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PULSE WIDTH MODULATION CONTROL OF THREE-PHASE
AC-to-DC CONVERTER FEEDING DC MOTOR DRIVE SYSTEMS
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ABSTRACT

Nelf-commutated AC-t0-DC converters with puise vedth modiianon (PWM) control can economically
cne efficrently be emploved i DC drve systems of small and imedion power rarings, In this paper, o
mathematical model for o three-phave AC-t0-DC comerter feeding DC drive system with wnifarm prise
wielth modulaten (UPWAD 15 developed. The moded is presented in a generalized form such that o iy
apyilicable irrespective af the chapping far modulating) frequency tund hence the mumber of pulses per
wiitprt period of swmnciry). The develaned model (s experimenially verified. The eifects of the

chopping-to-supply  frequesev oo (o contral paramerer) ard the indwetance-to-rexisiance raue uf the
matar armature (o design parameldr) on the armeture current are investigoted. The major

performance characterisiics of the system are alvn evalvared and presented.
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I INTRODUCTION

DC dnve systems of mediusn and large horsepower applications ase conventionally fed from three-phase
phase-controlled thyristor coaverters. The main disadvantages that are usually associsted with such
converters are significant load ripple factor, poor input power factor and generation of considerable
lowar-order harmomcs i both load and line circuits Several forced-commumerd thynstor converters
using different strategies of pulse width modulation (PWM) control have boen deveioped and proved to
offer better performance characterisues. But the switching limitations, the design complexity and the cost
of such systems prevent this control strategy from being widely applied. However, the implementation of
self-commutated convericrs employing controlled-on and off power switches, such as power transistors,
GTOs and IGBTs, allows for this control straegy o be applied economacally and efficaenily.

niike

Unlike phase-controlled systems, PWM controlled DC drive svstems »re not popular in literature, The
PWM wpolegy that was developed by Kotaoka et pl [1], has emerged as the most popular and
satisfactory form of PWM control strategy. Quasi-sinusoidal pulse width modulated DC dnive system has
been reperted in (2). State equations of (27) different modes of oporation. ofigwated due 1o the forced
, were arranged and numerically solved Due to the proposed swilching patiern, the
contain all even harmonies, including the 2nd and the 4th components. In [3] and
14], different PWM panems, developed 1o reduce the lower arder harmonics of the line current, were
mvestigated. The results, based on a simplified analysis of passive R-L load and presented n 2
to the DC link current Mwmﬂmhumwm

the $-pulse nnd T-puise schemes provide the best possible performance charaetenstics.
Modelling, implementation. and performance evaluanon of single-phase DC drive systems wath umiform
and sinuscidal PWM control were reported n [5-T]
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paper presents a three-phase DC dnve system with uniform PWM. A steady-state mathematical
model of the system is developed and presented in a generalized form that is applicable wrespective of the
chopping frequency (and hence the number of pulses per output period of symmein) A testing model s
implemented to validate the developed model and its solution. The genernl performanee characserstics of
the svstem with a separntely-excited DC motor are evalusted and investigated.

2 PRINCIPLE OF OPERATION

Figure (1) shows the circuit configuration of the system under consideration. The power eircust compnises
o stages In the Grst stage, uncontrolled three-phase bridge rectifier is employed to unify the dirsction
of the load current In the second stage z power transistor switeh, operating in the chopping mode, s used
1o vary the amplitude of the cutput average voltage, using uniform pulse widih modularion (UPWM)
control strategy. Details of the drive cireuitry of the power transistor are shown. in figure (1),

The onnciple of (UPWM) control is demonstrated in figure (2-a) A carner tnangular wave vgfx), having
a fived mavimem amplitude V., is generated at the required chopping (or modulating) frequency using
phase-locked loop (PLL) The carrier wave s compared with 5 DC level V,, of variable amplinude
() Viy-¥e) The output of the comparator forms the drive signal of the modulating transistor. The ratio
of ¥, to ¥, is defined as the modulation index y (ie. y=F, V), which is varied in the range (0<y<[)

Due to the nature of the rectification stage, the output voltage and current waveforms are repetitive at a
:w-tr I«mﬁﬁn-lhm#rMI.uan-ﬁfﬂﬂ-mwdm.
o, cquals to =73,

The number of pulses m each input period of symmetry (i.e . 21) is the same as the chopping-to-supply
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Figure (2): Principle of PWM conirel and typical waveforms.
(a) Control Signals.  (b) Typical waveforms.
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frequency rano M fLe. Af=f-f) M should be a positive inseger for purpeses of waveform rymmetry
This mmphes that each cutput penod of symmetry comprises a numbet of pulses N, where N is an integer
given by N = M6 = f~[, For Ntobean integer ina 30 Hz AC systom, [ should be a multiple of 100
(e, JOO. 600 900, _ erc). Since the PLL employed 1o generic the requared frequency. normally yickds
X multiples of the suppiv frequency Gie. [00. 200 400, 800 Hz.  erc), the drive wnit u
accommeodated with 2 logse Greuitry 10 obtaia the required valuc of /..

