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Abstract: In this paper, a transient simulation model of a variable speed doubly fed brushless motor (DFBM)
using back-to-back converter is described. Based on analysis of rotor flux oriented vector control theory of
doubly fed induction motor, the control of the currents in DFBM that produce the magnetic flux and the torque
is achieved by a digital controller, the speed is regulated by a PI controller which is tuned by a genetic
algorithm. According to the state equation of DFBM and the control schemes, the system simulation module is
established in MATLAB/ SIMULINK. An extensive simulation study is performed to examine the control
characteristics of the machine-side converter under different operation conditions in variable-speed DFBM
driver system. Copyright © 2014 IFSA Publishing, S. L.
Keywords: Doubly-fed brushless motor (DFBM), Rotor flux oriented vector control, Slip-frequency,
MATLAB/SIMULINK simulation, Space vector pulse width modulated (SVPWM) converter.

1. Introduction
Technology development for variable speed
driving motors has gone a long way and progressed
tremendously for the last two decades [1-6].
Doubly-fed motor for variable speed driving
application is much enhanced owing to its torquespeed capabilities as that only are found for wound
rotor induction machine.
The high speed operation of a doubly-fed motor is
quite different from singly-fed IMs and IPMs. Going
to higher speeds beyond the base speed b, the
doubly-fed motor can maintain the same operational
frequency for the first winding while increasing the
frequency of the second winding for super
synchronous speed operation. Anyway, under
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different operations the current levels and, thus,
copper losses of both windings are unchanged [7-15].
DFBM can be operated as a conventional doubly
fed induction machine but eliminate all the headaches
associated with brushes and slip rings, the brushless
operation and thereby reduced manufacturing and
operational costs as well as improved reliability have
led to interests in the DFBM as a replacement for the
doubly fed (slip-ring) induction machine.
The DFBM is a single-frame induction machine
with two sets of three-phase stator windings of
different pole numbers and a special rotor design.
Our previous investigations [16] on rotor styles
indicated that the magnetic barrier reluctance rotor as
shown in Fig. 1 can achieve both strong rotor
modulation and free of eddy current losses and
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copper losses. The rotor pole number is different
from either of the stator windings.
A DFBM variable speed drive (generating)
system as shown in Fig. 2 consists of three main
components, a DFBM, a back-to-back bidirectional
power flow converter and an associated controller.
As shown, one set of stator windings is connected
directly to the power grid. The other set is fed with
variable voltages at variable frequencies from a
converter that also is connected to the power grid.
Traditionally, each of the two PWM converters is
controlled through decoupled d-q vector control
approaches, also known as field-oriented control,
which is known to give better dynamic
performance [17-21].
The rotor-flux-oriented vector control method is
developed to decouple and regulate independently
currents that generate the magnetic flux and torque in
an induction machine [22-24]. This independent
control of flux and torque can improve the dynamic
response of the motor.
In this paper, a rotor-flux-oriented control
strategy based on slip-frequency applied to machineside SVPWM converter for DFBM with magnetic
barrier rotor is presented. According to the state
equation of DFBM and the control schemes, the
simulation module of the complete system is
established in MATLAB/ SIMULINK. An extensive
simulation study is performed to examine the control
characteristics of the machine-side converter under
different operation conditions in variable-speed
DFBM system.

Fig. 1. Magnetic barrier rotor of the prototype DFBM.

is directly connected to the grid, the control winding
(CW, 2q pole number) is connected to the converter,
and the converter is also connected to the power grid.
When both sets of stator windings are excited with
currents of different frequency, two rotating magnetic
motive forces (MMF) are produced along the air-gap.
Due to the different pole number and the different
currents, the two rotating MMFs differ from each
other. With the magnetic modulation of the rotor, the
two MMFs can have useful interaction for
electromechanical energy conversion.
The rotor is built with reluctance segments of pr
pieces where

pr  p  q ,

(1)

The operation of the DFBM relies on the
interaction of the two stator MMFs through the
modulation action of rotor. When one set of
symmetrical sine-wave currents of frequency ω1 are
flowing in the PW, three-phase back EMFs will be
induced with a frequency of ω2 in the CW. The two
electrical frequencies ω1 and ω2 are related to the
rotor mechanical speed ωr by

r  1  2

(2)

If Eq. (2) is satisfied, electromechanical energy
conversion will take place. In motor operation for
speed control, the predetermined rotor speed ωr is
easy to achieve when we control ω1 and ω2
respectively. If the PW is connected to the grid
directly, controlling the value and sequence of ω2,
DFBM can operate in four different modes. In the
doubly-fed mode with ω2=0, DFBM operates as a
synchronous machine. On the other hand, with ω2 >0
or ω2 <0, DFBM can operate above or below its
synchronous speed. If the CW is shorted, DFBM can
work as an asynchronous motor.

