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ABSTRACT

This paper presents a new approach for simulation of a
sinusoidal pulse width modulated converter fed DC motor
in the presence of feeder impedance . The propoesed
simulation is used to predict and describe the system
behaviour in transient and steady-state conditions .The
suggested modelling is applicable to any number of
pulses per half cycle .'The steady-state waveforms are
analyzed using Fourier series . The total harmonic
distortion of supply current and AC motor input voltage
are obtained . Moreovexr ,the effects of chopping - to -
supply freqguency ratico and the modulation index on
the performance are investigated . The computed
performance is verified experimentally .The results
show that the suggested modelling and simulation are
accurate and convenient to predict the performance
characteristics for such a systenm .

IMTRODUCTION
The phase control scheme is commonly used in solid
- state control of DC drives [1-2 J. In spite of the

simplicity of this control schene R the main
disadvantages asscociated with such converters are poor
input power factoxr specially at larger phase angle
delays , the considerable lower ordexr harmonic current
in the AC supply , and ripples in the motor current
under certain operating conditions , the motor current
may become discontinuous ;this mode influences the
dynamic response of the motor drive system [ 3 1.

These disadvantages have been partially solved by using
an ipductor capacitor filter at the input supply side
and smoothing reactor in series with the motor
armature . In this method , it is £found that the
current is large and the freqguency is low,thus, large
sized £filters are zrequired . In addition,the use of
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filters causes varlation of the output voltage and
increase losses .Moreover , the power factor may
decreases despite the improvement in the waveforms
addition of smoothing reactors in the nmotor circu%t is
not desirable from the standpoints of economy ., wglght,
efficiency and dynamic response [ 4 ] Alternatively,
several conversion schemes using patural and forced
commutation have been developed to improve the
performance o¢f DC drive systems . Although thyristox
forced-commutated schemes , employing pulse width
modulation control technique , are proved to achleve
substantial advantages over the conventional phase-
controlled schemes ,The later stlll have the advantages
of design simplicity , operation ,reliability and lower
cost I 51,

Recently , the use of self-commutated converters ,
employing contrelled on / off power switches such as
power transistor , MOSFET , IGBT and GTO 1is a
challenge to thyristor schemes wlthen the available
pover ratings .These PWM converters can efficlently and
economically be employed in lowv and medium powver
applications of DC drive systems.While maintalnlng the
advantages of design simplicity and operatlion
reliability of naturally commutated schemes , they may
efficiently compete with expensive and less reliable
force-commutated schemes [ 6 1.

Reported studies of AC - to -~ DC PWM converters vary in
complexity and accuracy [ 7 - 10 ] .While References
{ 7 - 8 1 dealt with passive R -~ I lead circuits
Steady-state numerical solutions and perfoxrmance
evaluation of DC drive systems have been reported in
References [4 , 9].The concept of harmonic reduction
using PWM control strategy has been investigated
undexrthe assumption of a flat-topped load current in
order to simplify the analysis [11] . Implementation
and steady-state modelling of bBC drive system with
uniform and sinusoldal pulse width modulation control
have Dbeen investigated in References [5-61 ,but
transient performance of DC motor fed from single-phase
glnusoldal pulse width modulated converter has not been
considered.

This paper presents a new approach for modelling and
simulation of a separately excited DC motor fed from a
sinusoidal pulse width modulated single-phase converter
taking the feeder impedance into consideration.The aim
of the proposed modelling and simulation technique is

to obtaln starting - up and steady-state performance
characteristics . This technique is applicable for any
number o0f pulses per half cycle . The effect of

chopping to supply freguency ratie in addition to the
modulation index over the 1load and supply harmonic
contents are investigated . The general performance
characteristics are also presented .Simulation results
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are reported and proved to be in good agreement with
the relevant experimental results.

DESCRIPTION OF THE SYSTEM

A schematic diagram of the system is shown in Figure
(1) . It consists of a separately excited DC motor fed
from a sinusoidal pulse width modulated (SPWM) single-
phase converter taking the feeder impedance into
consideration.A diode bridge rectlifier ls employ@d anda
power MOSFET , operating in the chopping mode , 1s used
to vary the amplitude of the average motor terminal

voltage for speed control purpose

DRIVE CIRCUIT

The drive clircuit 1s shown in Figure (2) . This circuit
employs phase-locked loop (PLL)principle to generate
the reguired chopping £regquency (FG} and hence the

reguired number of pulses pexr half cycle . The (PLL}
conslists of two integrated circuits "4046" and "4040"

The Input signal to "4046" 1is the output of the
operational amplifier  (OPl) which is synchronized
with the sinusoidal supply voltage through a low pass

filter . The operational amplifier (OP2) is used as a
comparator for two signals , one of them from
{PLL} and the other from the rectified voltage . The
output of operational amplifier (0P3) is fed to an
open collector which consists of two integrated
circuits nr4p2n and "7406". This circuit protects
the MOSFET and ensures that there are no signals

on the MOSFET gate when there is no control veltage
The output of the open collector is fed to the gate
of the power MOSFET . The parameter values of the
designed system are glven in Appendix (1}.

