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The series DC machine operates as a series DC motor or as a series universal AC motor
when fed from a DC or an AC supply respectively. Series DC motors have been used in
many industrial applications which require a high starting torque and a considerably
adjustable range of speeds. Series universal AC motors are used in fractional horsepower
ratings in many domestic appliances. The series DC machine also generates DC voltage
when driven by a prime mover and connected to a DC load where the machine has rising
voltage characteristics such that with increase in load its voltage is also increased and
therefore it is normally used as a booster. In this paper, the series DC generator is operated
as a series universal AC generator through an excitation capacitor. The armature winding,
field winding, excitation capacitor and the load are connected in series. The voltage building
up process takes place due to residual magnetism and the machine is self-excited and at
steady state operates in the saturation region. The machine runs at resonance meaning that
the generated induced emf is in phase with the armature current. The frequency of this
machine is not synchronized with speed. The theory of operation is explained and the
transient and steady state analysis are predicted and experimentally investigated.
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1. Introduction

Electric machines, namely DC, induction
and synchronous generators are used  for
electro-mechanical energy conversion from
mechanical form to electrical form according
to the electromagnetic phenomena which
states that when a conductor moves in a
magnetic field, a voltage is induced in the
conductor. In DC machines, the field winding
is placed on the stator and the armature
winding on the rotor. A DC current is passed
through the field winding to produce a flux in
the machine. Voltage induced in the armature
winding is alternating. A mechanical
commutator and a brush assembly function
as a rectifier making the armature terminal
voltage unidirectional. The DC machines are
versatile and extensively used in industry [1].
Although a DC machine can operate as either
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a generator or a motor, at present its use as a
generator is limited because of widespread use
of AC power [2]. In series DC generator, the
field winding, armature winding and the load
are connected in series. The voltage building
up takes place due to residual magnetization
and settles due to saturation such that, at
steady state, the machine runs as a self
excited machine where the operating point is
the intersection point of the magnetization
curve and the load characteristic [3]. The
series DC machine can also operate as a
motor when fed from an AC supply and the
machine is then called series universal AC
motor as it is widely used in fractional
horsepower ratings in many domestic
appliances [4]. The speed of the series
universal AC motor is not synchronized with
the supply frequency. Conversely, in this
paper, the DC series machine is operated as a
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series universal AC generator such that the
armature winding and the series field winding
are connected in series to both the load and
excitation capacitor as shown in fig. 1. The
theory of operation is explained and the
dynamic model of the machine is derived. The
performance equations are concluded and the
steady state and transient analysis are
predicted from the model and compared with
the experimental results.

2. Theory of operation

If a conductor of length ‘I’ moves at a linear
speed ‘v’ in a magnetic field density ‘B’ an
induced voltage ‘e’ in the conductor is induced
given by:

e=Blv. (1)

Where [, v and B are mutually perpendicular.
The polarity of the induced voltage can be
determined from the right-hand screw rule.
With reference to fig. 2, in the simple loop
series DC generator, since the field current is
DC and the generator is rotating in one
direction, the two vectors B’ and ‘v’ for the
conductors ‘ab’ and ‘cd’ will not change. That
means the conductor facing the N-pole,
whichever ‘ab’ as in fig. 2-a or ‘cd’ as in fig.
2-b, will have current direction upwards and
that facing the S-pole will have downwards
direction. Because of the commutator, the
brush ‘1’ is always positive and the brush 2’ is
always negative. For the proposed series
universal AC generator and with reference to
fig. 3, if an AC voltage is built up and an AC
current will flow, since the field current is the
armature current, because of series connec-
tion, they both will have the same frequency
meaning that they both will change their
direction at the same time. By applying right
hand screw rule for both conductors ‘ab’ and
‘cd’ in the two positions of the coil ‘abed’
shown in fig. 3-a and fig. 3-b, it is concluded
that the armature and the field currents will
change their direction and will have an AC
nature and thus the energy conversion
process can sustain.
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Fig. 1. Connection diagram of series universal AC
generator.

