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ABSTRACT

This paper introduces a comparative analytical and
experimental study for +the performance of the

universal motor when fed from different power sources - -

namely; sinuscidal ac supply, square wave inverter,
and a dc chopper. Throughout the present study,
running performance of the motor with a wvariable
frequency inverter as well as a d.c. chopper with
different mark - space ratios are investigated. A
very wide range of output characteristics are
ocbtained using the dc chopper. Inverter is a well
known efficient tool for speed control in
conventional ac machines, however, this concept is
not straight forward true for the universal motor A
highly improved output characteristics are possible
via improving the motor current. waveform, An
extensive analytical and experimental study are
carried out and results are presented. An acceptable
agreement between measured and calculated results is

obtained.
1. INTRODUCTION

Universal motors are one of the series commutator
machines family, and can operate satisfactorily from
either. a dc or ac supply. They -are normally
manufactured in fractional-horse—-power sizes for
domestic and - hand tool machine apblications. Such’
type of motors has been efficiently used to drive the
portable apparatus such as vacuum cleaners ,electric
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drills,..etc. This is due to the comparable
torquersspeed characteristic produced with both de and
ac power sources of the same r.m.s. value [1].

Although the output characteristic of universal
motors is suitable for the majority of the mentioned
applications, sometimes it becomes essential +to
regulate their speed for certain loads. It is
interesting to state that, the present universal
motor-based drive applications uses speed regulation
methods which often derate the motor output power. In
one specific application, the speed of some  vacuum
cleaners is being regulated by an elementary variable
voltage technique. With such technique i1t is
difficult to improve the current waveform which
results-in a significant reduction in the motor
output torque. With the great progress in the field
of power electronics and microprocessors it became
both easy and cost effective to control the operation
of conventional as well as most of special electrical
machines to suit the requirements of their specific
applications . However, it is hard to find a recent
published material to study the performance of a such
universal motor with the new techniques of power
electronics and control applications.

The present study introduces a new technigque to
control the speed of the universal motor. This
technique is based on the use of a dc chopper with
different mark-space ratios. High output torque is
obtained by the improvement of the current waveform.
The motor performance is also studied when fed from a
square wave inverter. A comparative study between the
motor behaviour when excited from a pure ac supply
and from the inverter ocutput is investigated.

Theoretical analysis is presented to describe motor
behaviour for different power sources. The resultis
show that, the proposed technique would produce a
potential variable speed high cutput torgue universal
motor suitabkle for a wide range of applications.

2. MATHEMATICAL REPRESENTATION

The uncompensated universal motor is represented as

shown in Fig. 1. The veoltage equation can be written
as [2]1: :

v R +L P O i
F F F F

v - M B R +L Pl 1] cio
=} a o

a

where the field and armatufe currents are related by
the following eqn.
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, [iCt>1] 2D

Also, the voltages across the fleld and armature
windings are related by :

v
[VCL> 1 = [1 11{ F 3D

v

a

From equation 2 and 3 the wveoltage equation can be
rewritten as :

»
VCtL) = CR + LP =M@ D 1icCiLD C4D
where,
R=R + R and L =L + L s
a F a F

The motor performance has been obtained for three
different power sources namely ;pure sinusoidal
supply, square wave inverier and " a square— wave.
chopper output. Representation of the universal motor
under investigation will be presented subsequently .

2.1 Inverter Output

In this case the motor is excited through a s=ingle
phase inverter designed specially for the present:
study. The construction of such inverter will be
explained in the experimental sections.The output
voltage waveform of the proposed inverter is shown in
Fig 2. Such waveform is represented by Fourier series
as follows

Vetd =¥V sin Cotd Cn =1,3,5,....0 (&

nw

H

where w
Equation 4 can be rewritten for the nth component as:

|
V“CtD = [R + LP ~ M@ }inCtJ 7

To solve equation 7, Laplace transform technique can
be applied where the result equation is

VvV
n n
s+ o

The nth current component can be obtained using the

= [R - M6 + LES] inCSD ced

inverse Laplace transform for equation 8 , where,
C
i L) =A coswt +B sinwt + 2 e g
n n n T n L
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where K = ——m8 1, 10D

An ,Bn and Cn are the partial fraction expansion
constants defined by:

