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Development of a New Brushless Doubly Fed Doubly
Salient Machine for Wind Power Generation
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Department of Electrical Engineering, Southeast University, Nanjing 210096, China

This paper proposes and implements a new three-phase 12/8-pole brushless doubly fed doubly salient machine (BDFDS) for wind
power generation. The key is to design and control the proposed BDFDS machine in such a way that the system can offer constant output
voltage and efficiency optimization over a wide range of wind speeds. First, the machine output power equation is derived to initialize the
machine dimensions. Second, finite-element analysis is performed to finalize the machine dimensions as well as to determine the machine
parameters and characteristics. Third, the system model is formulated and applied for computer simulation. Finally, the whole system
is prototyped for verification, with emphasis on the constant voltage regulation and efficiency optimization.

Index Terms—Brushless, doubly fed, doubly salient, wind power generation.

I. INTRODUCTION

WITH ever increasing concerns on energy crisis and envi-
ronmental protection, the development of renewable en-

ergy resources has taken on an accelerated pace. Wind power is
one of the most viable renewable energy resources, and its core
element is the electric machine—the generator.

Conventional generators, such as the synchronous and induc-
tion ones, are mainly designed for constant-speed wind power
operation. Since they are connected across the grid, their speed
is mainly limited by the frequency of the grid. With the maturity
of power electronics, various machines can be utilized for vari-
able-speed wind power generation. In [1], the doubly salient per-
manent magnet (DSPM) machine, incorporating the structure of
a switched reluctance (SR) machine and the use of PM material,
was proposed for wind power generation. Although this DSPM
generator offers the advantages of high power density and high
robustness, it suffers from the drawbacks of high PM cost and
uncontrollable flux. In [2], with the replacement of PMs in the
DSPM motor by a dc field winding, the (BDFDS) motor was
proposed for electric vehicles (EVs). By using dc field current
control, this motor offers the definite advantage that it can pro-
vide wide-range constant-power operation for EV cruising at
which the input voltage is fixed at the rated value. The purpose
of this paper is to reverse and further extend this idea. Namely,
with the use of dc field current control, the BDFDS generator
can provide constant output voltage and efficiency optimization
for a wide range of wind speeds.

It should be noted that those available wind power generators,
including the synchronous and induction ones, are incapable of
offering constant voltage regulation or efficiency optimization,
which are highly desirable.

II. DESIGN AND ANALYSIS

Fig. 1 shows the configuration of the proposed BDFDS ma-
chine system for wind power generation. It mainly consists of a
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Fig. 1. System configuration.

wind turbine for capturing wind power, a fixed gear to step up
the wind speed for high-speed operation, a three-phase BDFDS
generator for the desired electromechanical energy conversion,
two diode rectifiers for ac-dc conversion, a three-phase six-step
inverter for dc–ac conversion with minimum switching loss, as
well as a dc–dc converter and a field controller for machine field
regulation.

First of all, the rated speed of the proposed BDFDS ma-
chine needs to be identified since it affects the sizing of the
whole system. For a horizontal axis wind turbine, the mechan-
ical output power is typically expressed as [3]

(1)

where is the coefficient of wind power, is the air density,
is the wind speed, and is the swept area of wind turbine rotor.
Normally, a wind turbine is rated at a wind speed of 12.5 m/s.
So, by selecting the gearbox ratio as 1 : 5.7, the rated speed of
the BDFDS generator is 1500 rpm.

Fig. 2 shows the proposed three-phase 12/8-pole (12 stator
poles and eight rotor poles) BDFDS machine. It adopts the same
structure as an SR machine, namely saliency on both the stator
and rotor. There are no windings or PMs on the rotor, whereas
there are two types of windings on the stator—a polyphase arma-
ture winding and a dc field winding. Since the dc current flowing
through the field winding can be independently controlled, this
arrangement can solve the problem of uncontrollable PM flux.

Similar to the derivation for s DSPM machine [4], the output
power of the BDFDS machine can be derived as

(2)
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Fig. 2. Proposed three-phase 12/8-pole BDFDS machine.

Fig. 3. Magnetic field distributions. (a) Field current only. (b) Armature
current only.

where and are the stator and rotor pole numbers, respec-
tively, the flux leakage factor, the ratio of terminal voltage
to no-load EMF, the ratio of current amplitude to RMS cur-
rent, the electric loading of stator, the airgap flux density,

the rated speed, the machine efficiency, the inner di-
ameter of the stator, and the effective stack length.

