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Abstract: The conventional doubly-fed induction generator (DFIG) requires brushes and copper slip-rings 
which needs extra maintenance, produces noises and decreases system’s stability. In this paper, a pole-changing 
wound rotor brushless doubly-fed machine (BDFM) with an optimized rotor design is studied. It applies the 
theory of the winding tooth harmonic and the pitch of the rotor winding can be adjusted flexibly. It not only 
improves the winding coefficient and reduces the magnetomotive force harmonic. It has high utilization rate and 
lower harmonic content. The modeling and simulation of BDFM is completed. Experimental results obtained 
from a 64 kW prototype of a pole-changing BDFM are presented and fully discussed. Experimental studies 
including output voltage characteristic and load response under the three different speed modes have 
demonstrated performance advantages of the pole-changing BDFM. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

The Doubly-fed induction generator (DFIG) is 
widely applied in energy conversion systems such as 
wind turbines or pump-alike installations [1]. 
However, brushes and copper slip-rings are required 
in the conventional DFIG. The use of brushes needs 
extra maintenance, produces noises and decreases 
system’s stability [2]. Therefore, a brushless doubly-
fed machine (BDFM) is presented.  

The BDFM is a better alternative to the DFIG for 
wind turbines or pump-alike applications. The main 
advantages of this brushless machine are less 
maintenance, no noises and better stability. This is 
particularly suitable for wind turbines applications 
located in remote areas. A power converter which 
connected with the machine windings has much less 

power than the machine rated power. In addition, 
BDFM has a possibility of improving power factor 
and compensating reactive power. Its operational 
mode is flexible. It can function as either an 
induction motor or as a classical generator which 
called brushless doubly-fed generator (BDFG) [3-7]. 

The report about BDFM in the literature was in 
the early twentieth century [8]. The first BDFM 
includes two doubly-fed induction machines 
connected to the same shaft. It is called cascaded 
BDFM. An improvement to the cascaded BDFM is 
called self-cascaded BDFM. In the implementations 
of self-cascaded BDFM, there are two stator 
windings without any direct magnetic coupling 
between them [9]. In China, reluctance rotor 
brushless doubly-fed machine was studied by 
Shenyang University of Technology in the 1980s. 
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The reluctance rotor BDFM is high efficient [10]. 
And cage BDFM was discussed in some universities 
such as Zhejiang University etc. The cage BDFM has 
simple structure, reasonable cost and is easily 
made [11]. But the harmonic contents in the windings 
current of two types of BDFM mentioned above are 
both large. Besides, A wound rotor BDFM was 
proposed by Huazhong University of Science and 
Technology [12]. 

In this paper, a pole-changing wound rotor BDFM 
(PCBDFM) with an optimized rotor design is studied. 
It applies the theory of the winding tooth harmonic 
and the pitch of the rotor winding can be adjusted 
flexibly [13]. It not only improves the winding 
coefficient, but also reduces the magnetomotive force 
harmonic. It has high utilization rate and lower 
harmonic content [14]. 
 
 
2. Proposed Approach 
 
2.1. Structure of PCBDFM 
 

In the implementations of a pole-changing wound 
rotor BDFM (Fig. 1), there are two stator windings 
with different numbers of poles. One of the stator 
windings called control winding is used as excitation 
source and the other called power winding is 
connected to the grid. The control winding is fed by a 
frequency inverter which is designed for 20 %-30 % 
of the machine rated power. The rotor is designed to 
magnetically be coupled with two stators. The main 
characteristic of this topology can be described as 
only one machine with two stators and one rotor [15]. 
The frequency inverter is either a back-to-back 
converter or a matrix converter which is controlled 
by controller. The filter is composed by resistors, 
inductors, and capacitors connected together in order 
to filter the harmonic from the grid. 
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Fig. 1. Brushless doubly-fed machine structure diagram. 
 
 

The stators with different number of poles have 
two topologies: single-stage topology and dual-stage 
topology. The single-stage topology is only one stator 
but two different output terminals. Looking from 
different terminals, the equivalent stator poles 
number is different. The dual-stage topology is two 
separate stators with different number of poles 
located in the same stator slot. And the two stators 

are designed into different layers, pitches and 
branches. The rotor is a closed winding with two 
layers structure. Its induced current can create 
rotating magnetic field with two different poles 
number and opposite direction. The stators/rotor 
winding design applies the theory of the winding 
tooth harmonic and the pitch of the rotor winding can 
be adjusted flexibly [13]. This design not only 
improves the winding coefficient, but also reduces 
the magnetomotive force harmonic. 
 
