INTERNATIONAL

_ International Journal of Engineering, Science aadthhology JOURNAL OF
MultiCraft Vol. 2, No. 2, 2010, pp. 136-154 ENGINEERING,
SCIENCE AND

TECHNOLOGY

www.ijest-ng.com
[J 2010 Multicraft Limited. All rights reserved

Five-phase induction motor drive for weak and remote grid system

Shaikh Moinoddin, ?Atif Igbal* and *Elmahdi M. Elsherif

2 Department of Electronics & Computer EngineeriBgbha University, Sebha, LIBYA
ZDepartment of Electrical Engineering, Aligarh Mims University, Aligarh, INDIA

"Corresponding Author (e-mail: atif_igball@rediffrhabm,Atif Igbal; Tel.+919411210372)

Abstract

Multi-phase (more than three-phase) motor driveéesys have attracted much attention in recent yéaesto some inherent
advantages which they offer when compared to treetphase counterpart. Presently the grid powealadne is only limited to
three-phase so the supply to multi-phase motors/ariably given from power electronic converteraus the paper focuses on
the inverter controlled five-phase induction motisive system for variable speed applications. Thpep presents inverter
control method for five-phase variable speed indacinotor drives. The proposed solution may be egea in the applications
not requiring very precise position and speed cbrguch as water pumping especially in weak gristesy with poor power
quality. The inverter is operated in different ageérg modes with conduction angle varying from 189°108° conduction
modes and the performance is evaluated in termtheofharmonic contents in the output phase voltagiéss shown that
optimum performance is achieved by operating irredt 144° conduction mode. Experimental and aicalyresults are
included in the paper.

Keywords:Voltage source inverter, ten-step operation, cotidnenodes, power gridnduction motor drive

1. Introduction

Variable speed electric drives predominateliisatithree-phase machines. However, since theblargpeed ac drives require a
power electronic converter for their supply (in tvamjority of cases an inverter with a dc link)e thumber of machine phases is
essentially not limited. This has led to an incesamsthe interest in multi-phase ac drive applmadi since multi-phase machines
offer some inherent advantages over their thresgleaunterpart. Interesting research results hega published over the years
on multi-phase drives and detailed review is abddlan Singh (2002), Jones and Levi (2002), Bagbial (2006), Leviet al
(2007), Levi (2008a) and Levi (2008b). Major adweay®s of using a multi-phase machine instead ofeethhase machine are
higher torque density, greater efficiency, redut®due pulsations, greater fault tolerance, andcgaon in the required rating per
inverter leg (and therefore simpler and more rédigibwer conditioning equipment). Noise charactiessof multi-phase drives
are better when compared three-phase drive as d#¢yated by Hodget al (2002) and Golubev and Ignatenko (2000) . Higher
Phase number yield smoother torque due to the &inedus increase of the frequency of the torqusagioh and reduction of the
torque ripple magnitude, as presented byWilliarresath Smith (2006) and Apsley (2006).

Higher torque density in a multi-phase machspassible because fundamental spatial field haiovard space harmonic fields
can be used to enhance total torque as presbytd et al. (2001a) and Xt al (2001b), Shit al. (2001), Lyra and Lipo
(2002), Duraret al (2008) and Arahal and Duran (2009). This advantaigenhanced torque production stems from thetfeatt
vector control of the machine’s flux and torquepduced by the interaction of the fundamental fiewmponent and the
fundamental stator current component, requires twbystator currentsd¢éq current components). In a multi-phase machiney wit
at least five phases or more, there are therefdditianal degrees of freedom, which can be utilisedenhance the torque
production through injection of higher order cutréarmonics. The stability analysis of five-phasesal system for harmonic
injection scheme is carried out by Duranal (2008) for both concentrated winding and distiouwinding machines. It was
concluded that the3harmonic injection not only enhances the torquelpetion but also offers a more stable controlcstme.

