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ABSTRACT

This paper introduces an alternative configuration for Brushless Doubly Fed Machine (BDFM).
The proposed machine is a single-frame induction machine provided with two electrically
perpendicular sets of stator windings having the same number of poles with no direct transformer
coupling between them. The rotor is a conventional squirrel cage with no conditions imposed on
its design and represents the only path for power transfer between the two sets of stator windings.
The simulated results compare favorably with the experimental results. Towards this objective, it

is hoped that the present work would be of some practical value in industrial applications.
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1. INTRODUCTION

The expression doubly-fed applies generally to
electrical machines in which electrical power can be
fed to or extracted from two accessible windings.
There are different types of doubly-fed machines [1],
however, brushless applies to only that type of a
single frame with two sets of windings on its stator
side. Brushless doubly-fed induction machine
(BDFM) is a single-frame machine provided with
two sets of stator windings which are wound in the
same slots and share a common magnetic circuit
[2,13,10]. One set of stator windings is referred 10 as
the power windings, while the other set is referred to
as the control windings [12]. The BDFM are mainly
used for adjustable speed drives which possess an
operating performhance similar to conventional
singly-fed induction machines powered from variable
frequency inverters. Brushless doubly-fed machine is
characterized by the advantage of its reduced power
converter KVA rating. Whereas a singly-fed machine
converter processes all active and required reactive
power the doubly-fed machine converter handles
only a reduced amount, dependent on the desired
speed range. Additional advantages expected of the
BDFM are controllable operation at exact or
synchronous speed over a wide range, adjustable
displacement power factor, reduced total harmonic
distortion, and operation as a mains-fed induction
machine in the event of converter failure [9].

In spite of these advantages, BDFM still have some
drawbacks and design difficulties which should not
be overridden. The main design difficulty of these
machines is how to avoid direct transformer coupling
between the two sets of stator windings. There are
some established rules and conditions on stator/rotor
pole combinations of these machines [2,7,9,11]. The
rotor of a BDFM is basically constructed of short-
circuited cage windings; however, it is different from
the conventional type of singly-fed induction motor,
A sort of nested cage winding of different shapes
were proposed [3,9,13]. The modifications are
principally to satisfy the conditions imposed to
climinate direct transformer coupling between the
two sets of stator windings. Some literature also
highlighted instability problems associated with these
machines and proposed certain solutions for such
instabilities [6]. An extensive research effort is paid
towards performance analysis [2,7,13], dynamic
simulation [4,5] and control [8,12,14] of these
machines attempting to improve their operating
performances for commercial applications.

By investigating the available literature reported
about BDFM, it can be stated that they can offer a
good economic solution for variable speed drives if
their design complexities are overcome and operating
performances are improved. So far, literature
reported about BDFM is restricted to three-phase
configuration, having two sets of three phase ac
windings on the stator side. This paper investigates a
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two-winding - .single-phase = machine with a
conventional squirrel” cage rotor as an alternative
configuration for BDFM. The proposed machine
consists of two sets of stator winding having the
same number of poles and electically perpendicutar

to each other to eliminate direct transformer coupling -

between them. In contrast to three-phase machine,
there is no design conditions imposed on stator/rotor
pole combinations since the two sets of windings are
inherently decoupled. The interaction between the
two windings is accomplished only through the rotor
circuit. Simulated and experimental results are given.

2. DESCR]PTION OF THE PROPOSED BDFM
DRIVE

The proposed BDFM is a single—frame machine with
its stator provided with two sets of single-phase ac
windings of the same number of poles and are
located electrically-perpendicular to each. One set of
these windings is directly connected to the standard
power mains of a fixed frequency. The second one is
energized via a variable frequency inverier which
permits bi-directional power flow to and from the
machine. A schematic diagram for the proposed

BDFM is shown in Fig.1.
[mmj Main o

Power Winding

V'T 1-Phase
. f’f Inverter

; Auxiliary or
Control Winding

Fig. 1 Schematic diagram of the brushless proposed
doubly-fed single-phase induction machine,

The experimental motor is, originally, a smgle-phase
capacitor-start induction motor rewound with two
symmetrical windings perpendicular to each other.
Symmetric winding is not necessary; however it was
_prepared first before the complete analysis is
conducted. The motor data and parameters ate given
in Appendix A.2. A mechanical switch is used to
disconnect the starting capacitor and connect the
variablé frequency inverter to the auxiliary or control
winding, An adjustable V/f, PWM power inverter is
used - to energize the control - winding. All
experimental results are obtained at a-constant V/f
ratio up to the rated frequency. Beyond the rated
frequency, the voltage is maintained constant while
frequency is varied.