3. DFBM Equations
Because of the modulation provided by the
magnetic barrier rotor over the MMFs, the operation
principal of DFBM is similar to that of a wound-rotor
induction machine [15]. The mathematical model of
the DFBM can be expressed by differential equations
of the same form as those for wound-rotor induction
machine. The voltage and torque equations in
arbitrary rotating d-q reference frame are expressed
as follows.

Fig. 2. Schematic of DFBM system.

2. Operation Principles of DFBM
As shown in Fig. 2, there are two sets of stator
windings, the power winding (PW, 2p pole number)

U 1d 
U 1q 
U 2d 

d  1d
 1 1q  i1d R1
dt
d 1q

(3)

 1 1d  i1q R1

(4)

d 2 d
  2 2 q  i2 d R2
dt

(5)

dt
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d 2 q
dt

 2 2 d  i2 q R2

(6)

 1d  L1i1d  Lm i2 d ,

(7)

 1q  L1i1q  Lm i2 q

(8)

,

 2 d  Lm i1d  L2 i2 d ,

 2 q  Lm i1q  L2 i2 q
Te 
Te  J

(9)
(10)

,

3 pr Lm
(i1d i2 q  i2 d i2 q )
2
,

(11)

2 dr
2
 K d r  TL
pr dt
pr
,

(12)

by selecting the control flux as the reference frame
and locking ψ2 on the d axis. As shown in Fig. 3, the
slip-frequency vector-control system consists of two
control loops, the speed control loop and reactive
power control loop.
Comparing with traditional vector control method
which has flux control loop, slip-frequency vectorcontrol method only need the position of flux, and the
flux control is an open loop. This control method has
combined the advantages of steady slip-frequency
control method and dynamic vector control method,
and is suit for DFBM.
In Fig. 3, the CW is supplied by SVPWM
converter, which has eight voltage vectors and six
work sectors [25-27].
And the field oriented method is based on the
equation:

   ( r  n p   s )dt ,

The subscripts “1” and “2” refer to the quantities
associated with the PW and CW respectively. J is the
inertia of the rotor and Kd is the damping coefficient.
Based on the equations of DFBM, field
orientation along the CW field flux ψ2 can be realized
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Fig. 3. Slip-frequency vector-control system of DFBM.

4. Simulation Model
The main parameters of the prototype DFBM are
listed in Table 1.
Table 1. Parameters of prototype DFBM.
Rated Power
Rated voltage
R1
L1
Lm1
J
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1.5 kW
200 V
1.408 Ω
117.9 mH
106 mH
0.03 kgm2

p
q
R2
L2
Lm2
Kd

3
2
1.625 Ω
160.5 mH
106 mH
0

According to the Eqs. (3)-(10), the simulation
model based on MATLAB/SIMULINK can be
established. Fig. 4(a) shows the SIMULINK module
of the PW, and the input variables are the voltage,
flux of CW and synchronous speed, the output
variables are the currents and its flux. Fig. 4(b) shows
the SIMULINK module of the CW and its
construction is same as that of Fig. 4(a).
According to Eq. (11) and (12), the SIMULINK
module of torque is built as shown in Fig. 5. Fig. 6
shows the encapsulated SIMULINK module of
the DFBM.
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Then the whole SIMULINK module of the variable
speed DFBM system is shown in Fig. 8.

(a) SIMULINK module of PW;

Fig. 5. SIMULINK model of torque.

5. Simulation Results

(b) SIMULINK module of CW;
Fig. 4. SIMULINK module of PW and CW.

