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1. INTRODUCTION

Over the years; induction motor (IM) has been zgii as a workhorse in the industry due to its easy
build, high robustness, and generally satisfacteffjciency. Multi-phase machines have found wide
applications in transport, textile manufacturingl @erospace since few years. In electrical driy#ieqtions,
three-phase drives are widely used for their coievere. However, high-phase number drives possess
several advantages over conventional three-phasesdsuch as: reducing the amplitude and increasiag
frequency of torque pulsations, reducing the rbimmonic currents, reducing the current per phasdeut
increasing the voltage per phase, and loweringddwink current harmonics and higher reliabilityy B
increasing the number of phases, it is also pasdiblincrease the torque per rms ampere for thee sam
machine volume [1-5].

Applications involving high power may require mphiase systems, in order to reduce stress on the
switching devices. There are two approaches foplgugy high power systems; one approach is theafise
multilevel inverters supplying three-phase machiaed the other approach is multi leg inverters blipg
multiphase machines. Much more work has been domaudtilevel inverters. It is interesting to notet the
similarity in switching schemes between the two rapphes: for the multilevel inverter the additional
switching devices increase the number of voltagelse while for the multi leg inverter, the addita
number of switching devices increases the numbphases [6].The recent research works on

Multiphase machines can be categorized into mphiise pulse width modulation (PWM)
techniques for multiphase machines, harmonic iigacto produce more torque and to achieve better
stability, fault tolerant issues of multi-phase orotrives, series/ parallel connected multi-phasehines
[6]. In Ref. [7], an n-phase space vector PWM (S\WBW¢cheme can be described in terms of the applying
times of available switching vectors on the badighe space vector concept. However, the paper only
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focuses on how to realize a sinusoidal phase waltdguch research on control method and running
performance of five-phase drive with two-level inee was made. Another research has been done on a
multiphase two-level nonsinusoidal SVPWM [9].

The power rating of the converter should meet dwired level for the machine and driven load.
However, the converter ratings cannot be increased a certain range due to the limitation of tloever
rating of semiconductor devices. One solution te piioblem is using multi-level inverter, where ®hies of
reduced rating are employed to develop high poeszliconverters. The advent of inverter fed-motdred
also removed the limits of the number of motor glsag his fact made it possible to design machirte wi
more than three phases and brought about the singeavestigation and applications of multi-phasetor
drives [10].

The five-phase induction motor drives have manyeargpace voltage vectors than the three-phase
induction motor drives. The increased number otamscallows the generation of a more elaborateckivity
vector table, in which the selection of the voltagetors is made based on the real-time valuekeo$tator
flux and torque variations.

The objective of this paper is to design and im@etra speed control scheme of 5-phase induction
motor drive system using fuzzy logic controller (B In a fuzzy logic controller (FLC), the systewntrol
parameters are adjusted by a fuzzy rule basedmsysthich is a logical model of the human behavar f
process control. The main advantages of FLC overctimventional controllers are that the designldE F
does not need the exact mathematical model ofytsters, and it can handle nonlinear functions ofteaty
complexity.

The speed control algorithm is based on the intivector control. A specific FLC for 5-phase
induction motor drive has been designed and suftdlyssnplemented in real time. The performancettod
proposed fuzzy speed controller is investigated libeoretically and experimentally at different dgmic
operating conditions. Simulation and experimerealits are presented and discussed

2. MATHEMATICAL MODEL OF FIVE-PHASE INDUCTION MOTOR

Squirrel-cage five-phase induction motor is repnésd in its d-q synchronous reference frame. The
winding axes of five-stator winding are displacgd#2 degrees. By increasing the number of phabés, i
also possible to increase the torque per amperéhtorsame machine volume. In this analysis the iron
saturation is neglected. The general equationiseofive-phase induction motor can be introducefbbmws:
The stator quadrature-axis voltage is given by:

Vgs = Rsigs* S”"/‘ds ()1
The stator direct-axis voltage is given by:
o dAye
Vis = Rsigst +whgs (2

For the stationary reference frame= 0, substitute into Equations (1) and (2) yields:
dAgs (X
. dAa
Vds = Rslds-'-d_éiS ( )‘
The stator g-axis flux linkage is given by:
AgsmL d qgL gl |gL M 85 i m g
lgs=Lid qdl M o ds 6)
The stator d-axis flux linkage is given by:
das =Ld gL b F(L gL ) 4L i o (7)
das “Ld L 1 & & ¢

Vgs = Rsigs*
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Fig. (1) Block Diagram of the Proposed Speed Cdi8ystem

The electromagnetic torque is given by:
_5p,, . .
Te_ EE(’ldsl qs-j' qg de) (9)

T.-7 =92, 8o (10)
dt

Where, |5, stator g- axiss current| stator d - axis currenty,| rotor g- axis currentgl, rotor d-
axis current ,L. stator equivalent inductances,Lstator leakage inductance,, . magnetizing inductance,, T
load torque , J, inertia of motor and B, fiacticoefficient.

