essential to high performance drives. PWM operation of a five phase
VSI has several additional modes including modes which all five phases
are connected together through positive or negative dc bus to yield a five
phase line to line short circuit on the load plus twenty more other modes
of switching. Therefore, the five phase PWM is actually a thirty two
state device. The existing modes including the modes exist for the ten

step VS| are:

VAR D EY VECDE  vatEcoE)
VB EDE) v ESDE) v Ec o' E)
VAAECDEY  VWRCDEY  va s D'E)
VAT CDEY  wE D E) v atEcto s
VR ABNETDTE) M ATEEDNE) v B e D)
VAECDEY R D) v et e
VKBS EY  VaBCDEY W B o EY
AR R CTE) v st
VAR VB CTDE) Ve o ED
VA ECDEY VT E D) vyatE e
LANS S ST AT S 3]
‘The corresponding voltage vectors are:
Mode 11 through 20
kn
vioavidedT k=0,1,...9
dgsl 15 thi 3
Mode 21 through 30
k=
s L. O b
qu“- V‘s cos s e 5 k=0, 1.... 9 4

Figure 4 illustrates the complex vector voltages given by equations (2-4).
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HYSTERESIS CONTROLLER

Generally there are two types of hysteresis controllers {16). One version
uses five independent coatrollers, one for each pbase. When the line
current becomes greater (leas) than the current reference by the hysteresis
band, the inverter leg iz switched in the negative (positive) direction.
However, onc current coatrol may be removed because the current in one
phase will be determined by the other two phases in a system with no
noutral comnection.  Therefore, the other type utilizes only four
independent hysteresis controllers with removing the switches in the fifth
leg for lower inverter switching frequencies and using the divided dc bus.
Notice that when an inverter leg switches state, the resulting voltage
vector is depondent on the state of the other four inverter logs. For
example, if phase a switches from high to low, the following inverter
voltage vectors can resuit.

VABCDE) > VA BeDTE
VABTDE)  —— VAT
VATBCDTE)  ———  VATBCDTE)
VRSN —— vatEettE)
VABCDE) > VatE et
VAR ctotEy — v atEctoteh
VAECDEY — VATECDED
VA" BCDE) ——> VA B CDTED
VATECDTE)  —— VW BCDTE)
VATECIDEY  —— VARt TEY
VATE DR —— vatacton)
vigATBTCtDtEY  ——  vpatatctotah
VAR D) — aE et
VyAB D) > VARt
VA BCDNE) > VAT DED)
VA ECDE) > VyATE DR

It is important to mention that if the load has no neutral connection, then
the individual line curremt will depend not only on the state of the
corresponding inverter leg, but also on the state of the other four inverter

legs. As a result the hysteresis current controller might experience
interaction between the phases.

DIGITAL COMPUTER SIMULATION OF FIVE PHASE
VECTOR CONTROLLED DRIVE

Generally two types of vector controlled known as direct and indirect
method exists. In the first scheme which is probably the most accurate
induction motor control method direct sensing of the air gap flux vector
is required. This technique is essentially insensitive to variation in motor
parameters however, suffers from high cost and unreliability of the flux
measurement. In the second method the rotor flux is estimated using the
stator vector, voltags vector and/or rotor speed. In this paper the indirect
vector control approach is used.

Suppose that the rotor flux linkages in the synchronously rotating
reference frame is entirely in the d axis, resulting

]
Ay =0 ®

As a result the clectromagnetic torque equation (A-37) bas the same
form as the torque equation of a DC machine. Therefore, like a shunt
DC machine the electromagnetic torque and the rotor flux are controlied



indepcndcnlybyngulningthedmdqcompuumnofmmm
togﬁherwithslipﬁeqtmcymlﬁngﬁuntheeuﬁnintequﬁm(S)in
the equations given in appendix A for five phase induction machincs.
The final necessary equations are
.
S, =o .
®, =T,
e Sp ra:l)z

O

e 1 et T d
lds1 a1

Lo

L
whseTemdk:lmthaeommdedvﬂuaofmwmdmﬂlm

®

The stator frequency command can be obtained from the following
equation
L 4

s .
m‘-or+So° ®

A block diagram configuration for indirect vector control of five phase
induction motor is shown in Figure 5.

SIMULATION RESULTS
Fipm6mﬂnmvnfmofu2kW[l],ﬁwphlnMdim
mdﬁmdxivenbytheauremcmoltypevomsaminvmwith
slip frequency coatrol type field oricated controller. The induction
motor is accelerated from zero speed to full speed under the rated load
and constant flux command. Later, the load torque has been suddenly
changed. A rather instantancous response of field oriented type
controller is evident.

CONCLUSIONS
Fiwphmmmﬁmgulﬂndinduetionmo‘nr"uwmidnd. A
mathematical model based on complex voltage vectors for five phase
VSI and PWM inverters is developed. It is shown that five phase current
nglhdeWMinvmmmeﬂﬁnytwomof:witdﬁn& The
diﬂ'uunialeqtuﬁomdam'binglhcpafotmnoeofﬁvcplmainduuion
motors is derived. This paper has presented the details of a digital
oomptnerimplmnionofﬁvephluindheatypeofvmmoued
drive. Among several benefits in using five phase induction machine is
its capability to start and run even with one, two, or even three phases
open circuited. Forwnmploifphmdnndpbnnemopmoirwited
due to device failures or machine windings a rotating forward field is
ﬂillposiblewboldliewdifthnmuminthormininsphlmm
regulated as
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where initially they were

T

ihc-lmlxm'(m'%

iy L o080t

n a fisture paper tho performance of five phase induction moter drives

under Joss of one or several inverter legs which recently has got attention
htpecidappﬁcdiommd:ueledricmwﬂlbnddrmd.