The studies on multi-phase drive system camigdso far is for high performance variable spegplieations. Multi-phase drive
is seen as a serious contender for niche appliatsuch as ship propulsion, traction, electric eleki and in safety critical
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applications requiring high degree of redundanayweler, general purpose drive applications usintfiqpiase machines are not
yet investigated in detail. This paper advocatesus$e of a five-phase drive system for generalgae@pplications such as water
pumping in remote and weak grid locations wherepgbeer quality is not adequate for operating sdpfsited microprocessor
based controllers due to their stringent power iuedquirements. Further, the costs of such higtfggmance drive systems are
too high to be borne by poor farmers in remote tiooa. The question then arises why five-phaseedidvat all required not
conventional three-phase drive. The answer liethénfault tolerant characteristic, reliable andhieig efficiency of five-phase
drive compared to three-phase drive (detailed bgléyet al (2006), Arhal and Duran (2008)). The power etz converters
supplying multi-phase drives are controlled usidgaaced digital signal processors (DSP) and Fietdjiammable Gate Arrays
(FPGA). Many modulation techniques implemented giddSPs and FPGAs are proposed in the literaturecdotrolling the
multi-phase power electronic converters, Igbal &mdi (2005). In contrast this paper proposes simpédiable and cheap
controller circuit using analogue components andasg wave operation of a five-phase voltage soumgerter (VSI). In
environment of weak grid with poor power qualitteped operation of voltage source inverter magdresidered as more viable
solution in comparison to PWM mode. This paper talyses the performance of a five-phase inductiotor drive supplied by
a five-phase VSI operating in square wave mode.dGction angle is varied from 180° leading to tegpsbperation to 108°. A
detailed comparison of inverter performance onowiconduction angles is elaborated. It will bewshdhat a trade off exist
between the fundamental output voltage and thembaic content. Analytical, simulation and expenae results are provided.
The paper is organised in ten different sectifirst section details the literature review aadlldown the need of the proposed
drive topology, modelling of a five-phase VSI ikidtrated in the second section, third sectionaiaties the proposed five-phase
induction motor drive structure. Fourth sectionatigges the gate drive circuit for the five-phase ¥8d fifth section discusses the
experimental results obtained for testing of therifated inverter, the analysis of results, and gams the magnitude of torque
pulsation in a three-phase and a five-phase dyisies then sixth section concludes the findingofeéid by the references.

2. Modélling of a five-phase VSI-review

Power circuit topology of a five-phase VSI, iown in Figure 1. Each switch in the circuit cotssisf two power semiconductor
devices, connected in anti-parallel. One of thesa fully controllable semiconductor, such as akiptransistor or IGBT, while
the second one is a diode. The input of the invésta dc voltage, which is regarded further orbeig constant. The inverter
outputs are denoted in Figure 1 with lower casedet@,b,c,d,@, while the points of connection of the outputsirteerter legs
have symbols in capital letter&,B8,C,D,B, The shift between each phase voltage is (36P=7211.
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Figure 1. Five-phase voltage source inverter power circuit.

N

Phase-to-neutral voltages of the star conndotediare most easily found by defining a voltagéedénce between the star point
n of the load and the negative rail of the dc Nu3 he following correlation then holds true:

Va =Va +VnN
Vg =V, TV
Ve =Ve Vi 1)
Vp =Vg VN
VE = Ve VN

Since the phase voltages in a star connected loadszero, summation of the equations (1) yields
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Van = (U/5)(va +Vg +Ve +Vp +Ve) (2)
Substitution of (2) into (1) yields phase-to-nelt@ltages of the load in the following form:

Va = (4/5)VA - ]/5)(VB Ve tVp +VE)
Vp = (4/5)VB _(]/5)(VA Ve +Vp +VE)
Ve =(4/5Nc —(U/5)va +Vg +Vp +Vg) ®)
Vg = (4/5)VD _(]/5)(VA +Vg tVc +VE)
Ve = (4/5)ve —(U/5)(va +Vg +Ve +Vp)

3. Five-phasedrive structure

A simple open-loop five-phase drive structuresiagborated in Figure 2. The dc link voltage isuatfd from the controlled
rectifier by varying the conduction angles of thgristors. The frequency of the fundamental ouipwdontrolled from the IGBT
based voltage source inverter. The inverter isatpey in the quasi square wave mode instead of wmmplex PWM mode. Thus
the overall control scheme is similar to a threagghdrive system. Since the inverter is operatingguare wave mode the
analogue circuit based controller is much simpled aheaper compared to more sophisticated digigmlak processor based
control schemes. This type of solution is very ghaad convenient for use in coarse applicationt siscwater pumping. These
types of applications do not require fast dynaresponse of drive systems and thus the need ofdeghrmance control schemes
do not arise. The power quality of the remote locet in developing countries such as Indian subigents are not adequate for
reliable and durable operation of sensitive micospssors/microcontrollers/digital signal procesdmsed controllers. It is thus
intended to develop cheap and robust controlleedas simple, and reliable analogue circuit comptséor such locations. The
subsequent section describes the implantation §sstieontrol of a five-phase voltage source inverféhe motivation behind
choosing this structure lies in the fault toleraature of a five-phase drive system (Apsé¢wal, 2006).