In accordance with the basic operating principle of the
BDFDS machine, the relationship between the number of stator
poles and the number of rotor poles is given by

(3)

where is the number of phases, and is a positive integer.
Also, the number of rotor poles is usually less than that of stator
poles so as to facilitate commutation, and the number of phases
should be equal to or greater than 3 so as to allow for self-
starting. For three-phase operation, the 6/4-pole and 12/8-pole
configurations are possible choices. As compared to the 6/4-pole
one, the 12/8-pole machine possesses shorter flux paths in yoke,
hence resulting in lower iron loss. Also, the 12/8-pole one of-
fers halved flux per pole and hence halved width of stator teeth,
leading to shorter end windings and hence lower copper loss.
Therefore, the 12/8-pole configuration is selected.

By using the finite-element analysis (FEA), the static char-
acteristics of the BDFDS machine are deduced. Fig. 3 shows
the magnetic field distributions due to the field current only and
the armature current only, respectively. Based on these distri-
butions, the machine dimensions and parameters can be fine

Fig. 4. Flux linkage characteristics.

Fig. 5. Inductance characteristics. (a) Self. (b) Mutual.

tuned. Moreover, the machine characteristics, including the flux
linkage, self-inductance, mutual inductance, and no-load EMF,
can be obtained. The corresponding flux linkage which varies
with both the rotor angle and field current is shown in Fig. 4.
The characteristics of self-inductance and mutual inductances
are also shown in Fig. 5.

III. MODELING AND CONTROL

Based on the parameters obtained from the FEA, the model
of the BDFDS machine can be formulated as

(4)

where are the phase self-inductances, is
the field self-inductance, are the mutual
inductances, are the phase currents, is the field
current, are the phase voltages, is the field voltage,

are the armature winding resistances, and is the
field winding resistance.

With the use of this machine model, system control can be
performed. As shown in Fig. 1, the core of system control is the
field controller. On one hand, it measures the input wind speed
and hence deduces the mechanical power using (1). On the other
hand, it measures the generated output voltage and power of the
BDFDS machine. Consequently, this controller performs two
tasks. First, when the generated output voltage deviates from
the preset value due to the variation of wind speeds, the field
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TABLE I
SPECIFICATION OF PROPOSED BDFDS MACHINE

Fig. 6. No-load EMF waveforms. (a) Simulated. (b) Measured (20 V/div,
500 �s/div).

Fig. 7. Simulated waveforms of line voltage, phase current, and dc output
voltage.

controller tunes the dc field current to achieve constant output
voltage. Second, based on the measured mechanical input power
and electrical output power, the dc field current is fine tuned to
maximize the system efficiency.

IV. SIMULATION AND EXPERIMENTATION

Computer simulation using MATLAB is based on the ma-
chine model as given by (4). Experimentation is based on the
designed machine with specifications as listed in Table I. The
natural wind characteristics are emulated by real-time control-
ling a programmable dc dynamometer.

Fig. 6 shows the simulated and measured no-load EMF wave-
forms at the rated speed. As expected, the agreement is very
good. Moreover, Fig. 7 shows the simulated waveforms of the
machine line voltage and phase current as well as the rectified
dc output voltage at the rated conditions with the field current
of 1 A, whereas Fig. 8 shows the measured counterparts. It can
be found that these operating waveforms are closely matched.

By online tuning the field current, the dc output voltage can
be maintained constant over a wide range of rotor speeds or

Fig. 8. Measured waveforms. (a) Line voltage and phase current (100 V/div,
5 A/div, 2.5 ms/div). (b) DC output voltage (20 V/div, 2.5 ms/div).

Fig. 9. Measured characteristics. (a) DC output voltage versus speed. (b)
Efficiency versus field current.

wind speeds as shown in Fig. 9(a). Also, by fine tuning the field
current, the machine efficiency can be optimized as shown in
Fig. 9(b). Therefore, it confirms that both the voltage regulation
and efficiency optimization can be achieved by tuning the field
current of the proposed machine.

V. CONCLUSION

In this paper, a new three-phase 12/8-pole BDFDS machine
system has been proposed and implemented for wind power
generation. Theoretical derivation, electromagnetic field anal-
ysis, system modeling, and field current control have been dis-
cussed. Both computer simulation and experimental results have
been given to verify the validity of the proposed system, particu-
larly the constant voltage regulation and efficiency optimization.
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