Typical waveforms of the supply current, load current and valiage of the system under consideration are
shown in Figure (2-b), where /=000 Hz fl.e . M=/8 and N=] pulses per cutput penod of symmetry)

3 GENERALIZED MATHEMATICAL MODEL

A generalized mathematical model of the svstem under consideration is developed and presented in the
3-1 Switching Boundaries

Over the first period of output svmmerry (1 ¢, Osx<a’3), the nth chopping cyele lies in the range (-4 Ts
sonl,where =4 2 J .., Nand T is the period of the chopping cicle, given by.

ix x ix
= =

R T ¥

The conduction of the modulating transigior over the mth chopping cve! s lies in the mnge ayn) Se<fin),
where afn) and ) are respectively the switching-on and off angles of the power transistor over the nth
chopping peniod. These are the intersection poimts of the modulating wave with the negative and the
positive-siope of the carrier wave over the nth chopping period. respectivety.

The carner trangular signal has a generalized analvtical expression of the form.

vpla) = ¥V M/ mx-2a+l) i)

The ncgative and positive signs of Egn (2) above beloag 1o the negative and pesitive slopes of the carner
wave, respectively. For uniform FIFA, the modulating wave is & time-independent DC signal given by:

Vlx) = Vi (3

Equaurg Eqnu(2) and (3) and rearrangng, the switching nstants and. hence, the houndary fimis of the
mch conduchion interval afnl and ffn) are found to be

alm) = -}{n—ru (4)
An) = 2o (2mer-1) (5

The tnangular wave should be synchronszed with anv of the line voltages in order to obtain the required
svmmetry of the output waveforms. For this purpose, and since it has the highest positive polarity over
the peniod (Dsesw'd), the line voltage ¥p Sinfwrsa’d) 5 taken a1 2 reference. For peneralization
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purposes, the cxpression ¥p Sinfar-dad) with Ae-| 10 san with, i taken a5 a reference ) 4 fo be
eremenied by (L) every w/J up 1o A=+ if one complete period of the input 15 10 be covered

The required value of the Tinc voltage 1s determined by the rated 1erminal voltage of the motor ¥, such

that when y=1|, the average load terminal voltage should equal the rated rermine! voltuge of the moter
Hence ¥p i determimed by

PF = -;-F, Irﬂ_
31 Conduction Patterns

Depending upon the state of the swatching transistor, there are two possible pattems of conduction over
cach owput penod of symmetry The first, parfern ), coresponds 1o the on-state penods of the
inodulating transistor, where the recnified supply wohage sppears across the termunals of the armanire
circuit, foreing A eurrent 1o flow from the supply into this circuit This is referved to a3 the "potiern of
faroed cwrren? tramgion” Apphang KirohhgTy voltage mw KV wiclds:

E + Riy + I diydt = Vp Sinix - Ar'3) (7}
The second, paner (i), cormesponds to the off-state penods of the modulating transistor, where the lnad
gircuit s wsolated from the supply and the armature 15 shom-arcusied through the freewheeling diode,
implving tat the load terminal voltage 18 zero. The armature current will then decay  through the
frezwheeling dicde in what s referred 10 a8 the "orten of cuirrent decoving”  Applying KVI vields:

E+ Riy+ Ldiyilt =0 %)

General solutions of Egmy 17 and (8) for the mth chopping cvele are respectavely given by
i4(n) = Ip Sinfx -An/3-d) - g+ A () o5 o)

ian) =-1g s Azin) e= (1o
uwhere A e} and A 3fn) are the integration constants Applving the initial conditions where at £ = afh).
gl = Lyfe) and ot x o= find. i xn) = [am), substiating i Ege (9) and (10) respectively and
rermanging yields

Afn) = [1y(n) + I g - Ip Sinfal(n)-An3-$f] e oot (i)

Asin} = [yfn) + 1g | - 050 (12

fyfn} and Jafn) are, respectvely, the intial currenis of the on-stme and off-state periods of the mh
chopping cvcle
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3-3 Solution Procedure

For given modulation wdex v and motor speed, i is requived to detenmine ihe arresponding boundary
parameters [ (m) and /). This can be aecomplished by applying the final conditions, where () (n) =
Iafm) ot & = ffm) and tpfn) * [pfn+d) at x = ap+ ). Substituting in Eyny.(9) and (10} respectively