-V w L
A = et —, C11d
n CR - M8 D% + & ° L

V CR — MO
B = — P 12>
n (R - M& D" + @~ L

Vv w L2
c = n_n L3

(R -M8 > +w2 I

™

the steady state value of the nth excitation current
can be obtained from equation 8, where,

v sin(wnt-¢n)

i Cta= — S C14D
n {cr - MB% + o® L

and,

¢n = cos™* — R - Mo 18D

{cr - M2 4 cozn L2

The total instantaneous excitation current will be :
o

ictd = T i CtO ciéo
=4 n

The nih torque component is given by :

- MV [1 - cos 2w t — ¢ D
.r = 3] 12} 2]

T3 ra— civo
m 2ICR - MB>™ + w  L° ]
The total instantaneous torgque will be :
o
TCL> = z T cied
n=4 n

Equations 6 to 18 can be applied to predict the motor
performance when excited from an inverter out put.
Also, using the same equaticons and considering the
fundamental only, the motor characteristic can be
obtained for a pure ac supply.
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2.2 A Chopper Output

In this case the universal motor is fed by a square
wave chopped voltage through an electronic circuit
specially designed for this purpose. More details
about this circuit will be given in the experimental
section. The output of such circuit is shown in Fig.
3. The wvoltage waveform can be analyzed by using
Fourier series as follows:

-l
Vlwt) = Va + 2V
n=4 n "

n=1,2,3,... and, a = v/T = mark-space ratio

EsinCnonr) . cosCnwtd] Cl1aD

Equation 18 can be rewritten as

o

VClwtd = V + T V Cwtd c200
de n=d N
2V

sin nam Ca1d

where VnCmtD =

The current and torque will be obtained for the dc
component as follows:

- vdc
lee = "8 caa
and the dc torque component is:

Vie M C23D

T = -——33——grz
de (R -~ M8&>
The ac current component can be obtained by taking

Laplace transform of equations 7 and 21 , where the
current is

AS+B '
i = =T At 24>
n csF+ "3 CR - MO +LS
where;
Vv CR — M&D
A = g — cam
n CR - M& D" + o’ L
VvV w L
B = - =, c2sd
n CR - M8 D% + ™ L
-V CR - M&L :
¢ = iU . — cery
" (R =MD+ L ' -
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The steady state current can be obtained by applying

the inverse Laplace transform technique to equation
24 leading to,

A% cos Cu%“t - ﬁ‘ p]

i Cotd = T — e ca8d
n dcrR - M8 + o L
¢n can be calculated using equation 15,
The total instantaneous current will be:
b
iCwtd) = I + T i Cwtd ces
de n=t n

The nih torque is then given by :

- MV? cos®Cw 't -~ @ D
T = LI 2" — : 30>
n CR - MO + o L

n

and the total instantaneous torgue will be :

ob s
= +
T T, E Ty k 31>

Z¢3 Computer Simulation

A computer simulation program has been buili to study
the steady state performance of the universal motor.
This program solves the system equations for
different power sources, Calculation of motor
performance in the case of both the inverter and dc
chopper is carried out taking into consideration the
effect of harmonies wup to the 28th harmonic
component.. The simulation results are shown

accompanied with the corresponding experimental
measurements.

3 EXPERIMENTAL SET-UP

The experimental rig consists of a universal motor
coupled with a dc generator employed as a mechanical
load. The motor parameters are given in the appendix.
Two electronic power converter circuits are built

One of them acts as a single phase inverter, while
the other is a dc chopper. Another electronic circuit
have been designed and built for current sensing and
waveform chopping to ensure high ocutput torque. More
discussion will be given in the following sections.
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4 THE SINGLE PHASE INVERTER

. The inverter was built to excite the motor with a a

variable frequency square wave voltage. - This enables
studying the effect of changing supply frequency on
the motor performance. The inverter circuit is shown
in Fig. 4. Four IGPT transistors of type “BUF203" are
used as main switches to excite the motor through dc

- supply., TJTransistors 1 & 4 are turned on and off

simultainously and followed by 2 & 3. The gate
reference signals are generated using the counter
“MN4O17B". The output signals of the counter are
conhected to transistor gates wvia a NAND gate "7400*"
and an copen collector inverter "74C06" with 2.4 Kohm
pull up resistor. Such construction is designed to
protect the transistor gate and to raise the pulse
amplitude to 12 wvolt. The two upper transistors are
triggered through an opto -~coupler "TLP250" +to
isolate the ground of their gate signals from the
power circuit common connection.

