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Abstract 
The brushless doubly-fed machine (BDFM) continues to attract increasing interest for applications 

in wind generation where, robustness and low servicing costs are its principles advantages. The 
construction aspect of the BDFM has been widely studied and currently this machine can be build with 
good performances. However, the control aspect remains difficult to achieve and some studies show that 
the BDFM is less stable than the doubly-fed induction machine. To explore the BDFM stability in all 
operating mode, this paper proposes a stability analysis of a grid-connected variable speed wind turbine-
based BDFM. For this purpose, a linearized small signals mathematical model is proposed which takes 
into account both grid and control disturbances. Then, the effect of electrical parameters variation and 
operating speed change on the stability of the BDFM has been studied. The stability has been investigated 
through simulation implementation. The obtained results demonstrate the validity and the superiority of the 
proposed model. 
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1. Introduction  

In recent years, the wind power generation has been greatly commercialized because 
of the low air pollution and the high fuel efficiency [1-2]. The most used generator in wind power 
generation is the Doubly Fed Induction Machine (DFIM) because of its small volume and low 
power converter [3-5]. However, the DFIM is a wound rotor induction machine and has brushes 
and slip rings, so it requires periodic services, thus induces extra maintenance costs [6]. To 
overcome the drawbacks of the DFIM, a good alternative has been proposed, the Brushless 
Doubly Fed Machine (BDFM) [6-7].  

The first literature reports on the BDFM structure can be traced back to the early years 
of the twentieth century when [8] proposed a topology based on two DFIMs rotating on the 
same shaft with their rotor windings connected to form what was known as the ‘cascaded 
DFIMs’. This structure was further improved by allowing a special single rotor to couple two 
independent three-phase windings known as power winding and control winding located on the 
stator. The stator windings are designed with different pole pair numbers to eliminate direct 
magnetic coupling [9]. In generation mode, the power winding is connected directly to the grid 
and the control winding is fed by a back-to-back converter [10].  

To obtain synchronous operation of the BDFM, an electromagnetic cross-coupling effect 
between the power winding and the control winding must be achieved such that the induced 
rotor currents evolve with equal frequencies. Recently, many mathematical models have been 
proposed to describe the steady-state and the dynamic behaviour of the BDFM for exploitation 
in implementing control strategies and studying its stability [11-12, 7].  

In the reported literature, the stability of the BDFM has been studied by a lot of authors. 
Studied the stability of a cascaded DFIMs mounted in a single frame by using small signal 
analysis; they concluded that the cascaded DFIM has some areas of instability in open loop 
operation [13]. More recently, the same authors investigated the impact of parameters change 
on the stability of the cascaded DFIM and demonstrate that the real part of the dominant poles 
of the cascaded DFIM is dependent on the speed and load [14]. Later on, [15] analyzed the 
open-loop stability characteristics of the BDFM in equilibrium points based on the generalized 
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theory of Floquet; they showed by simulation results a possible instability when the frequency of 
the control winding is high, but their experimental results disagree with those obtained by 
computer simulation. A decade later, [16] studied the open-loop stability of a small signal d-q 
unified reference frame model of the BDFM, and showed that stability area is dependent on 
machine parameters. One year later, [17] studied the stability of the BDFM under closed loop 
scalar current control, and showed by experimental BDFM set-up a stable behaviour along all 
the operation range.  

It should be recognised that a contradiction arises between the arguments that the 
BDFM could attain a wide range open-loop stable operation [15, 17] and those that the BDFM is 
open-loop conditionally stable [13, 16]. From a control point of view, although of the 
discrepancy, nonetheless, closed-loop control is perpetually required to increase the stability 
margin and enhance dynamic performance. Consequently, more researchers became 
concentrated on closed-loop control schemes [18-20]. In previous works, the absence of a clear 
mathematical model leads to a weak stability analysis of the BDFM in generation mode, where 
their eigenvalues analysis cannot be performed directly. 

To find analytical justifications for this problem, this paper proposes a new mathematical 
model of the grid connected BDFM taking into account both control and grid disturbances. With 
the proposed mathematical model of the BDFM, a stability study is carried out. The proposed 
BDFM mathematical model is a transfer matrix 2×4 between the stators voltages and the 
produced currents. The denominator of the transfer matrix is used to extract the eigenvalues 
and analyse the stability characteristics of the BDFM. Moreover, the effects of electrical 
parameters variation on the BDFM-stability is presented and widely investigated. 

This paper is organized as follows. In Section 2 the small signal unified reference frame 
model of the BDFM in a wind energy system is derived. Section 3 presents a BDFM-stability 
study based on the proposed model and applied to a selected benchmark machine. Finally, the 
conclusion is drawn in section 4.  

 
 
2. Mathematical Model of the BDFM  

The principle of using a grid-connected BDFM in generation mode in a wind turbine is 
illustrated in Figure 1. In this variable speed structure, the control winding is connected to the 
grid through a partially rated power electronic converter. 