15(n) = lp Sinff{n)-An/3 - @] - lg + A y(n) PPV (13)
1y(n+1) = - g + Asfn) epaitl) (149)

Unde: meady-srats operation, J ;1) and [yN+1) shovld essentially be equal For a given value of y, 1,(1)
has to be given aa inital vales to ST an crative process. developed 1o evaluate the carresponding
boundary pammcters [(m) and [pn+1), from a=l upto w=N_ The compuied value of [ ;/N+1) is then
uved 10 spdate [yf]) for the nextiemtion step. The above procedure i repeated until the condinen far
sieady state solution [ie. /;(/)=1;{N=i}) is schueved, within 3 cartain permussible erear.

f the

computed “ﬂfpﬁﬂuﬂbﬁﬂmh#pdﬂw,dtlﬂdmm:mwmmmm

such & condition, which mﬁm-ﬁﬂlhﬁnﬁuﬁm“tu
maimained regular over the complete penod of output symmairy, and the motor armature curreni is
discontinoous. This is referred to as the disconfimuons mode of operanon Over the imposed sero-current
gnp(s), the armature circuit is open-circmted, and the motor coasts Over the zero-current gap(s), the back
EMF £, a specd-dependent parameter, appcars across the mofor terminals, forming part(s) of the terminal

¢

For the discontiouous mods of operation, a similar procedure 1o that of the continucus mode is followed
o evaluate the boundary paramcters. The only exception is that i is requered here to cheele, for any vrlue
of i, the computzd values of /)in) and /(n) If both ase positive, the solution procedure will nommally
proceed as for the continuous mode of operation If not a decision has 1o be taken as follows:

« I I3fm) is found nezative, then fofm) = fyfm+t) = 0
- f13r) s found positive, then /;fr+ [} s to be calcalated from Ege ¢14). i ot 1a found negative, i has
1o be reset zero.

Current expressions (9) and (10) are zlso apphicable for this made of aperation, but with the constraints
that if the computed load current for any value of x is found pegative. it should be reset zero to match the
practical limitation of the switching devices.

The modulation index at which the svstem moves from one mode of opermtion to the other (conlmuoas to
disconinuous o vice versal. 15 known as the cnibeal modulation index Yep
4 EXPERIMENTAL VERIFICATION

The svatem of figure (1)1 practicall implemented and cploved to verifs the developed mathemaitical
madel and its soluton The parameters of the DC motor involved 1n the testing set are given m Appendis.
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Comparison between experimental and computed load voltage and current waveforms is shown, 1o scale,
where three cxamples of companuon am provided for the same loading condinons { /006
KPAM and | 85 N.m). Figare (3-a) correspends 1o a choppemg frequency of 2400 Hi (8 pulses per output
period of symenetry) armature indhctance-10-restsionce rano. figure (3-b) corresponds 1o the
same chopping frequency but with an nrmarure inducsance-ro-resistance raiw of 1.5 the ongimal value
and figure (3-c) comesponds to chopping frequency of 1200 Hz (4 pulscs per output period of symmetry )
and /.5 of the onginal ammature indwctance-to-resistomce mtio. I i evident from these examples that
good qualitative and quantitative agreement berween measured and calculated waveforms s achieved.

The chances for the system o operate in the continuous mode of operation, and heace 1o improve the
performance of the system. can conventionally be mcreased by the use of DC motors with relatively high
armature fime-constani T For the svstem under consideration, the cperancn of the comvener o 3
reasonably higher chopping frequencies [ can also be efficrenthy usad for the same purpose

Figure (4) shows the variation of the critical developed torque T, versus the running speed, with the
amvature lime-constant being the parameser The figuse shown that for 2 grven speoed, the cntical torque (s
substantially roduced when sn cxiernal isductance 1w added in senes with the motor annature {1e , T
becomes higher ). This implics improved performance parameters under certain loading conditsons

The Muﬂhmmuumumwwwﬂw}
hﬁ“ﬂ“ﬁh{ﬂhnmw Ter tends (0 decromse when [,

However, it can be noticed that the mfluence of both the armature lime~constant and the chopping
frequency is substantially mduced when anv or both of them become sufficiently large.

Figure (6) shows the critical developed torque veryrs the moter speed for a chopping frequency of 2400
Hz. and an wrmature time-constant of J00 % of its onginal value, The fgure shows that over the
complets range of speed, the maximum value of the eritical torque i less than 0 04 P U, implving that the
svilem mainly operates in the continuous mode of operation.