The recorded voltage and current waveforms are shown
in Fig.B. It is clear that, the two waveforms
alternate between po=itive and negative values. This
means that the inverter circuit operates in the right
order. The noise in the current waveform may be
attributed to the commutator-brush contact effects.
The variation of excitation current when exciting the
motor from an ac supply is also shown in Fig. B5-b.
There is a good matching between the calculated
instantaneous current waveform for both the ac supply
and the inverter ,shown in Fig. 5-c, and the recorded
results. The calculated instantaneous torgue using
both the two supplies is also shown in Fig B-d. It is
clear that the torgue variation is approximately the
same. These resultis are obtained with a rms supply
voltage equals ithe amplitude of that of the inverter.
The difference in the instantanecus values is
atiributed +to the difference in the ~vollage
amplitudes. For the same rms values the inverter
would produce a higher instantaneous torque due to
the contribution of the time harmonics in the total
devel oped torque.

The measured and calculated torque-speed
characteristics are shown in Fig. 6. The difference
in the average torque is due to the difference in
voltage amplitude as explained earlier. There is . a
great possibility to get a higher torque value if the
motor is excited through a square wave inverter
output. provided its rms voltage equals that of the ac
source. This is attributed to the harmonic contents
which add more torque to the fundamental. Alsco, the
results illustrate clearly good matching between the
experimental and simulatgﬂyferfornmancé. Through out



the present study it has been observed that, the
universal motor is working quite well with the
inverter output and produces an output torque-sspeed
characteristics comparable with those obtained with
either dc or pure ac power supplies. As i1t was
expected, {11, it has been found that, no benefit can
be obtained from varying the inverter frequency, and

there is no direct relation between power source

frequency and running speed. The decisive facteor on
the motor speed is the supply voltage. Yet, frequency
has adverse effect on speed due to transformer emf
and inductive reactance drop.

5. THE CHOPPER CIRCUIT

The motor is excited from a square wave chopper

circuit with different mark - space ratios through
only one IGBT transistor switch as shown in Fig.7. To
change such ratio a saw tooth signal is compared with

a reference dc voltage by an operational amplifier

"741" . The output of the amplifier is then a square
wave with mark - space ratic varies with the
reference voltage. As discussed in the inverter
section the NAND gate “74C00" and the inverter "7406"
are used with the pull up resistor to protect the
transistor and to fed it with the required gate
voltage. Since, this circuit is also employed Lo
improve the current waveform, as will be discussed
later, a snubber circuit is designed and constructed
tco protect the transistor switch against the spikes
of voltage modulation. The employed snubber circuit
consists eof a resistor and series capacitor -,

connected across the drain and source of the
transistor. :

The excitation voltage and current waveforms are
recorded for different mark-space ratios as shown in
Fig. 8. It is emphasized that the excitation voltage
as well as the current increase with increasing this
ratio. This leads Lo an increase in motor speed for
constant load terque. The same conclusion can be
observed from the calculated results, Fig. 8 a , b
which in phase with the experimental. Alsoc a higher
instantanecus torque is obtained with increasing the
mark-space ratio .

Due to the possibility of exciting the motor with a
square voltage waveform at different mark -~ space
ratios, a family of torquersspeed characteristic can
be obtained as shown in Fig. - 10. This gives the
ability to change the motor speed while the locad is
maintained constant. This will permite wutilization
of - the universal motor in many applications which
require a variable speed drive.- On the other hand, at
lower values of mark - ‘space ratioc, the motor: current
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does.  not - reach its rated wvalue which in turn
decreases the developed torque. Also for .each value
of this ratio, increasing motor speed decreases  its
torque. Improving the excitation current wave shape
may be useful in obtaining high torque -high speed

universal motor as will be discussed in the following

section.
6. EXCITATION CURRENT WAVE SHAPE IMPROVEMENT .

The technique of improving the current waveform is
summarized in exciting the motor at twice value of
its rated wvoltage £3]1. This will ensure that, the
rated current level would be reached at lower. time
compared with that would be taken with rated voltage.
This! technique is implemented as follows;, a signal
voltage corresponding to the motor. current C(Vsenced
is: compared with a reference value CVref.D
corresponding to the rated current. If the moter
current tends ito exceed the rated wvalue , the
comparator ,"LM311", output will be at low level and
in turn the gate signal becomes low and temporally
turns off tLhe power transistors. The current will
then decay until it becomes lower than the rated
value which causes a decrease in Veence leading to
high comparator output. This turns the transistors on
and the current tends to increase again , Fig.7. In
this technique, the motor current swings about..its
rated value. Moreover, the current is maintained at
its rated value at lower mark space.ratio and at high
speeds. This produce a higher output torque .