Controlled
Rectifier Lt Inverter

MM

v o= JG&
i

f

Ve f
Figure 2. Five-phase induction Motor Drive structure.
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4. Analogue cir cuit based five-phase voltage source inverter

To test the stepped operation in various condiichodes, a five-phase IGBT based prototype ievestbuilt in the laboratory,
the block diagram of the control circuit of thevénter is presented in Figure 3.
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Figure 3. Block diagram of the complete control circuit.

Electric supply is taken from a single-phaseal grhd is converted to 9-0-9 V using a transformarich is fed to the phase
shifting circuit, to provide appropriate phase sfiie. 727 between each phase) for operation at various atimuangles. Here
the phase shift is achieved at 50 Hz. However,oftier than 50 Hz the required phase shift can lbéeaed using variable
resistances in RC network of phase shifting circliie phase shifted signal is then fed to the tinvginon-inverting Schmitt
trigger circuit and wave shaping circuit block whicontains zero crossing detector. The processeuhlsis then fed to the
isolation and driver circuit which is then finalfjven to the gate of IGBTs. There are two separataiits for upper and lower
legs of the inverter. NOT gates are not used te gomplemented gate drives for lower leg devicesabse complement of 144
is 2167 i.e. lower devices shall be ‘ON’ for 216

5. Results and discussion

5. 1. Five-phase VSI testing

Experiment is conducted for stepped operatiofivefphase voltage source inverter with 1§6lassical) and 144(proposed)
conduction modes for star connected five-phasetiesiload at first. A single-phase supply is giterthe control circuit through
the phase shifting network. The output of the phakdting circuit provides the required five-phasetput voltage by
appropriately tuning it as shown in Figure 4. Thiéége-phase signals are then further processenemte the pulses to the gate
drive circuit. It is important to emphasise herattthe poor power quality of the supply can be gemm the distorted waveforms
of Figure 4. This is the power quality availabletlie laboratory setup, and thus the importancéefproposed solution can be
understood at the remote locations.
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Figure 4. Five-phase output obtained from phase shiftirtg/oe.

5.1.1. 180° Conduction mode
Each switch is assumed to conduct for°18@ading to the operation in the ten-step modeasBldelay between firing of two
switches in any subsequent two phases is equab@53= 72. The corresponding phase voltages thus obtainedtawn in

Figure 5, keeping the dc link voltage at 60 V. Taveform is in ten step and is in full compliancihwthe finding of Ward and
Harer (1969).
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Figure 5. Output phase ‘a-d’ voltages for 180° conductiardm

There are two systems of line voltages in a-fillase system namely adjacent and non-adjacentpivéike shifts of 72° and
144°, respectively. Adjacent line voltages havedpwagnitudes compared to the non-adjacent lineage$. Non-adjacent line
voltage thus obtained is shown in Figure 6. Allreats are measured using ac/dc current probe godtigut of 100 mV/A.
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Figure 6. Non-adjacent line voltage for 180° conduction madté dc link voltage equal to 180 V.

5. 1.2. 144° conduction mode

The gate drive signal is such that each powéckwemains on for 144° (or 80% duty cycle) aedhains floating for 36° (or
20% duty cycle). This mode thus provides an inhedsmad band in the switching of two power switcbéshe same leg. The
output from the wave shaping circuit and the gaigedfor two legs are shown in Figure 7 and FigBrerespectively. The
corresponding phase-to-neutral output voltage farsp ‘a’ is shown in Figure 9. Non-adjacent linlage is presented in Figure
10.

Tel m & Stop M Pos: 10.50rms CURSOR
+*

Tvpe

: SOUrce
_ui-_u-u-lé Plinbinbely I-:H.:l

| ot 3.000ms
Sl = 125.0Hz

Cursor 1
e

10.0rns

ol
1 .II
1y

Cursor 2
18.0rms

dvdt —pTSys
: (.00

CH2 5004 k1 5.00ms

Figure 7. Output of wave shaping circuit for 144° conductinade for leg A-B.
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Figure 8. Gate Drive signals for leg A-B for 144° conductimode.
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Figure 9. Output phase ‘a-d’ voltage for 144° conduction mod
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Figure 10. Non-adjacent line voltage for 144° conduction madth dc link voltage equal to 180 V.