52 Load and Line Currents Harmonics

PWM comrel siraicgy o expected 1o vield a reduction in the amplitudes of the lower-order harmomics,
and 3 shift in the orders of the domanant harmaonics of the load and line currents. Figuse (7) shows rypical
harmome spectra of these currenis for a chopping froquency of 1200 Hz. Figure (7-a) shows that the
harmiomics of the orders (6m), wherem = |, 2,3, . are the dominant of the load current. OF
these, the harmonic of the order (M), which is the —my-hi-ﬁ-iq-
amplitude. On the other hand. fgure (T-b) shows that the harmonics of the orders (Smt1), where m = |,
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2, 3, .., are the dominant compaonents of the line current. OF thess, the harmonics of the arders (M£1)
have Ih= largest amplitudes. A higher chopping frequency s expected 10 reduce the amphitudes of the
dowtinant harmonics. It 13 also expected 1o indrease the orders of these dominant harmonics. implyifg
simpler filtration requirements. .

5-3 General Performance Charscteristics

In the following subsections, torque-speed characteristics, npple factor of the armature current and the
mput power factor of system under consideration are Investigated. These charactenstics are calculated at
aﬂmqhnwﬂfmm, The modulation inde ¥ 15 considered as the control paramerer,

{A) Torque-Speed Characteristics

The torque-speed characieristics are shown m figure (3). The boundary limit berween the continuous and
ihe discontinugus conduction regions (critical operating conditions) 1s shown by the doned curve. For a
given modulanion Mm.spwdrquluimnqumgmdmmﬁhmmmm
armature current |5 continuous, However, under light loading, speed regulation becomes poor, owing 1o
the nature of mnludmrrmt_whu:hmmgamnnuus However, the figure shows that the svstom
mamly opemtes in the continuous mode of operation, even at no-load condition The ehance for the
svilem 1o operate in this mode increases if the modu lating frequenev andfor the armature lime-constant
are made higher, as previousiv explained,

(B) Ripple Factor of the Armature Current

The nipple of the armature current is an essentinl parameter that should be less than a cerain permissible
value, usually specified by the manufacturer. Figure (9) shows the vanations of the npple factor AF over
the complete range of operation. The figure shows that for a given modulation ndex, the ripple factor
increases wath speed The tendency of the curve 1o change its trend for a given modulating index, 15 due 10
the change of the mode of operation. from the conttnuous made to the discantinuous mode.

{C) Input Power Factor

Figure {10) shows the vanations of the input power factor PF versus the mator speed, The power factor
has almost fixed amplitude proporional to the modulation index. The tendency of the power factor to
change its level occurs when the load current becomes discontinuous.

6 CONCLUSIONS

Stcadv-state modelling of a uniform pulse width modulated three-phase AC-10-DC comverter-fed DC
miotar drive is accomplished, The developed model is presented in a generahzed mathematical form that is
applicable irrespective of the chopping frequency. The model and its solution proeedure are
experimentally venfied uving a testing model implemented for this purpose. The effects of the armature
time-constant and the chopping frequency on the natre of the armalure current are mvestigated. The
results show that higher armature timeconstant and higher chopping frequency (up 1o a cerain level)
improve the chances for the $ystom to operate in the continuous mod, and hence are expected to provide
bemter performance charactenstics. The main general performance characteristics of the system are also
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mvestigated over the complete range of operation with y being the parameter. The paper will be followed
by 2 detailed studv of the performance charactenstics of the svstem under specific torque-speed load
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8 APPENDIX

The motor used for the verification of the developed model is a separatelv-exciled DC motor having the
following parameters:

- Rared output power. [230 W

- Rated terminal voltage: 220 ¥

Rated armarure current: 73 4

Rated speed: 2300 RPM.
Measured armature resistance £ 1

Measured armature inductance: 0 mif
Design-excatation constant K- 0.727 ¥ Sec - rod
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(Ha)

froquency ratio = /J/,
Numbes of pulses per output penod of symmerry (i ¢, ®/3).
Modulation mdex.

Choppang period

Electrical angular velooity = 2n [y (rad /rec ),

A parameter = w/ {rod )
Armaure effective resistance (€1).
Amature effective inductance ()

Armatare ndectance-to-resutance rane = LR (sec )
Onginal ammafure {o-inductance ratic

Armatare reactance ot suppiy frequency = al
Ammature impedance at supply frequency = (R +27) " ()
Lasd phase angie at supply frequency = taw -/ JUR)
A constant =

Maxumuim amplitude of he ine voltage (V)

Peak current = ¥p/Z (4)

Terminal mted voltage of the mator (1),
Speed in (RPM).
Design-cxcitation constant of the motor (¥ sec. vod )
Average vaiue of the armature current (4)

Average value of the armarure voltage (V)

Average value of the develaped torque = K I, (N.m).
rechamical anguiar veloeity = JaN'80 (rod /xee. )
Back EMF = Ka,, = VR [ (V)
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