PRINCIPLE OF OPERATIOM

The simulation and experimental waveforms for the drive
clrcuit and gate pulses are shown in Filqure (3}

Generatlon of the driving signals is accomplished by
comparing a rectified sinusoidal wvoltage of wvariable
amplitude (Vm) and frequency (2 FS) with a triangula:z

voltage of amplitude (VC) and freguency (FC). The ratio
between (Vm) and (VG) ig defined as the modulation

index (M) and ls given as follows

M o=V /¥ (1)
The average output wvoltage 1s varled by changing
v. . ks a result of the rectlflicatlion stage ,

the wvaveform of load voltaqge and current are
repetitive at a frequency (FO) ,and eqguals to doubie

the supply freguency {Fs) .Assuming that the chopping
- §3 -
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that ¥

i iven bv ¥ ,and providing
to supply freguency 15 ¢ N ; o iy

is a positive even integer, sach half cycle

sinusoidal supply contains NN chopping cycles is glven
by
Fc Fc 2
= 4 = =
NN = 2 - 2F F
= o
The peried of the chopping cycle is given by
(3)

~+ = T / NN
The wmaximum average voltage corresponding to M =1,

depends on the amplltude of the supply voltage,which
should be chosen for a glven motor . Thus the maximum

output veitage is glven by

v o< v (4)

(-3 431 T v

Where V. is the peak of the sinusocidal motor input

voltage . If the modulation index varies in the range
6 <« M < 1 ,the corresponding output average voltage
varies in the range 0 < v.o<v - It should be emphasis

that Vom must be able to run the motor up to its rated
leading conditions. This implies that Vomshould be
equal to the rated motor voltage.

MODELLING OF THE MOTOR

There axe three modes of operation .The performance
eguations for each mode are expressed as follows:

MODE (1} Duty Interval

This interval staxts when +the control wvoltage Vmis
equal or greater than the triangular Ccarrler wave V_

This Iinterval 1s terminated when Ve equals or exceeds

Vm . The corresponding differential eguatlions are as
follovws
%;?L - Li [Vs B VL _Rs is ] (3)
di_ 1 _
—T T T (vo - v, - R_1i_ ] (6)
dwm 10
a5 T I [Km im - F w - TL } {(7)

MODE (2) Freewheeling Interval

This interval starts when the power MOSFET 13 turned
off and terminated when the diode current equals to
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zere.The corresponding differential equations are as
follows:

dim 1 .
—'—éfg—— = i [""’Km Cﬂm - Rot lm} (8}
dw, 1a .

e = o (K i, mFe, - T (9)

MODE (3) Coastlng Interval
This interval starts when the diode current equals zero
and terminated when the contrel vdltage egquals the
triangular carrier wave and the power MOSFET is turned
oh. The corresponding differentlal egquations are as
follows: :

1 = 0 - (10)

™

s

dwm
m&E“« = i [ -F (a)m - Tl 1 (ll}

MODELLING OF THE IMPULSE GENERATOR

From Figure {3) , the eqguation which represents the
rectified wmodulating wave and the triangular carrier
wave 1s glven by the followlng expressions:

v o= Vm lsin (x)[ {12)
v
_ o II
Vc = 577 X + Vc 0 < v < AN
= ;jkhmx + v LI P L (+3)
- T7 2 < RN T N

Yhere " X "is the instant in radians which changes
from 0 to 2T and the peak  value of the control

voltage "Vc " eguals 12 wvolt.The solution c¢f these
nonlinear differential equations is obtained
numerically.

HARMONIC CALCULATIONS:
1- Harmonic Components of The Supply Current(is)
The harmonlc component of (is) is obtalned using

Fourier analysis ,while the n th order harmonic
compenent is glven by

{ =(1/ %2 ) ¥ a° + b° (14)

& = -~%— tan ' a /b_) (15)



Where a_ andg bn are the Fourler coefficients.

The expressions for calculating the A.C. motor input
voltage (vt) are similax

2~ Harmonic Distortion Factor of The Supply Current

The -total harmonlc dlstortion factoxr is defined as the
ratio of the total zr.m.s. harmonic content to the
fundamental component . The total harmonic components
of the supply input current "Isﬂ"is given by the

folloving expressions:

I = v 17 - 1°7 (16)
5H =z o
Where I, 1s the rms value of the the supply input

current and I 1s its fundamental component rms value.