5. 2. Harmonic profile and torque pulsation reduction

5. 2.1. Inverter output waveform analysis

This section presents the comprehensive anabysixperimental results. The performance of twifedént conduction modes
are elaborated in terms of the harmonic contethiérphase voltages, line voltages and the distoitidhe ac side line current.

The Fourier series of the phase-to-neutral volfagel80° conduction mode is obtained as;
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v(t) = EVDC sinat +15in301 +lsin Tk +£sin9a,t +isin11a1 +isin13a,t +o. (4)
T 3 7 9 11 13
From (4) it follows that the fundamental componeithe output phase-to-neutral voltage has an REl&evequal to
V2

V1 =~—Vqe = 048/pc. ()

The Fourier series of the phase-to-neutral volfagel44° conduction mode is obtained as;

o co{(Zn -1) 17:)] sin((2n-1)at)

2Vdc
V)= Y (6)
T =123, 2n-1
From (6) it follows that the fundamental componefithe output phase-to-neutral voltage has an RElGevequal to
J2 m
Vi =—Vy. c0s — |=0.428/ 7
1o e {10) bC ©)

The loss in fundamental voltage in 144° conductnode is of the order of 4.89% compared to 18dUaction mode. This loss
will affect the loss of torque in the driven maahiand subsequently the laod will be affected. H@wethe drop in the torque is
not very significant compared to the benefits ai#didue to better harmonic performance. The ham@ralysis of, line voltage
and input ac side line current is carried out fiffiecent conduction modes and the resulting wavefoare shown in Figures 11-
14. The input side AC current of converter contaidd and even harmonics (Figure 14) for 144° cotidmenode while a typical
spectrum is depicted for 180° conduction mode.
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Figure 11. Spectrum of non-adjacent line voltage (Vac) fod°l8onduction mode for dc link voltageof 180 V.
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Figure 12. Spectrum of input side current for 180° conductizode.
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Figure 13. Spectrum of non-adjacent line ‘Vac’ voltage fodl4onduction mode for dc link voltage of 180 V.

Tek I @ Stop k Pos: 10.50ms Harrmanics
Source
CH1
Harrnanic
Freq 160Hz ®Fund 100.0% setup

bRk 120, 2 ¥ 0,00 Autarnatic
Shuow

Sawe
Harmanics
HROO00,.C5Y

k 2.50ms
Figure 14. Spectrum of input side current for 144° conduttiaode.

Performance comparison in terms of harmonicemtrin output phase voltage, output non-adjacest\ltage and input ac side
current for different conduction modes are presbnte Figures 15-17. It is clearly seen that thent@ric content reduces
significantly with reduction in conduction angleh& harmonic content is largest in 180 degree cdimumode and it is least in
144 degree conduction mode. However, the bessaltiitin of available dc link voltage is possiblehaébnventional ten step mode
(180 degree conduction mode). It can thus be cdeduhat a trade-off exist between the loss in dnmehtal and corresponding
gain in terms of lower harmonic content in outpatveform is obtained by using 144 degree conductiode.
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A comparison of total harmonic distortion in tbetput phase voltages of five-phase voltage soiumeerter for different
conduction angle is presented in Figure 18. Thedaction angles considered are 180°, 162°, 144°7,1&6d 108°. Thus two
more conduction states are included when compar&igure 16 and Figure 17, to further prove theesigpity of control at 144°
conduction mode. It is observed from Figure 18 thatlowest THD is obtained for 144° conduction mod
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Figure 18. Comparison of Total Harmonic distortion at vagaonduction angles.
5. 2.2 Five-phase induction motor drive using tbasj square wave
5.2.2.1180 degree Conduction Mode
A Five-phase induction motor is supplied usihg tustom built five-phase inverter operating a@°1&nduction mode and the
dc link voltage is set to 200 V. The motor is altalvto run at one speed corresponding to 50 Hz aufie resulting non adjacent
line voltage and the line current is depicted igure 19. It is observed from the waveform that @nirt, leads the voltage Vac by

54° (approximately), that meangis lagging \, by 36° because phase difference between Vac gisl 90°. The spectrum of the
line voltage and current are shown in Figure 20kigdre 21, respectively.
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Figure 19. Non-adjacent line voltage Vac angd(180° conduction mode).