3. STEADY-STATE ANALYSIS . -

The BDFM under investigation has three coupled
“circnits operating at different frequencies. The first is
the main power circuit operatmg at the power supply
frequency, The second is the auxiliary or control
circuit operating at the inverter frequency. The third
is the rotor circuit in which there are another two

.y

frequency components depending on the rotor slip
relative to the rotating magnetic field of each stator
winding. For this reason it becomes a bit difficult to
establish an equivalent circuit to represent the steady-
state operation. However, this 'machine may be
conceived as two distinct induction machines
operating in the same frame {7,11]. On these bases, it
can be represented by a composed circuit like that
shown in Fig. 2. It consists basically of two circuits;
the first represents the main winding, while the
second represents the control winding. Since the
power and control windings are normally-operating at
different frequencies, they indnce two current
components with different frequencies in the rotor
circuit. For this reason it was found both easier and
better to represent the rotor by 1wo separate
equivalent circuits each one holds a single frequency
current component,

Fig. 2 The equwalent circuit of the propased
brushless doubly-fed single-phase induction machine.

The impedances of both main and control windings
are represented as; ' _
Z,=R, +jo L, m

Z =R, +jo L, P ‘ 2
For being electrically perpendicular, they have no
direct mutuat coupling. The interaction between them
i5 accomplished through the rotor circuit. Under
Tunning conditions, a back emf E, is induced in the
main winding due to the current flowing in the rotor
cifcuit. This back emf can be expressed as;

E =(jo,M,)L=Z1 G
A similar back emf is induced in the control winding;
E,=(joM)L =2, )

However E, and E, have different frequencies
correspondmg to their winding supply frequencies.

Thg two stator windings establish two rotating field
components with two different speeds in the stator

frame, The rotor follows these two fields with a
. dlfferent slip corresponding to each field. These two

slip components can be expressed as;
5, =(0, ~Po,)/o, B
5, =(0,~Po,)fo, 6)

Normally, the main field is faster than rotor speed
and possessing a positive slip; however the control
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field could be faster with a positive slip or slower
with a negative slip. Under the first condition, both
main and control windings parlicipate in the
developed mechanical power. Under the second
condition some power is extracted from the rotor and
recovered back to the power mains by the control
winding. For this reason the power inverter
comected to this winding should be of a bi-

directional power flow type.

Two emfs components are induced in the rotor
circuit. The first E,; is due to the power winding with
a frequency corresponding to the slip between the
field of that winding and rotor speed. This emf
component can be expressed as,

E, =[ (o, ~Po, )M, ]I, =Z,], (7
The second component E. is due to the control
winding with a frequency corresponding to the slip

between the field of that winding and rotor speed.
This emf component can be expressed as;

E, :[j(coc —Pco,)MC]Ic =71 (8)

Since two emf components with different frequencies
are existing, two current components are flowing in
the rotar circuit. For this reason it was found better to
represent the rotor by two separate equivalent circuits
each holding a single frequency current component.

The impedance of the first circuit 2, is expressed
as;

Z, =R, +j(o,-po, )L, (9)
While the impedance of second circuit correspending
to the control winding is expressed as;

Z. =R, +j{o,-po,)L, (10)
The introduced steady-state analysis model treais the
BDFM as two separate machines in the same frame.
On this basis it is possible to obtain the current,
copper loss, mechanical power, and developed torque
corresponding to each stator winding separately. The
torque developed by the machine can be expressed
as;

i-s .
T =R |22 Lpg (25 ap
o | S, S,

r
which consists of two components corresponding to
each stator winding.