3. CONTROL SCHEME AND DESIGN OF FLC FOR FIVE-PHASE IM
3.1 Control scheme

The schematic diagram of the FLC-based indiredd fieiented control is shown in Fig.1. The basic
configuration of the drive consists of an IM fed d&yurrent controlled 5-phase voltage source isvefthe
block diagram of the fuzzy logic controller in thi®rk is marked in Fig.1. In this FLC, the pressample of
the speed error, and the present sample of thegehafinspeed error, are the inputs while the pregeatis

command curreni;(n) is the output. The curreni%(n) and i (n) are then transformed to a,b,c,d, and e

*

current commands using inverse Park transform ptiese current commanisi,j’.i", and’, are then

[

compared with the actual currents, j .|, and , to generate the PWM signals, which will fire theneo
semiconductor devices to produce the actual vadtégrethe motor

32 Fuzzy logic PI controller

Traditional control systems are usually based defmite mathematical model often represented by
a set of differential equations which describe rilation between input and output variables as aglthe
system parameters. In contrast, fuzzy logic coleraloes not require such precise mathematical hjadg
A fuzzy logic controller consists typically of theestages or blocks namely, input block, procesbingk,
and output block as illustrated by Fig. 2. The inplock converts input signals into appropriate vay
pertinence functions. The processing block invokppropriate rules, generates a result for each auld
combines the results of those rules. Finally, tbgpuat block transforms the combined result intooatcl
signal.

Error = Fuzzy e Control
—| Fuzzifier Defuzzifierl "
signal —|Rule Sef | signal

Fig. 2 Fuzzy Controller

The proposed fuzzy logic Pl controller is illustratin Fig.3, in which KP = Ku R(Kde) and Kl =
KuR(Ke) are the controller proportional and intéggains. The functions R(Kde) and R(Ke) are defibgd
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the controller rule base which is summarized inl& (1). Initially the fuzzy input vector should be defd.

It consists of two variables; the speed ere(t)w -« and its derivative:i e(t):dﬂ ©-0,)
t t

A fuzzy set for input and output variables is dasid. Fig.5 and 6 show tifive linguistic variables
used for each fuzzy input variable, while the otitpariable fuzzy set is shown in Fig.6. The lingiai:
variables (LV's) used for inputs shown in Figs. 4&f%& PM (Positive Medium); PB (Positive Big); .
(Zero); NB (Negative Biy and NM (Negative Medium). The same LV's are uk@dhe output fuzzy se
shown in Fig.6. A lookup table is required to develop the set of rulesyhich the relation between the inj
variables,e(t)andd;;t(t) are defined and the output variable of fuzzy logimtroller can be obtained. T
look-up table used in the simulation program is givem@ble (1). The output depends on the fuzzy
expressed as follows;

If (Inputl AND Input2) THEN Outpt

e &I Rule
—>
L Base

—>

Fig. 3 Fuzzy Logic Pl Controller

Table (1) Fuzzy rule
ERROR

PM PB 7E NB NM ERROR RATE OF

CHANGE
ZE NP NM  NM  NM  NM
PB ZE NB NM  NM  NB
PM PB  ZE NB NM ZE
PM PM  PB ZE NB PB
PM PM  PM PB ZE PM
N| I I NB I ZIE l I PB I I P|

1 1 I 1 1 1 1 1 1
0 0.1 0.2 03 04 05 0.6 07 0.8 0.9 1

Fig. 4 Error Memberships

05

1 1 1 1 1 1 1 1 1
o a1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Fig. 5 Rate of Change of Error
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The torque producing current component is calculdtem:

. 1 (0rop) Kpslt*+tcs]

gs™ "
Kt Aar TesS
* *
e _ 1 X 1€
Ids— Lo (1+trp)kdr
The angular slip frequency commalm;,) is:
* L 'E]S
w = m __1-
SI * *
T, 'ldr

Angular frequency is obtained as follo
a)e: w sl+ w m

0n=(w. .d
e—ICUe. t

Teth‘zgr‘las

11)

12)

(14)
(15)

(16)

4

(13)

Equation (16) is similar to that of the separatkgited dc motor and denotthat the torque can
initially proportional to the gaxis component of the stator curi | Zfs' if the d-axis component of the flu

becomes zero fehxis is aligned with the rotor flux axis), and t*-axis componen ,f(;er is kept constant.

This is the philosophy of the vector control teciud. The transformations used for the present syare

expressed as follows;

st et cer
Gede . gdt l4s=1 400 FI°SIN6
i3=-i5sind +i%cos

Where esrepresents the sum of the slip and rotor an

i5.=1%c0s(0)+i%sin(0)

ss* st 275 Lot . 211'
ipe=i qgos(e-?)ﬂ d§|n(6-?)
qd/abced J, =j, 0050-4?”)+i5;§in(6-4—;)

i5.=i Z*gos(6+4?n)+isé§in(6+4?n)

i;;:iS;gos(e+2—;)+isg§in(e+2—;‘)

} 17

(18)
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33 Five phaseinverter
The modulated phases voltages of five phase invde@ five phase induction motor are introduced
as a function of switching logic NA, NB, NC,ND ahdE of power switches by the following relations:

V][4 -1 -1 -1 -] NA
g 14 -1 -1 -1 NB
V,, =% 1 -1 4 -1 -1 No (19
V,, 1 -1 -1 4 -1 NE
V.| |1 -1 -1 -1 4| ND

The per-phase switching state having a range ofONE=

4. RESULTSANd DISCUSSION

To verify the validity of the proposed system, amlction motor vector control system was
constructed. Fig. 7 shows a block diagram of thgeermental system, which was composed of a DSPdboar
DSP 1104 which is based on 32-bit floating pointPDB TMS320C3I. The board is also equipped with a
fixed point 16 bit TMS320P14 DSP which is used aslave processor [12], Five phases currents

i,i,i.1, and , are sensed by Hall-effect current transducerssdlsignals are fed to the DSP through

the signal conditioning circuit. Also the speedtlod rotor is sensed by 2048 PPR incremental endoder
detecting the motor speed and fed to the encoderface on the DSP board. The control algorithm is
executed by ‘simulink’ and downloaded to the batrdugh host computer. The outputs of the boardeare
logic signals, which are fed to the, 5-phase iraretttrough driver isolation circuits. The sampliimge for
mental implementation is chosen as 100 sec. Alsopgrbposed control system shown in Fig. 1 is design
for a simulation investigation. Simulation is cadiout using the general purpose simulation package
Matlab/Simulink [13], Simulation and experimentakults are presented to show the effectiveneskeof t
proposed scheme at different operating conditidhgse results are classified into two categortes;first
represents start-up and steady-state while thendeepresents the dynamic performance.

4.1. Starting and steady state performance

Start-up and steady-state results are illustrayefigures 8 and 9 .Figure 8 a and b shows the moto
speed. Figures8a shows the speed signals obtairmedlitime, whares figure 8b shows the corregjmon
signals obtained from simulation. There is a goodeatation between these signals, from start-uptpap to
the steady state value. Figure 9a shows the mdtasepcurrent obtained in real time. Whares, Fidlre
shows the corresponding signal obtained from sitimraln the two figures, the current signals afesioe
wave profiles on which controller switching tramgi®eare shown.

DC
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D m ] —I
PC = 3'2 39 8
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o — QL \ ]
m — o\
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Fig 7 Experimental set-up for DSP-based contrehdfiction motor
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4.2 Dynamic perfor mance

For studying the dynamic performances of proposgstem, a series of measurements and
simulations have been carried out. In this respghetdynamic response of the proposed algorithstudied
under speed step change.

To study the dynamic response of the control sysiemm to a step changes in the command of
speed, the motor is subjected to step changesispghed command at no load to evaluate its perfarena
At t=1 second .The motor speed command is changed £20 rad/sec to 150 rad/sec and return back@o 1
rad/sec after 2.5 sec. Figure 10 a and b showsther speed signals corresponding to these stapgekalt
can be seen that the motor speed is acceleratedemederated smoothly to follow its reference vaiith
nearly zero steady state error. Figure 10.a shbevspieed signal obtained in real time. Figure $8dws the
corresponding signal obtained from simulation. Ehessults show a good correlation between thesedspe
signals. Phase current corresponding to this spgmchanges are shown in Figs. 11 a and b regplgcti
Figure 11a represents the phase current thesdasresigure the effectiveness of the proposed cdetrahd
shows good behaviour of its dynamic response.

To study the response of the control system undad Icondition, at t=0.75 second the speed
command is changed from 120 rad/sec to 150 radfskdl load. Figure 12 a and b shows the motoedpe
signals corresponding to these step change. Ibeaseen that the motor speed is accelerated smdothl
follow its reference value with nearly zero steathte error. These results show a good correlgigtween
these speed signals. Phase current corresponditigstepeed step change are shown in Figs. 13 &and
respectively.
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Fig.8 Start-up and steady-state,Motor Speed
(a) Experimental (b) Simulation
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5. CONCLUSIONS:

The paper demonstrates the versatile applicatiofurndy theory for the control of five-phase
induction motor drive system. A simple structurefufzy logic controller has been proposed. Thisditre
has been derived from the dynamic model of fivesehanduction motor drive system using the vector
control technique. The effectiveness of the fuzagid controller has been established by performance
prediction of an experimental and simulation ofpphase induction motor drive over a wide rangeatjpey
conditions. The proposed fuzzy logic controllerdzhdrive system has been successfully implementéuki
real time for the laboratory five-phase inductiontar. Simulation and experimental results have icowd
the expected performance of the fuzzy logic coldrolrhe results show that the effectiveness abdsmess
of the proposed speed control method.
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Appendix
Motor Parameter
No. of poles 4
Stator resistance 7.4826 ohm
Rotor resistance 3.6840 ohm
Rotor leakage inductance 0.0221 H
Stator leakage inductance 0.0221 H
Mutual inductance 0.4114H
Supply frequency 50 Hz
Motor speed 1500 r.p.m.
Supply voltage 380 volts
Inertia 0.02 kg.m2
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