147 Moinoddin et al. / International Journafl Engineering, Science and Technology, Vol. 2,2\@010, pp. 136-154

Telk I i Stop M Pos: 4.000rms Harrnonics
CH4 THO-F 38.5%
W RM5S  3208m\  THO-R 35.9% 3'3
Harrmonic B -
Freq 147Hz ®Fund IT13%
hRkS 28.42mY P a5.re

| I Save
- — N e Harrmonics
5

Fnd 2 f 4 7 % 3 10T 273 HMI0.CSY
i 10.0ms CHA . =F.83mY
Figure 20. Line Current () harmonics (180° conduction mode)
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Figure 21. Non-adjacent Voltage (Vac) Harmonics (180° coriducmode)

5.2.2.2144 degree Conduction Mode
The five-phase induction motor is further testéth the inverter operating at 144° conduction mot@ihe resulting line voltage

and current waveforms are presented in Figure B&8.cbrresponding harmonic spectrum are shown ir&gy23 and 24.
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Figure 22. Non-adjacent L-L (Vac) Voltage and Line Currelg} (144° conduction mode)
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Here, current Ib leading the voltage Vac by al®6f, that means lis lagging \4 by 54°. Here, even harmonics are negligible
and 8" harmonics is not zero. It is because of curreswifig through the freewheeling diodes on inductaed. But harmonics
are reduced in comparison to 180° conduction mdtiese experimental results are in full agreemetit thiat of simulated and
analytical findings.
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Figure 23. Harmonics Spectrum of Non-adjacent L-L (Vac) ¥gk (144° conduction mode)
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Figure 24. Harmonic Spectrum of Line Current (144° conduction mode)

5. 2.3. Torque pulsation comparison

Pulsating torques are produced in an inductiotomdrive system when harmonic current intera¢h e fundamental air gap
flux and also when the harmonic air gap flux intenaith the fundamental rotor current, Bose (20823 Krishnan (2001). The
pulsating torques causes undesirable effects indifee system by producing losses, vibration andséi0A quantitative
assessment of torque pulsation in a three-phase drid five-phase drive for stepped operation isedand presented in this
section.

5.2.3.1 Three-phase drive

The predominant harmonics in a three-phase timuenotor drive are5and 7", with 5" being backward rotating and' being
forward rotating both leading td"éharmonic pulsating torques, Bose (2002) and Kesh(2001). The expression for the sixth
harmonic pulsating torque is given as;

Tes :g P[Wrt( 1571 rs)sin(6g) + 1 ry(W m7+ W mg) cog @) | ?

An expression is derived for the sixth harmonicsptihg torque in terms of fundamental voltage apaivalent circuit parameter
and is obtained as;

3\ | sin(fat) sinGaxt) | . 1) sin(7aut) | sinGat)

T = K| = - sin(6axt) +| — + coswyt 9
(Tes)ig0 @H 25 o 6at) +| 5 | =4 o 6cat) ©)
Where K = PV (ZVDC j and ¢k is the peak ok™ harmonic mutual fluxy; is the fundamental applied voltag€,

WsXeq m

is the equivalent leakage reactance Rrislthe number of poles of induction machine
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5.2.3.2 Five-phase drive

The predominant harmonics in a five-phase machire § and 11", with 9" being backward rotating and 1 being forward
rotating both leading to f0harmonic torques, Igbait al (2008). The detailed derivation of the torquesptibn is presented in
Appendix 1.
The tenth harmonic pulsating torque for 180° cotidnamode is obtained as;

5 .

(Tearohso ZEP[wml(lrll_ l19)SiNA0Gt) + |11 (g1 + Yo )COSAOAL)]

The tenth harmonic pulsating torque for 144° cotidncmode is obtained as;
5 .