4. DYNAMIC ANALYSIS

Dynamic analysis is based on a d-g axis model
expressed in a stationary reference frame. Since the
control and main windings are perpendicular, their
axes are chosen as the d and q axes respectively.
Under running conditions, the main winding, which
is located on the g-axis, is energized from the
standard mains of which the voltage is expressed as;

Vos :\/EVP sina t (12)

The control winding, which is located on the d-axis,
is energized from a bi-directional power flow
variable frequency inverter with a fundamental

voltage expressed as;

vy =2V sino,t (13)
The voltage equations of the d-q model may be
expressed as follows;

Ve = Rig, TP, (14)

Vg = Ry +PAg, (15)
— AFRY A \

v::_r - erqr _Cor?\‘dr +p?\‘qr (16)

vy, =R} + mrk;r +phy a7

If the current components are expressed in terms of
their corresponding flux linkages, these voliage
equations can be rewritten as;

Voo =Ry (Mg = Mg )/Lge + P
Vg = Ry ()\‘ds - ?"’md )/Leds +Pphg
Vi =R (hy =2y ) /Ly — 0,0, +Ph  CO)
Vi =R, (M A ) /Ly +0,A, +0M, @D
The developed electromagnetic torque is expressed
as follows;

(18)
(1%

Tcm = P(A’dsiqs - ?\‘qs;ids) (20
The mechanical equation can be written as;
Ip(l)r = Tm-n - T]oad - Tdarnp (22)

5. SIMULATION AND EXPERIMENTAL RESULTS

The introduced steady-state and dynamic models are
implemented in a series of simulation programs using
the general purpose  simulation  software
MATLAB/SIMULINK  to predict the machine
operating performance. An experimental verification
is carried-out using the experimental system
described in part 2. In both analysis and experiments
a constant V/f ratio up to the rated frequency and a
constant voltage equals the rated value beyond rated

frequency is used.
5.1. Steady-State Results

The steady-state performance is studied at constant
load torque of 1.0 Nm. The winding current, input
power, copper losses, developed mechanical power
and torque are determined for each winding and
represented as a function of both the frequency of the
control winding and rotor speed.

Figure 3 shows the simulated and measured currents
drawn by both the main winding I, and control
winding 1., as functions of control frequency and
motor speed respectively. The current of the main
winding is quite high at low speeds and gets lower by
increasing the motor speed; however this is a ,
characteristic of the induction motor. The current of
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the control winding has a moderate variation over the
entire speed range

F:gure 4 demonstrates ‘the SImuIated and measured
power d}:awn by both the main winding Py, ‘and
control wfndmg P,,; as well as the total power drawn
by the motor over the entire speed range. It is of
importance to note that the control winding has a
negative power at low speeds thus, the function of
this winding is to extract some power from the
machine and recover it back to the power mains to

control the motor speed. At high speeds this winding

provides a positive power to the motor fo increase the
speed.

Figure 5 represents the -copper losses dissipated by
the main, control and rotor windings as well as the
total copper losses which represent the summation of
those components, The difference of these copper
foss components has no specific means other than the
winding losses are proportional to the square of their
respective currents. However, all components are
high at low speeds, decrease at high speeds, and have
their minimum values at the motor rated frequency.
The high copper loss at low speeds seems to be a
drawback of this method to control the motor speed.

Figure 6 represents the mechanical power developed
by the main and control windings as well as the fotal
mechanical power developed by the machine. It is
observed that the control winding exhibits a negative
mechanical power over a wide range of operating
speeds. This negative power is essential to control the
motor speed.

Figure 6 represents the efficiency of the machine as a
function of control frequency and rotor speed
respectively. The efficiency is low at low speeds and
is improved as the motor speed rises. It should be
remembered that the machine under investigation is a
fractional horsepower machine with normal low
efficiency. The low efficiency here is attributed
mainly to the high copper losses associated with the
main winding at low speeds This machine efficiency
-can be 1mproved by usmg a main winding with lower
resistance. .