(b)

Fig. 3. Simple loop series universal AC generator.
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3. Operation of the series universal AC
generator

For a conventional DC machine, the
armature winding is fully pitched around the
armature circumference and the armature coil
is considered perpendicular to the field
winding [5]. If the machine runs as a series
universal AC generator, and neglecting eddy
current effects, the generated induced emf will
be in phase with the field current and the
armature current similar to the series
universal AC motor. This implies that the
machine should be running at resonance
meaning that there should be an excitation
capacitor to resonate with the equivalent
inductance of the circuit consisting of filed,
armature and load. The frequency of the
generated induced emf will not be
synchronized with the speed. This means that
this machine is not a synchronous machine.
The voltage building up process takes place by
the virtue of residual magnetization in the
machine iron and the process stops when an
equilibrium point is reached due to saturation
in the magnetic circuit. Similar to series DC
generator, in the series universal AC
generator, the armature mmf reaction distorts
the flux density distribution and produces a
demagnetization flux causing poor commuta-
tion leading to sparking. A compensation coil
can be connected in series with the armature
to produce flux in opposition to the flux
produced the current flowing through the
armature. This results in increasing both
induced emf, hence speed and the power
factor hence efficiency. Because the armature
current is AC, alternatively, a shorted
compensation coil can be installed such that
the induced current in the coil can oppose the
armature reaction [6].

4. Model and dynamic equations

From the conventional no load test of the
DC generator and by dividing the Y-axis in
this curve by speed to normalize the current,
the relationship between the generated
induced emf per unit speed and the
magnetization field current can be depicted.
For the series universal AC generator, the
same relation holds good between the

maximum values of generated induced emf
and field current in both directions. With
reference to fig. 4, the well-known dynamic
equation of the DC machine is given by [7].

v, | | Mpo, R, +L,P|i,|’

where ‘P is differential operator and ‘M’ is the
speed mutual inductance between armature
and field coil. Applying the conditions of series
universal AC generator eq. (2) yields:

e= Mfaa),lf = Uf +Ua +Rafia +LafPia

Vs +v, =L Piy + R, +% Iiadt ’ )

where,

Raf =Ra +Rf and Laf =La +Lf

The MATLAB-SIMULINK software is used
to simulate the series universal AC generator
as shown in fig. 5. The generated induced emf
is presented by a voltage source dependent on
the field current such that their relationship is
evaluated from conventional no load test. The
internal impedance of the machine is
represented by the equivalent resistance and
inductance of both series field winding and
armature windings. The excitation capacitor
and the load may be connected in series or in
parallel. In this paper, a series connection is
analyzed as this machine is expected not to
run without load so as to limit generator
current. Also for series connection, at
resonance, frequency will be independent on
the resistive part of the load. If the load has no
resistive part, the armature current is only
limited by the resistance Rar. The capacitor-
load combination is connected in series with
field and armature winding as shown in fig. 5.

5. Steady state analysis

At steady state, the machine runs at
resonance such that voltages and the current
are sinusoidal and generated induced emf is
in phase with the armature current and
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E=(R, +Ry )1, 9)

From eq. (8) and eq. (9), the operating point is
the solution of the following equation.

M)Ia +a,=0. (10

Ng »

Having got the armature current ‘L’ from
eq. (10), induced emf can be obtained from eq.
(9) and the excitation capacitor and load
voltages can then be obtained from the
equivalent circuit of fig. 5.

There is a critical load resistance Ric at
which the slope of the load characteristics
equals to the slope of linear part of the
magnetization curve before saturation after
which the self-excitation process fails such
that.

3 2
azl; +ayl; +(a, -

E
RLC+Raf=I—U, (11)
U

where

Ev and Iy are the induced emf and current at
saturation point. The resistance Ric will be
dependent on speed, since Eu is speed
dependent.

6. Transient analysis

The equivalent circuit shown in fig. 5 can
also be used to study the transient perform-
ance of the machine such that the process of
voltage building up and changing driving
speed, load and excitation capacitor can be
studied. The residual magnetization is
simulated by an initial voltage in the
independent source.

7. Results

The proposed configuration is applied to
the DC machine whose parameters are given
in appendix (A). The relationship between RMS
load voltage and current for a resistive load at
steady state is shown in fig. 6 and 7 for
different values of speed and capacitance
respectively. Fig. 8 shows simulated building
up process of the generated induced emf,

current and load voltage for a resistive load at
a speed of 1250 rpm and excitation capacitor
of 165 pF while fig. 9 shows experimental load
voltage building up at the same conditions.
Fig. 10 shows the effect of change in driving
speed on a resistive load voltage for excitation
capacitor of 330 pF and step change in speed
from 1500 rpm to 1000 rpm while fig. 11
shows the effect of increasing load on voltage
for a resistive load for capacitor of 330 pF and
speed of 1250 rpm. Fig. 12 shows the effect of
change in excitation capacitor on load voltage
and current for an inductive load for a speed
of 1250 rpm and a step change in the
excitation capacitor from 265 pF to 330 pF.