(Tetohaa ZEP[wml(lrll_ l19)SiNA0Gt) + |1 (g1 + Yo )COSAOAL)]

An expression is derived for the tenth harmonicatihg torque in terms of fundamental voltage asuivalent circuit parameter
and is obtained as;

2
(Tet0)1ag =5[ Pz ](ZVHDC] Sin(at)[Sin@0ut +a))

2| WsXeq

2
(Telo)144> = _5[ Pz ][2\/7?] COSZ(%jSir(aI)[Sin(lom +a)] (12)

2 | wsXeq

(10)

(11)

Where;
Z =VA? +B%, A=ZCo4a),B = ZSin(a),a :Tan‘l%

1 o 1
A=| ——Sin(Lllwt) - —— Sin(Qwgt)
((11)2 g e ]
f 1 1
B=-|—S ——Sin@
2[(11)2 R * gy S wst)}
Thus the ratio of pulsating torques for a typicaton in two conduction modes is obtained as;
T,
M =Cos? (Ej =0.9045084972 (13)
|(Te10)180’| 10
(Teshgg _ 14x10715
= 16 =70 (14)
(Telo)180° 2x10
Teshgg _ 14x1072°
(Tesheo = = 778 (15)

(Teo)ss 18x10716

The relations (13-15) show, there is reductionarmte ripples in five phase motor at 144° conductitode by 10% (approx)
when compared with 180° conduction mode of fivegghanotor, 700% when compared with 180° conductioden of five phase
motors, and 778% when compared with 180° conduatiode of three phase motor and 144° conduction neddae phase
motor.

6. Conclusion

The paper presents a solution of electric dsiystem supplied from weak grid with poor power guallhe proposed solution
lies in the use of inverter fed five-phase inductimotor drive system with stepped operation of itherter. The inverter is
proposed to operate in newly proposed 144° conoluatiode. This offers better harmonic performance thos lower losses,
higher efficiency and better running cost. A congzn in torque pulsation is also presented whiggest significant reduction
in torque pulsation by adopting the proposed 1#4idaction mode. Analytical and experimental apphoigcused to validate the
findings.

Nomenclature
Ty,  Tenth Harmonic torque

T,  Sixth Harmonic torque
V, Fundamental Voltage
V,.  DC Link Voltage

Common mode voltage

<
>
=z



150 Moinoddin et al. / International Journafl Engineering, Science and Technology, Vol. 2,2M8010, pp. 136-154

vV, Phase voltage

Vi Leg Voltage

1/ Flux Linkage

Appendix I: Torque Pulsation for 180° conductiondaan a five-phase induction motor drive
(Taohgo = I:’[l//m1 (Ir11~ 1ro)SiNQ0GK) + 1 11(Wma + Wm0 )COSL O]

_9p M| My Vi (M o_ (AL1)
ZP[%{lmeq 9Xe ]Slnaowst)-'—ZXeq[llws 9&)Sjcosaoa)st)‘|

The above equation is the defining equation oftémth harmonic pulsating torque as given in equaf@). After substituting the
equations fol;; (magnitude of the eleventh harmonic voltage comptnéhe following equation results;

7,
ch SinLlwgt) +

- E[LJ( Gadle j&r(wst) [ZV_E;C SintLlwgt) - ZVEZ’C Sin(gwst)]Sin(l&ost) R Cos{L0wgt)
2| WsXeq 4 ap°m O DC_ SinQuwgt)
OR
(AL.2)
Where the fluxes and currents are further given as;
Vl V9 Vll Vl V9 Vll
= =— = A= ’Ir = ’Ir = ,
U 20, Wno 2% 9, Y 2x 11w, 1 xeq 9 gxeq 11 11xeq (AL3)
After substituting the flux and current relatiomsrh A3 to A2, the equation can be written as;
1 . 1 _. .
) [ 5 A —28|n(9wst)j8|n(10wst)
5[ P Noe ) o (Y ©)
=— Sin(at) (Al.4)
2| WXgq T 1 1 1
+— — Sin(Oayt) (CosOwyt)
- 2( @y’ 9)? ]
2V aY4 Y
whereV, = 2% Sin(wt), V, = —2<SinQwt), V,, = —25 Sin(Llwt AL5
L == 2SI, V, = S8 SinOy), vy, = T2 Sinfl i) (A1)
1 1 . 1 1 _. 1 .
whereA = [—2 Sin(L lcgt) —— Sln(gwst)], B= —[—2 Sin(Llcgt) t— Sln(gwst)]
@D ©) 2{ @y ©)
5( P Npc )
=E[ ]{(ﬁj sm(wst)][(ZCOS(a))Sin(mwst)+(25ir(a))005(10w5t)] (AL6)
WsXeq m
whereA=ZCoqa),B =ZSina),Z =+ A2 +B? o =Tan‘1%
Finally the equation for the tenth harmonic pulsgtiorque is obtained as;
5( Pz \(2Vpe )
- DC ; ; .
(Te10)180° _E{a’s—xeqj[[ o ] Slr(a)st)][Sln(lOa)st+a')], (AL7)
Similarly the tenth harmonic torque pulsation fd41 conduction mode in a five-phase induction maotive is derives as;
(Terohag = g Pma(1 11— 1r0)SiN@OGE) + 111 (W 1 + Wimg )COSAOD)] (Al.8)