As mentioned previously, the PW is directly
connected to the grid, and the CW is controlled by
slip-frequency vector-control strategy, and a field
oriented module and three PI-controllers (ASR,
ACTR and ACMR shown in Fig. 8) must be needed.
According to Eq. (13) and (14), the field oriented
module in SIMULINK is built as shown in Fig. 7.

According to the transient SIMULINK model of
DFBM (Fig. 6), an extensive simulation results can
be achieved to examine varies operation
characteristics of variable-speed DFBM, such as
asynchronous starting up, synchronous operation,
super-synchronous operation and sub-synchronous
operation. During those operations, DFBM are
controlled by open-loop, PW is directly connected to
the grid and CW is supplied by an inverter which is
controlled by VVVF method.
By changing the voltage of CW, varies operations
(asynchronous starting up, synchronous operation,
super-synchronous operation and sub-synchronous
operation) can be performed. And the reactive power
in the PW can be adjusted by changing the flux
amplitude (Fig. 6).

Fig. 6. Transient SIMULINK model of DFBM.
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Fig. 7. SIMULINK model of field oriented module.

Fig. 8. Slip-frequency Vector-control DFBM System model.

Fig. 9(a) shows the rotor speed curve when
DFBM running in different operation conditions.
During 0 s~2 s, DFBM is starting up in asynchronous
mode and achieving synchronous speed (600 rpm);
during 2 s~3 s, DFBM is running in supersynchronous mode; during 3s~4s, DFBM is running
in synchronous mode; during 4 s~5 s, DFBM is
running in sub-synchronous mode; during 5 s~7 s,
the reactive power of DFBM is controlled, and the
active power of DFBM is changed correspondingly.
During above operations, corresponding current
curve of CW, active power curve and reactive power
curve in DFBM are shown in Fig. 9(b) and Fig. 9(c)
respectively. All these results show that the transient
SIMULINK model of DFBM is available
and correct.
According to the slip-frequency vector-control
DFBM system model (Fig. 8), an extensive
simulation results can be achieved to examine the
control strategy of the variable-speed DFBM system.
Simulation results of the DFBM variable-speed
drive is shown in Fig. 10. Fig. 10(a) shows the rotor
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speed curve when DFBM system is controlling in
different operation conditions. During 0 s~0.3 s,
DFBM system is starting up in asynchronous mode
and achieving synchronous speed (600rpm) in noload; during 0.3 s~0.5 s, a 5.0 Nm load is applied to
the shaft of DFBM, and the speed is not changed
(600 rpm). During 0.5 s~1.0 s, DFBM system is
controlling in super-synchronous operation mode
(660 rpm); during 1.0 s~1.5 s, DFBM system is
controlling in sub-synchronous operation mode
(560 rpm); during 1.5 s~2.0 s, the reactive power of
DFBM system is controlled, and the active power of
DFBM is changed correspondingly.
During above operations, corresponding current
curve of PW and CW, active power curve and
reactive power curve in DFBM system are shown in
Fig. 10(b), Fig. 10 (c) and Fig. 10 (d) respectively.
Note that, the power factor of the DFBM system can
be controlled by adjusting the flux magnitude of CW,
and if the controlling parameter is proper, unity
power factor can be obtained.
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Fig. 9 (a). Simulation results of rotor speed.

Fig. 9 (b). Simulation results of currents waveform
of control winding.

Fig. 9 (c). Simulation results of Active & Reactive Power in the DFBM.

Fig. 10 (a). Simulation results of control system:
rotor speed.

Fig. 10 (b). Simulation results of control system:
currents waveform of PW (50 Hz).

Fig. 10 (c). Simulation results of control system:
currents waveform of CW.

Fig. 10 (d). Simulation results of control system:
Active & Reactive Power in DFBM system.
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6. Conclusions
This paper presents the design and simulation of a
variable speed control system for a 1.5 kW DFBM
based on the concepts of slip-frequency rotor flux
oriented vector control. The motor model has been
represented in dq0 coordinate system. Field
orientation is employed to achieve decoupled control
of torque and reactive power of the CW. According
to the state equation of DFBM and the control
schemes, the simulation module of the complete
system is established in MATLAB/ SIMULINK. An
extensive simulation study is performed to examine
the control characteristics of the machine-side
converter under different operation conditions in
variable-speed DFBM system.
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