 
2.2. Brushless Doubly Fed Machine Model 
 

In order to understand the operating principle of 
the BDFG, it is necessary to be familiar with 
dynamic math model and unusual torque producing 
mechanism of the BDFM. The BDFG is represented 
by its rotor resistance, stators resistance, main 
magnetizing inductance, leakage inductance and 
mutual inductance. 

Defining the stator and rotor inductances of the 
machine as: 
 

 2/3 mppp LLL += σ
 

2/3 mccc LLL += σ
 

2/3 mrrr LLL += σ
 

2/3 prpr LM =  

2/3 crcr LM = , 

(1) 

 

In Eq. (1)-(4), the subscripts “p”, “c”, “r” are 
used to indicate a variable related to the power 
winding/control winding /rotor winding of the 
BDFM. 

pLσ
, 

cLσ
, 

rLσ
are the stators/rotor main 

magnetizing inductance of the machine, 

mpL , 
mcL , 

mrL  are the stators/rotor leakage 

inductance of the machine. 
pL , 

cL , 
rL are the 

stators/rotor inductance of the machine, 
prL , 

crL  are 

the stators/rotor mutual inductance of the machine. 
Using synchronous speed d-q coordinates, the 
machine voltage balance equations are [16]: 
 

 •••

++= rprpppppp IMjILjrU ωω )( , (2) 

 

 •••

++= rcrcpcccc IMjILjrU ωω )( , (3) 
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(4) 

 

In Eq. (2)-(4), 
pω , 

cω  is the mechanical angular 

velocity of stators. 
rω  is the mechanical angular 

velocity of rotor. 
pp , 

cp  are the stators/rotor number 

of poles. 
pr , 

cr , 
rr  are the stators/rotor resistance 

of the machine.  
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When the machine is in a steady state, the relation 
of angular velocity of stators and rotor is shown in 
Eq.(5) 
 

 
rcrppc pp ωωωω −−= , (5) 

 
From Eq.(5), changing 

pω  and 
cω , then 

rω  can 

be changed. This is the principle of the motor 
functioning. Similarly, changing 

rω  and 
cω , then 

pω  can be changed. This is the principle of the 

generator functioning. According to Eq.(5), Eq.(6) 
can be deduced. 
 

 

cp

cp
r pp +

−
=

ωω
ω , 

(6) 

 
According to Eq.(6), if 0=cω  (control winding 

current is DC), the BDFM runs at synchronous speed 
( )/( cppsyn pp += ωω ). If 0>cω  (current 

phase sequence of the control winding is the same as 
that of the power winding), then the machine is 
operated in sub-synchronous mode (

synr ωω < ), 

and if 0<cω  (current phase sequence of the 

control winding is opposite to that of the power 
winding), then in super-synchronous model 
(

synr ωω > ). 

Assuming the stators inner surface and rotor outer 
surface is smooth, air gap is uniform, three-phase 
stator windings and rotor winding is symmetric, the 
effect of magnetic hysteresis, saturating magnetic 
materials, and eddy current is ignored, using 
synchronous speed d-q coordinates, the BDFM 
matrix equations are [17]: 
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(7) 
 

In Eq. (7), ρ is the differential 

operator,
rcppc pp ωωλ )(( +−= , 

)rppr p ωωλ −= . 

Using d-q coordinates, the electromagnetic torque 
of the machine can be expressed as [17]: 
 

 3
( )

2
3

( )
2

e p pr pq rd pd rq

c cr cq rd cd rq

T P M i i i i

P M i i i i

= −

− −

, 
(8) 

 

According to Eq.(8), the electromagnetic torque 
consists of two parts: the one part produced by 

interaction between the control winding current and 
the rotor winding current, and the other by interaction 
between the power winding current and the rotor 
winding current. 

Using the model described in the Eq.(7) and 
Eq.(8), the BDFM can be simulated.  
 
 
3. Simulation Results 
 

Using Power System Blockset in 
Matlab/Simulink, according to the Eq.(7) and Eq.(8), 
the BDFM simulation model can be built. From the 
simulation model of the BDFM, the work features of 
the BDFM can be simulated.  

When BDFM functions as motor (power is 
10kW), 

pL =0.0425, 
cL =0.068, 

rL =0.1054, 

prM =0.036, 
crM =0.0528, pp=7, pc=5, Up=220 V, 

fp=50 Hz, Uc=10, TL=20 N.m, the simulation wave 
of stators/rotor is shown as Fig. 2. 
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Fig. 2 (a). Given fc wave. 
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Fig. 2 (b). Control winding current wave. 
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Fig. 2 (c). Rotor speed wave. 
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Fig. 2 (d). The electromagnetic torque wave. 
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Fig. 2 (e). Power winding current wave. 
 