The above equation is the defining equation forpihisating torque. After substituting the fluxee thllowing equation results;
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:§p M| M1 _ Vo Sin(L0wgt) + Vi(Muao_ Cos(lOwst)
w5 1Xgq  9Xeq 2X gq \ 110 9

e ¢, {”’T] in(l lcogt) — (2\;5’0 Co{ig]Sin(gwst)jSin(lM)st) (AL9)

[ 10
A g
2| wsXeq T 10 1( Npe

1 2pc 97T\
+ Co s{ 0 jSm(l]wt) + (9) ﬂCos{ 10jS|n(9a)st)JCos(10a)St)

2( ay?n
_AC ~od e _ ¢ _ ¢
whereV; = - CO{]—O)SW(CUSO,VQ o Co 5{1 jS|n(9a)St) Vi1 = 117 ——=Co 0 ]Sln(llw t) (AI.10)
Vl V9 Vll Vl V9 Vll
== =— = A= N 9 = N 1=
Ym 20, W 2% 9w, " 2x 110, 1 xeq 9 gxeq 11 11xeq (AL11)

Substituting equations A10 and Al1l into equationyfdd,;

, (% Sin@ eagt) —% Sin(9a)st)j5in(10wst)
=§[L][(ﬂ] CO{EJCOE{Q—HJSir(wSt)} e © (A1.12)
2| WX |\ 7 10)" 110 L

4 —(L Sin(Liat) +— Sin(9wst)]Cos(10wst)
©)
SlnceCos( 9;7) Co{llﬂj
10 10

2( ap?
:5( P ]((ZVDCjZCo{%jCos{ianIr(wt)}[( A)Sin(l0ct) + (B))Cos(L0ca)]

2 W Xeq Vg
(Al.13)
WhereA=[(1§)2 1) Sln(9a)t)] 1((1; i X +(9—1)28in(9a)5t)]
:_E[ P J[(NDCJ Cosz( ij(wt)][(ZCos(a))Sm(lOa)t)+(ZS|r(a))Cos(10wt)]
2 WX T
-Ja2+B2, o 4l
whereA =ZCoga),B =ZSina),Z =y A? +B? ,a =Tan* = Co{loj _CO{E] (Al.14)

Finally the torque equation for tenth harmonic ptitsn for 144° conduction is obtained as

2
(Tet0)1as =_§( PZ ]{[Wgcj Cosz(%]Sir‘(a)st)J[Sin(lOwst+a’)]; (Al.15)

2| WsXeq
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Appendix 11
Switching diagram for the two conduction mode:

Switching Diagram For 180° Conduction Mode
0 T 2T 3 4r . 6 Tm 8m On

27T
5 5 5 5§ 5 5 5 5

S:
S;

S,

Se

S;

Ss

Sy

Switching Diagram For 144° Conduction Mode
0 T 27 3w Am . 6r Im 81 on

Z m
5 5 5 5

21T
5
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Appendix 111
Photograph of the entire set-up:

.y

Snul%er Circuit Y Phase shifter

Isolating Transformers Driver Circuit
Appendix IV:
Table of components and their cost (For Driver @ir©nly)
Cost
Name of components Specifications Quantitfin Indian Rupees
Step down Transformer 230 Vto 12-0-12, 100mA 8 /240
Operational Amplifier UA-741 10 50/-
Voltage Regulator IC 7812 7 50/-
Opto-couplers 4AN35 10 50/-
Presets 47K 10 20/-
Resistances 1K, 10K, etc (1/4 W) 100 20/-
Capacitors 0.1 microF, 1000 microF, etc 20 100/-
Printed Circuit Boards general 6 60/-
Hardware Screws, nuts & bolts, etc - 20/-
Wooden board - - 30/-
Terminals 5 amp 20 100/-
Total Cost (in Indian Rupees) 740/-
Total Cost (in US$) 16.44
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