F1gure 8 represents the torque developed by the main
and control windings as well as the total
electromagnetic torque developed by the machine. It
is also observed that the control winding exhibits a
negative torque over a wide range of operating
speeds. This negative torque is essential to control
the motor speed

Figure 9. represents the s1mu1ated and measured
speed as a- function of the control frequernicy at
constant load . torque. The two .variables are
‘approximately proportional up to the rated frequency,
after which, the rate of speed increase decline. This is
because a constant de-link voltage is used for the
inverter beyond the rated frequency.
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5.2, Dynamic Results

The motor dynamic response is tested for switching-
on the control winding while it was originally
running solely with its main winding energized. After
switching-on the control winding, it starts to take-
over its duty for reducing the motor speed. Figure 10
represents the simulation results for main winding
current Iy, and control winding current ls for the
motor when it was originally running solely with its
main winding, then the control winding is switched-
on at a frequency equals to 25 Hz. The current of the
control winding settles at constant level afier a short
transient period, while the main winding current
increases. Due to the increase of the main winding
slip, its current increases, which is a characteristic of
the induction motor. The corresponding experimental
resulis are shown in Fig, 11.

Figure 12 shows the simulated results for two axes
current components I, and Iy induced in the rotor
circuit for the same condition. It is clear from the
figure that the switch-on of the control winding is
reflected also on these current components as shown
in this figure. Since there are two slip components
corresponding to the two rotaling electromagnetic
fields, the rotor current has two components with two
frequencies superimposed one over the other.

The simulation results for the instantaneous
developed torque T., average torque T., and motor
speed respouse are shown in Fig. 13. It is observed
that the instantaneous torque is pulsating before and
after switching the control winding. Before switching
there is only a single winding producing a pulsating
electromagnetic field in the air gap, which develops a
pulsating torque with an average positive value as
shown. After switching, there are two pulsating
clectromagnetic fields in the air gap with two
different frequencies. Each field produces a
corresponding torque component. The instantaneous
summation of these two torque components
represents the instantaneous torque shown in Fig. 13,
The average torque is the same before and after
switching, except a short transient period just after
switching during which load torque is extracted from
the rotor inertia.
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The rotor speed obtained by simulation is also shown
in Fig. 13. It shows that the motor speed decreases by
introducing the control winding with a reduced
frequency. This is due to the negative torque
developed by the control winding which rednces the
motor speed. The measured speed response
corresponding to this condition is shown in Fig. 14.
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6. CONCLUSION

An alternative configuration for BDFM has been
presented. Steady-state and dynamic behaviors of the
proposed machine have been studied under different
operating conditions. The reésults show that low
speeds are obtained at reduced control frequencies
due to extracting a part of the rotor power and
generating a negative torque by the control winding.
When the control frequency approaches or exceeds
that of the main winding, control winding provides a
secondary port for input power and contributes an
extra positive torque component. A wide speed range
has been obtained at constant load torque which is
difficnlt to be attained with other methods like
applied voltage control, The proposed BDEFM is
characterized by its reduced inverter KVA and it is
suitable for small power variable speed drive
applications. The main drawback of the proposed
method is the relatively low efficiency at low speeds;
however, it may be improved by using a main
winding of low fesistance.
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APPENDICES

A.1. List of Symbols:
d,q axis stator currents.

fgs | s

lg . ig  d,q axis rotor currents.

J Moment of inertia of rotating parts.
L, Rotor leakage inductance of both axes.

Lina , Lime, d,q axis mutual inductances.
Ly L q,d,q axis stator leakage inductances.

P Number of pair poles.

R Rotor resistance.

R ,Rgs,  d,q axis stator resistances.

Tems Tloads Taamp Electromagnetic, load and damp
torque components.

V. The rms voltage of the control winding,.

Vo The rms voltage of the main winding

d,q axis stator voltages.

Vds » Vs,

Var» Vg d,q axis rotor voltages.

®p The angular frequency of the main
winding

©, The angular frequency of the control
winding.

p Derivative operator d/dt

Ags > Agn  d,q axis stator flux linkages.

Ao s Aqn  d,q axis rotor flux linkages.

o, Rotor speed.

A.2. Motor Data and Parameters:

220 V, 0.25 kw, 50 Hz, 4-pole, 3.1 A, capacitor-start
single-phase induction with a starting capacitor of 20
uF. The motor is rewound with two symmetrical
windings having the following the following

parameters;
Rqs =R, =196Q, Ly =Ly =0.0697 H

R =146Q, 1, =0.0697H,
L =L, =0.5306 H, J=0.005 kg.m’
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