APPENDIX A

Five phase induction machines equations
mvom;uqmtiouforﬂnmphuuinﬂnmﬂmdinneof
systems are

dA'
V=R L +3 (A-1)
where stator flux linkages are given by
A=L L+L L (A-2)
and
1= [i“ ing g igs i“] ' A3)
(A-4)

PR |
lr- ['l.r Yor fer 'dr 'er]
V.= ' A-S
5™ | Vas Voo Vs Vs Ves (4-9)
Tbemﬁxk.hndhgmdswsmixgivmby,

R'-r.l
wb«z,lhaibySidanitymnﬁxmdr.i:ﬂnmimmeofmbcoil
assuming all coils are similar. Due to conservation of energy, the matrix
LsiusynmevichySmauixoftlnfom,

rl‘m Lave Loce Lade I‘uw
Lo Lobs Loos Lods Lbes
l‘u"bul‘eul‘oa l’c-

L - (A6)

Logs Lods Lods Lade Ldes

L L Ly L
k—l‘h-nd-q-J

Thsmm:din&:uamommixL'isASbySmixeunplindofthe
mutual inductances between the stator phases and the rotor phases.
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Ubear “bebr “becr Ubedr Lteer
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Ldoer “debr “dacr Udedr “deer

\Lu L.h L“L.* L‘J
Rotor voltage equation is given by
VRl )
where,

V= t
t™ | Var Voo Vor Var Ver

In case of a cage rotor v,=0. The matrix R, is a diagonal $ by S matrix
given by,
Ro=r1

TherotorﬂuxlinhgnArmbewlinmu,

t
Ap=LgL+L, L (a9
where the matrix Ly, is the transpose of the matrix L_ and the rotor

HudlmmltixL"hgimbyeqtnﬁon(A-G).m,ﬁmplyﬂn

subscript s is replaced by r.
The m=gnetizing inductance of cach phasc is given by

prix
Log™ :‘ Nf (A-10)

where N, is the effective number of stator turns per phasc, g is the air

82p, r is the average value of the stator inner and rotor outer radius, and |
is the length of the coil. The clements of matrix Ly, are as follows

x‘m-l‘bbl.l'ca-l‘dds-t'eu-l‘h"l'm
I‘ab-'lﬁa'l‘oa-l‘da-l‘w-“'(%l‘xm

4
Laca ™ L Loes = Lads ™ Lea ™ 085 Ly @)
Similarly the stator to rotor mutual inductances are
L-.'Lm'l‘w"‘ﬂ'l'.t'sllm”.t

NI'
l‘-ht-l‘ha-l'a&-l‘d-c.l'u'n_"msm(or*%
s

"I'
™t ™ s~ e ™ ™ s O )
]

N
r
l‘-t-l‘h-"‘ul"'dﬁ'l'm-u—l'u”@r's%

N
4
Lu"‘ht"‘uh""thc""ut-u_lh“@r'% (A-12)
]
N

l‘."‘b&"‘u-"'&-l‘--"h’ [N_‘] an

N |2
U /Y

N, |2
™ L™ L™= =) [;] e (@-13)

Using the following transformation of variables in the synchronously
rotating reference frame for the stator variables

2 ] 0 )

(A-14)
where
o0sB, mo'% “'(oo'% ' mc”‘s-', 00(9.*%
b, m.'.% "'"’c‘s% mt*% “oo‘%
R % e
b, ﬁ(’."‘,"? lh(ﬂ.-% lil(‘.*'% *‘oc's%
1 1 1 1 1
2 2 2 2 2
(A-15)

and the corresponding transformation of variables for the rotor variables

[f s ) oo et )’

(A-16)
results in the following five phase induction machine equations in the
synchronously rotating reference frame.

¢
] ) gl e
Vsl " s 'gsl a0 s (A-17)
°
) o " ¢
Va1 "Gigy t— @@ °kq_l (A-18)
]
da
° . 2
Ve "Nie t T (A-19)
°
d
ds2
Via =T it (A-20)
e
d
(4
Vog =Ty iog (A21)



d)
™y qrl [
v;ﬂ =T iqu gt (weﬂle A'dl'l
[}
) ) f‘_ﬂ 2°
Varl " Trigr1 Yo (@670 Ay
a‘
¢ o . a2
V@2 "l t e
dAger

Vm-f ldﬂ+ dt

a.
veomp e el
o ro &
whsetheﬂuxlmhpm
q-1'11.‘q-1”'m(‘ 1+ 1)
Mga = Ligides + LGy *i3)
e K
L% A
Y2~ Luio
] ©
Yo~ Lygicg
[] K -} KJ
A1 " Lirigey * Ligliggy +igey)
Mer = Ly gy + Loy +i5ep)
[ ] K
"l
(] (]
X2 =Ly igen
Aoe = Lie e
‘The electromagnetic torque is given by
L

T,=3B
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Figure |

Power circult configuration of five phase VSI.



Figure 2 Pole voltage waveforms for ten stsp operation

of the five phase bridge inverter.

Sede ) | meee 2 | muede 3 { mede 4 | mwde $ | mode & made 7 | mode 8| anede § lmede 10

T¥.

Figure 3

Conduction modss and output voltage
waveforms in a ten step VSI.

Figure 4 The thirty voliage vectors characterizing the

five phase VSI operation.
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Figure 5 Block diagram of indirect vector control of five

phase induction motor and five phase current
regulated hysteresis type PWM inverter.
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Figure 6 Digital computer waveforms of five phase

induction motor from rest using an indirect
vector conirol. Top to bottom: phase a voltage,
phase a current, electromagnetic torque, shaft
speed.