8. Discussion

e It could be concluded that load voltage
depends on speed as shown in fig. 6-a and fig.
10, because the generated emf is speed
dependent, see eq. (8) while the load voltage
does not depend on the excitation capacitor as
shown in fig. 7-a because the load is resistive
which means that the generated emf is divided
between the load and the resistance Raf where
the generator runs at resonance, see eq. (9).
Also, the operating frequency depends on
excitation capacitor as shown in fig. 7-b but
not on speed as shown in fig. 6-b and 10. For
an inductive load, the generated induced emf
and the armature current would not change
with excitation capacitor but the load voltage
would because the frequency does change and
consequently the impedance then the load
voltage for the same load current. However, for
this particular machine, the frequency is
already low and the change in load inductive
reactance is not noticeable and so is the load
voltage. This is shown in fig. 12-a.

e It should be noted that although the
generator emf is flat toped due to saturation
as shown in fig. 8-a, the load current and
hence voltage are sinusoidal as shown in fig.
8-b and fig. 8-c as the machine impedance
would act as a low pass filter.

¢ The magnitude of the generated induced
emf is dependent on speed like conventional
DC machine but the frequency should not
dependent on the speed nor the number of
poles because the armature coil is considered
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perpendicular to the field winding no matter
how many poles does the machine have. |
¢ The hysteresis losses could be represented

by simulating the B-H curve hysteresis curve
of the machine in the model of fig. 5 instead of
the conventional steady state no load test.  n
This would result in not running the machine
at resonance as the armature eurrent would
be lagging the generated induced emf. The
frequency would then be dependent on e
excitation capacitor, speed and loading and g
the model would be more complex. This  driv
explains the deviation between theoretical and !! can
experimental test of fig. 6-b. ~ shon
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Fig. 8. Simulated (a) induced emf, (b) current and (c) load voltage during building up.

Fig. 9. Experimental load voltage during building up [50V/div and 0.2 sec/div].
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9. Conclusions

The conventional series DC machine is a
bidirectional energy conversion device. As a
motor, a DC or AC electrical power can be
applied and the machine is working as a self-
excited sefies DC motor or a series universal
AC motor respectively. As a generator, a DC or
AC electrical power may be obtained and the
machine is running as a self-excited series DC
generator or a series universal AC generator
respectively. To run the machine as a series
universal AC generator, an excitation
capacitor is needed to resonate with the
inductance of the machine and the load. The
generated induced emf is in phase with the
field current and the frequency of the
generated induced emf is not synchronized
with the machine. The magnitude rather than
the frequency of the generated emf is
dependent on speed. The voltage building up
process takes place by virtue of residual
magnetism in the iron. The operating point at
steady state is the intersection of the
magnetizing curve and the load characteristic.
There is a critical load resistance after which
self-excitation process fails when the slope of
the load characteristics equals to slope of liner
part of the magnetization curve. The dynamic
equations are concluded and the model of the
machine is predicted. The steady state and
transient performance are analyzed based on
the machine model and the simulated results
showed satisfactory matching when compared
with the experimental results.

List of symbols

Rq, La is the armature resistance and
inductance,

Ry, Ly 1is the field resistance and inductance,

Ry, L. is the load resistance and inductance,

C, Xc is the excitation capacitance and
reactance,

L, ia is the steady state RMS and
instantaneous armature current,

I ir  steady state RMS and instantaneous
field current,

I, i is the steady state RMS and
instantaneous load current,

E, e is the steady state RMS and
instantaneous induced emf,

is the steady state RMS and
instantaneous load voltage,

Ve, vc is the steady state RMS and
instantaneous capacitor voltage,

is the instantaneous armature and
field voltages,

Nk, or is the shaft speed in RPM and rad/sec,

Vi, vL

Va, Uf

and

f, we is the operating frequency in Hz and
rad/sec.

Appendix A

The parameters of the 2.2 kW, 220V,
1500-rpm compound DC machine is given by:
Ra=3Q R=18¢8
L.=03 H Lr=045 H
The conventional no load characteristics
between the maximum value of the emf
normalized to speed and the maximum value
of the field current is shown in fig. 13. This
curve is scaled to RMS values and
approximated to a third order curve whose
parameters ao to as are given by:
ap= 0.0223 a = 0.0374
az = -0.0048 a3 = 0.0002
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