 

From Fig. 2(c), Fig. 2 (d), when given fc as in 
Fig. 2(a), BDFM is operated in super-synchronous 
mode in 0-4 seconds (nr=260 r/min), and then in 
synchronous mode in 4-6 seconds (nr=250 r/min), 
finally in sub-synchronous mode in 6-10 seconds 
(nr=240 r/min), and the electromagnetic torque is 
about 22 N.m. From Fig. 2(b), the control winding 
current phase sequence in super-synchronous state is 
opposite to that in sub-synchronous state. From 
Fig. 2(e), power winding current frequency and 
amplitude is always stable except the initial impulse. 

When BDFG functions as generator, the 
parameter of the BDFM is: the rated power 
P=64 kW, pp=4; pc=2; rp=0.074285; rc=0.11117; 
rr=0.83271; 

prL =0.064827; 
crL =0.21323; 

mpL =0.02607; 
mcL =0.0996; 

pLσ
=0.0010868; 

cLσ
=0.0010754; 

rLσ
=0.015798; 

mrL =0.61784. Its 

synchronous rotor speed (nsyn) is 500 r/min. The 
simulation wave of stators/rotor is shown as Fig. 3. 

From Fig. 3, when given rotor speed as in 
Fig. 3(a) and appropriate fc (in Fig. 3(b)) and uc  
(in Fig. 3(c)) or appropriate control winding current 
(in Fig. 3(d)), BDFG is operated respectively in sub-
synchronous state (nr<nsyn (synchronous speed)), 
synchronous state (nr=nsyn), super-synchronous  
state (nr> nsyn).  
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Fig. 3 (a). Given rotor speed (nr) wave. 
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Fig. 3 (b). Given control winding frequency(fc) wave. 
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Fig. 3 (c). Given control winding voltage  
amplitude (uc) wave. 
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Fig. 3 (d). Control winding current wave. 
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Fig. 3 (e). Power winding voltage wave. 
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Fig. 3 (f). Power winding voltage wave during the period  
of 1.64 s-1.74 s. 
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Fig. 3 (g). The electromagnetic torque wave. 
 
 

Under the given nr, proper fc, and uc, the 64 kW 
BDFG’s power winding voltage frequency is 
constantly 50 Hz and power winding phase voltage 
amplitude is continuously about 310 V (in Fig. 3(e) 
and (f)) in the three different modes, the same as the 
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grid frequency and phase voltage amplitude. In 
addition, as the rotor speed increases, the 
electromagnetic torque increases from 22 N.m, 
32 N.m to 52 N.m (in Fig. 3(g)). Besides, according 
to Fig. 3, when the generator works at the  
three different modes, the output power winding 
voltage wave is sinusoidal wave nearly without 
harmonic content. 

 
 

4. Experimental Results 
 

Experimental BDFM prototype (in Fig. 4) 
power is 64 KW, its parameter is the same as the 
simulation model above (functioning as generator). 
The experimental BDFM runs in the generator mode. 
The prime motor is driven by wind turbine simulator. 
The control winding of BDFM is connected with an 
inverter and the power winding is connected with  
the grid. 
 
 

 
 

Fig. 4. Experimental prototype. 
 
 

When wind turbine simulator drives the BDFG 
rotor to change the rotor speed from 600 r/min, 
500 r/min to 400 r/min, the measured UV and VW 
line voltage wave and measured U, V phase current 
of control winding wave is shown in Fig. 5-Fig. 7. 

From Fig. 5, when rotor speed is 600 r/min (in 
super-synchronous state), power winding line voltage 
effective value keeps constantly 400 V and its 
frequency keeps 50 Hz whether there is resistant load 
or motor load (in Fig. 5(b)-(d)) or not (in Fig. 5(a)) 
only by controlling the inverter to adjust the control 
current frequency (about 10 Hz) and amplitude in 
time (but the phase sequence of the control winding 
is opposite to that of the power winding). According 
to Fig. 5(a), Fig. 5(b) and Fig. 5(c), when load 
increases (from no-load to 30 kW resistant load) or 
decreases (from 30 kW resistant load to 6 kW 
resistant load), control current increases (from 80 A 
to 120 A) or decreases (from 120 A to about 85 A) 
correspondingly. When motor load is connected with 
the BDFG, there is a transient process (Fig. 5(d)), but 
power winding voltage amplitude and frequency is 
nearly invariable. 
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Fig. 5 (a). When rotor speed is 600 r/min, no-load  
output wave. 
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Fig. 5 (b). When rotor speed is 600 r/min, 30 kW resistance 
load steady-state output wave. 
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Fig. 5 (c). When rotor speed is 600 r/min, dynamic output 
wave when resistance load varying from 30 kW to 6 kW. 
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Fig. 5 (d). When rotor speed is 600 r/min, dynamic output 
wave when load varying from 30 kW resistance load  