Is Is glven by :

- 27t 12

= + z '

I = L mg—oF i (et) dlet) | (17)
The harmonic distortlon factor of the supply current is
given by :

THDF = I /I (18)

=R 24

Similarly,the expressions for calculating the AC motor
input voltage (v,) take the same shape,

3-Power and Power Factor

The average power dlssipated at the AC motor input
voltage is given by :

1 2T
P.o= FH oF vy (wt) i_(wt) d (wt) (19)
pi.r*
PE = —“m"—i%—w {20}
= Vi @

EFFECT OF PHATZSE SHIFT

1t is proved that the phase shift (for lead and lag
angels O0f bpoth control and carrier voltages with
respect to the supply voltage ) gives the minimum total
harmonic distortion in AC input current and hlghest
supply power factor at =zero phase shift as shown in
figure {4}.
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SIMULATION AND EXPERIMENTAL RESULTS

The system is implemented to verify the developed
model. The behaviour of the proposed system under
transient (starting-up) and steady-state conditions is
determined by solving the foregoing nonlinear
differential equations .The Iinstantaneous and r.m.s.
values of supply ,motor and diode curzents , AC motor
input wvoltage ,motor voltage ,developed torgue and
motor speed are obtained.

STARTING - UP AND STEADY-STATE PERFORMANCE

Figures (5,6) show the simulation and experimental
vaveforms for the starting - up performance of the
motor . These results are taken with a chopping
fregquency of 800 Hz (8 pulses per supply halfi-cycle) .,
modulation index eqguals 0.8 and a load toxrgue eguals
1/3 full-load

Figures (7,8)show the above characteristics at steady-
state condition .

The following performance characteristics are taken

with a wconstant chopping freguency (NN = 8) at
different values of modulation index (M = 0.5, 0.7,
0.8 , 0.9 )
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Figure ( 8 ) Experimental results at steady - state .

Flgure (9} shows the torque speed characterlstics. It
is observed that for different modulation indexes,speed
regulation is good over most of operating range.

Flgure (10) shows the wvariation of motor current
ripple factor versus load torque.It 1is clear that the
ripple factor decreases and hence the waveforn
improves with the increase of the modulation index (M).

Figures {11,12)show the wvarlation of the total
harmonic distortion factor for both the supply current
and AC motor Input woltage versus load torque. It is
ohbserved that the harmonic distortion factor decreases
with the increase of the modulation index (M). This is
because the MOSFET off periods are decreased.

Figure (13} shows the variation of supply input pover
factor versus load torque .It is obsexrved that the
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power factor increases with the increase of the
modulation index{M).This may Dbeattributed to the
decreased total harmonic distortion factor of AC motor

input voltage and current

Figure (14) shows the variation of motor average
voltage versus load torque .It is observed that with
the increase cof wmodulation index (M), the motor average
voltage increases.

The following performance characteristlics are taken
with constant modulation index (M =0.8 )at different
values of chopping frequency ( NN =5 , 8 , 16 )}

Flgure (15) shows the torque speed characteristics.It
is notlced that the 1load torque decreases with the
increase of the chopping frequency .This may be due to
the decrease of the motor average voltage

Figure (16) shows the variation of motor current
ripple £factor versus load torque.It is observed that
the ripple factor decreases with the increase of the
chopping frequency. This increase of the chopping
frequency improves the chance of the system to operate
in the contlnuous mode,

Figures {17,18}) show the wvariation of the total
harmonic dlstortion factor £or both the supply current
and AC wmotor input voltage versus load torque.It is
found that the harmonlc dlistortion factor increases
with the increase of choppling frequency .This nay be
related to the increased MOSFET off periods

Figure (19) shows_ the varlation of SU%P1¥11“ ut powver
fac¢tor versus load torgue.It Is observed that the power

factor decreases with the increase of chopplng
frequency .This 1s because the total harmonic
distortien of AC wmotoxr input voltage and current are
increased.

Flgure (20} shows the wvariatlon of wmotor average
voltage versus load torque.It is clear that with the
increase of chopplng frequency , the motor average
voltage Increases.

CONCLUSIONSE

The dynamic and steady-state characteristics of a
gslnusoidal pulse width modulated single-phase converterx
fed separately-excit>d DC motor drive , in the presence
of feeder impedance , are predicted using the proposed
modelling and simulatlion .This technlque 1s applicable
to any number of pulses bper half-cycle . Moreover ,
the effect of modulating frequency on the motor
characteristics and on the harmonlc contents are
demonstrated . The experimental and simulation results
indicate that the developed model has a high accuracy
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in predicting both starting-up and steady-state
performance .The conclusions are zsummarized in the

followlng polnts:
- The resuliz reveal that the higher wvalues of the

chopping freguency lmprove the operation of the systen.
~ The chopping frequency affects the supply current
harmonics . This leads to facllitate the £iltration
requlrements of the supply current.