To examine the motor behaviour with the proposed
excitation technique , the current waveform is
recorded at different wvalues of mark-space ratios,
Fig. 11. It is emphasized that at low ratio the
current is swinging about its rated value. Comparing
the current waveform shown in Fig. 11 with that in
Fig.B., its clear that the motor would produce a
higher torque . speed characteristic with improved
current  wave shape. The measured torque-speed
characteristic at different values of mark-space
ratio and improved current wave shape is shown in
Fig. 12. A comparison between this result and the

torquesspeed characteristic, shown in Fig.. 10,
illustrate potential current waveform improvements
with different mark - space ratio . This produces a

high torque high speed universal motor.

7. DISCUSSIONS

Fhe oﬁt.put, ~waveform of an electronic power . converter
are generally disterted. and .may be analyzed into
numerous-. components. There is:. a unique. power factor

associated. . with each of these components; however
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they can not be evaluated into a simple expression.
This adds 2 complexity to either analytical
prediction or measurement of the motor power factor.
It might be easier evaluate the power factor at the
ac  source from which the power is obtained, however
it would be the overall power factor of both +ihe
motor and the converter. The fact that there is a
certain reactive power associated with most
electronic power converters would hinder . any
usefulness of such idea.

The sparking on the commutator-brush contact has been
cbserved for different power scurces. The best
commutation has been obtained with the dc source
followed by the dc chopper then the pure ac source
and the worst was the square wave inverter. These
observations might be explained as follows ; the dc
chopper has a significant de¢ component and its
harmonics are of low amplitude compared the inverter
output. The significant number of harmonics contained
in the output of the square wave inverter might
explain its severe sparking compared with other power
sources. All these observations have been obtained at
a frequency of 50 Hz which is recommended for the
motor under congsideration. The effect of changing the
frequency on the commutation has not subjected . to
investigation, however the available results give an
idea about this effect at least over the range from
zero to B0 Hz. It can be claimed that, over this
frequency range, the lower frequency gives better
commuutation. The torque pulsations associated with ac
excitation might impose some restriction on the lower
limit of +the working frequency. This working
frequency is usually a compromise between the torque
pulsation and the quality of commutation process.

8. CONCLUSIONS

In this paper a comprehensive study about the
excitation techniques of a universal motor have been
introduced. The study explores more information about
the posgibility of efficient use of such type of
motors. Throughout this study it has been found that,
the universal motor can operate from dc , ac power
source as well as inverter output at approximately
similar torque-speed characteristics. In spit of the
notable success of variable frequency inverters in
changing the speed of conventiocnal ac motors, it was
confirmed that it is useless with universal motors.

The paper alsc presents a technique of controlling

motor speed with high developed torque. The proposed

technique depends on exciting the motor by a square

voltage chopper output with different mark-space

ratios. A current waveform chopping technique which
- 110 -




. Field leakage inductance

supplies the motor with approximately square current
pulses would ensure higher torque at lower values of
such ratio. ' : .

A complete theoretical investigation is presented to
describe the motor behaviocur using different
excitation power sources. This study has been

verified experimentally and an acceptable agreement
between measured and calculated results have been

reached,
g. LIST OF SYMBOLS

supply voltage
armature voltage

field voltage

Ao

m ool om ol < o<’
ct
o

armature resistance
field resistance
armature self inductance

field self inductance

[

mutual inductance

speed
motor current

| .
s S
c'..

\J

motor torgue

9 -

3

10. APPENDIX

The universal motor has the following data:

Rated ac voltage 220 v
No. of poles =

Armature resistance 2. 46 ohms
Field resistance 4.00 ohms

0.120 henry
0.110 henry
0. 380 henry

Armature leakage inductance

Mutual inductance

S T I | N

Full load speed 3000 rpm
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Fig.9.a. Calculated instanteneous current for chopper
output at different values of
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Fig. 11.d. a= 0.7.

i Fig.11. voltage and current waveform at different
§ values of "g". {with current level control).
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