to small motor load. 
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Fig. 6 (a). When rotor speed is 500 r/min, no-load  
output wave. 
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Fig. 6 (b). When rotor speed is 500 r/min, 30 kW resistance 
load steady-state output wave. 
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Fig. 7 (a). When rotor speed is 400 r/min, no-load  
output wave. 
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Fig. 7 (b). When rotor speed is 400 r/min, 30 kW resistance 
load steady-state output wave. 
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Fig. 7 (c). When rotor speed is 400 r/min, dynamic output 
wave when resistance load varying from 30 kW to 6 kW. 
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Fig. 7 (d). When rotor speed is 400 r/min, dynamic output 
wave when load varying from resistance load 6 kW to 

small motor load. 
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Fig. 7 (e). When rotor speed is 400 r/min, dynamic output 
wave when load varying from 24 kW resistance load to 

large motor load. 
 
 

From Fig. 6, when rotor speed is 500 r/min (in 
synchronous state), power winding line voltage 
effective value still keeps constantly 400 V and 
frequency keeps 50 Hz whether there is load 
(Fig. 6 (b)) or not (Fig. 6(a)) if keeping the control 
current frequency equal to zero (giving control 
winding DC). 

From Fig. 7, when rotor speed is 400 r/min (in 
sub-synchronous state), power winding line voltage 
effective value still keeps constantly 400 V and 
frequency keeps 50 Hz whether there is resistant load 
or motor load (in Fig. 7(b)-Fig. 7(d)) or not (in 
Fig. 7(a)) if adjusting the control current frequency in 
time to about 10 Hz by controlling the inverter (but 
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the phase sequence of the control winding is the same 
to that of the power winding).  

According to Fig. 7(a), Fig. 7(b) and Fig. 7(c), 
when load increases (from no-load to 30 kW resistant 
load) or decreases (from 30 kW resistant load to 
6 kW resistant load), control current increases or 
decreases correspondingly. whether small power 
motor load or large power motor load is connected 
with the BDFG (in Fig. 7(d)-Fig. 7(e)), there is a 
transient process, but power winding voltage 
amplitude and frequency is nearly invariable. 

From Fig. 5-Fig. 7, when rotor speed is in sub-
synchronous state, in synchronous state, or in super-
synchronous state, power winding line voltage 
effective value still keeps constantly 400 V and 
frequency keeps 50 Hz (the same as the grid voltage 
amplitude and frequency) whether there is load or not 
if adjusting the control current frequency to proper 
value by controlling the inverter in time. According 
to Fig. 5-Fig. 7, when the experimental generator 
works at the three different modes, the output power 
winding voltage wave is nearly sinusoidal wave 
without harmonic content. When load increases or 
decreases, control current increases or decreases 
correspondingly. Whether small power motor load or 
large power motor load is connected with the BDFG, 
there is a transient process, but power winding line 
voltage amplitude and frequency is nearly invariable. 
 
 
5. Conclusions 
 

The Doubly-fed induction generator (DFIG) is 
widely applied in energy conversion systems such as 
wind turbines or pump-alike installations. However, 
the conventional DFIG requires brushes and copper 
slip-rings. A pole-changing wound rotor BDFM with 
an optimized rotor design is studied. It can be 
operated in sub-synchronous state and super-
synchronous state if excited current is AC and also in 
synchronous state if excited current is DC through 
inverter absorbing grid energy or feeding back energy 
to grid whether in motor mode or in generator mode. 
The main advantages of this brushless and no-copper 
slip-rings machine is less maintenance, no noises and 
better stability. It has high utilization rate and lower 
harmonic content. In this paper, through modeling 
and simulation of BDFM, the simulation results show 
that BDFM can run in the three different speed mode 
whether as motor or as generator. When the rotor 
speed was varied from sub-synchronous speed to 
super-synchronous speed, its power winding output 
voltage wave is nearly sinusoidal wave without 
harmonic content and output voltage frequency and 
amplitude was nearly the same as that of the grid 
through controlling the control winding current 
(excited current) amplitude and frequency. Finally, 
experimental research was done based on 64 kW 
experimental BDFM prototype. Experimental 
research results verified the simulation conclusions. 
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