- It is found that the effect of chopping freguency on
the ripple factor is noticed clearly at light loads
-+The total harmonic distortion factor decreases with
the increase of modulating freguency , this is because
the off periods of the pover MOSFET are decreased.
-The power factor increases when modulating freguency
is increased .This 1is Dbecause the total harmonic
distortlon factor decreases with the increasing of the
modulating freguency.

REFERENCES

[1) R.M. Dunalski,"The effect of rectifled power supply
on large DC motorxrs"AIEE Trans. part III{PaA8) ,vol. 79,
PP. 253 - 258 .June,1i%60. .

{2} Y. Onda ,5. Izawa ,and N. Kawakami,"Thyristor
application to electric rolling stock",IEEE Trans. Ind.
Gen., Appl. ,vol.IGA-5 ,Mar./April,1969.

(31 K. 6. Black ,"The effect of rectifier discontinuous
current oh motor performance", IEEE Trans.,
Ind,appl.,vol.IA~83,1964. '
{41 Paresh €. Sen and §. R. Deradla,"Bvaluation for
control schemes for thyrlstér - controlled DC
motors”IEEE Trang. on Industrial Electronlcs and
Control Instrumentation ,vol.IECI - 25 ,no.3 ,PP, 247
~255, August, 1978

i51 S.A. Hamed and B.J. Chalmers,"Performance of
variable-speed DC drive with sinusoidal PWM
control"IEE, 8ixth International Conference on
Electrical machines And Drives, University of Oxford,
UK,B8 - 10 september ,1993.

{61 8.2. Hamed "Steady-state modelling of a uniform
pulse width modulated single phase AC -to- d¢ converter
fed DC motor drive"ETEP vol.3 ,No.5 ,PP.

379-386,September /October ,1993,

{7T] 8.Biswas , B.Basak and M.Svamy "A three-phase
half-controlled rectifier with pulse width
modulatlon"IEEE Trans. on Industrial Electronics ,38,

ppP. 121 -125 ,1991.
[8] s, Blswas ,M. Mahesh and B. Lyenger "simple new PWM

patterns fox thyristor three-phase ac to dc
converters"Proc.IEE,vol.133 ,PP. 354 - 358 ,1986.

- 68 -



[3] 8. Dboradla .C. Nagamani and S. Sanyal"a sinusoldal
pulse-width modulated three-phase AC to DC converters
fed D¢  wmotoxr dJdrive" IEEE trans. on Industrial

applications ,21,PP.1394 ~ 1408 ,1985.

{101 T. Kataoka , K. Mizumachl and s. Miyalri "A Pulse
vidth controlled AC to DC converter to limprove power
factor and waveform of AC line current"IEEE Trans.on
Industry Applications, 15 ,PP., 670 - %75 .19789.

[11} K. ZKrishnamurthy ,G. Dubey and G. Revankar
"converter control with selective reduction of line
harmonics"Proc.IEE ,vol. 125 ,PP. 141 - 145 ,1978.

HOMEMNCLATURE

e : Instantaneous motor voltage

P ¢ Viscous friction coefficient (Nm/rad/sec ).
F supply freguency.

=

Chopping to supply frequency ratio = F / F

Number of pulses per supply half-cycle = p/2.
Motoxr speed {r.p.m.).

Instantaneous dlode current.

Z2E ™
A

|~

Instantaneous armature current.

3

Instantaneous MOSFET current.

Moment of inertla (Kg.mz).
Back e.m.£, coefflcient [volt/(rad./sec/)].

.4 : Armature resistance and inductance.

o~

3

@
4]

L : Feeder resistance and inductance.

%

Load torque (N.m.}.

v : Instantaneous and peak values of supply
voltage.

Instantaneous and peak values of AC motor
input voltage.

Instantaneous and peak values of modulating
wave .,

, V_ i Instantaneous and peak values of carrier
wave,

Modulation 1ndex.

Chopping period (Rad).

Supply angular velocity (Rad./sec.}.

Motor angular veloclty {Rad./sec.).

< ¥ " M Ry e e s
[ I

<
-
-
<t
-

<

3
<

3

<
ar ee wn

ISR SR e 4



APPENDIY
{1) Motor parameters:

The test motor is a separately excited DC motor , 50
volt ,50 watt ,1 ampere ,3000 r.p.m. having the
following measured parameters:

RG = 10.5 ohm , L = 0.06 henry (R = 550 ohm ,

F = {,00001 volt/({rad/sec.) ,Km =0,127 N.m/rad/sec ,
J = 0.00012 Kg.m> )V, = 95 volt , V. = 85 Volt
{2} Supply feeder parameters

RS = 1.5 ohnm ; L &~ 0.03 henry
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