 
 

 
 

Figure 1. The BDFM in wind energy conversion system 
 
 

Based on the set of electromagnetic equations of the BDFM expressed in the a-b-c coordinate 
system, the machine model aligned with the power winding flux and expressed in the d-q unified 
reference frame is given by the following expressions [12]. The voltage equations are: 
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 dq dq dq dq
r r r r r

d
v R i j

dt
           (3) 

 
The magnetic flux equations are: 
 

dq dq dq
p sp p hp rL i L i  

  
      (4) 

 
dq dq dq
c sc c hc rL i L i           (5) 

 
dq dq dq dq
r r r hp p hc cL i L i L i           (6) 

 
With: 
 

 p p c rP P    
 

       (7) 

 

p p rP             (8) 

 

Where  (   ) represents the relative angular velocity between the reference frame d-q and the 

control winding (rotor) reference related to a cp  ( pp ) pole-pair-type distribution [12]. 

Substitution of the flux Equations (4)-(6) into the Voltage Equations (1)-(3) yields: 
 

d d d
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             

   (9) 
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    (10) 

 

d dd d
hp hp p hc hc cr r r r r

q qq q
hp hp hc hcr r r p cr r

qL L i qL L iv R qL L i

L qL L qLL R qL i iv i

 

 

              
             

                    

 (11) 

 

Where 
 d

q
dt

 . 

Given the nonlinearities inherent to the previous model represented by  
Equations (9)-(11), a simplification can be justified under the assumption of small variations in 
the rotor’s mechanical angular speed. Thus, for the case of a wind energy conversion system 

operating around an angular speed value ro  which depends on the wind nominal speed

 Δ , 0r ro r r       , Equation (7) and (8) become: 

 

 p p c roP P             (12) 

 

p p roP   
         

(13) 

 
Where the new subscript o  denotes the steady state quantities. Now, combining Equations (9), 

(10) and (11) allows expression of the power winding current vector as a linear function of 
control winding and power winding voltage vector as follows:  
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The transfer function matrix in Equation (14), defines the BDFM as a four-input two-

output linear system. Entries  11cG s ,  12cG s ,  11pG s   and  12pG s  are functions of both the 

rotor’s nominal operating mechanical angular speed ro and the electrical parameters of the 

machine. These entries are given by: 
 

 
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 

 
 
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Where        1 2 1, , ,c c pa s b s b s b s  and  2pb s  are polynomials in the Laplace variable ‘s’: 
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The bloc diagram of the BDFM is illustrated by Figure 2. 

 
 

 
 

Figure 2. BDFM bloc diagram 
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The linearized mathematical model of the BDFM in Equation (14) defines a 
multivariable linear structure in the s-domain which allows application of all tools and techniques 
made available by linear control theory for stability analysis and controller design of the 
machine. Under synchronous conditions the two stator windings will co-operate to induce the 
same frequency and distribution of currents in the rotor cage and, the synchronous operation 
speed is equal to: 

 

   p cync p cs P P            (22) 

 
Thus, the synchronous angular frequency of currents and voltages in the stator control winding 
is given by: 

 

( )c p c r pp p    
 

       (23) 

 

Note that the BDFM model depends on the variable rotor’s angular speed ro  on one hand 

and, on the less electrical parameters of the machine (resistances, self-inductances, coupling 
inductances) on the other hand. 

 
 
3. Stability Analysis of the BDFM 

In the following, the proposed model is used to carry out a stability analysis of a 
selected benchmark machine [19]. This machine has one pole pair in the power winding, and 
three pole pairs in the control winding. The electrical parameters of the prototype are given in 
Table 1 in the appendix. The simulation results are obtained using Matlab.  
 
3.1. BDFM Stability Analysis with Respect to the Operating Speed Change 

The first step in the analysis process is the determination of the coefficients of the 

common denominator  a s  of the transfer matrix element. The result of the calculation of the 

sixth order polynomial  a s  for the selected BDFM in terms of the rotor’s mechanical speed 

ro  is given by: 
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Given that some coefficients are functions of the operating velocity ro , the positions in 

the complex domain of the roots of  a s  evolve accordingly and, define six different poles. The 

Figure 3 shows the evolution of the real part of the conjugate-complex-pairs poles for a velocity 
varying from zero up to 1500 rpm (1500 rpm represents the double of the synchronous speed

sync ), and Figure 4 shows the evolution of the imaginary part of the poles for a velocity varying 

from zero up to 1500 rpm.  
In fact, for all possible values of rotor’s angular velocity, the real part of the poles is 

always negative, which indicates stable open loop BDFM regardless of the rotor’s operating 

velocity ro . Additionally, variations in the imaginary part indicate that the open loop time 

response of the machine varies with the value of the mechanical velocity.  
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Figure 3. Real part of the poles in function of 
the operating velocity 

 
 

Figure 4. Imaginary part of the poles in 
function of the operating velocity 

 
 
3.2. BDFM Stability Analysis with Respect to Electric Parameters Changes 

 Further simulations have been conducted to study the impact of electric parameters 
changes on the machine stability. Particular interest has been given on the effect of variations in 

rotor’s resistance rR  and self-inductance rL , as these parameters can undergo significant 

variations with rotor’s temperature increase during machine operation [21-22]. The variation of a 
parameter x  can be expressed as: 

 

ox x x            (25) 

 
The relative uncertainty in percent has been used rather than the absolute one: 

 

 % 1 100%
o

x
x
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 
        (26) 

 
With the same method, the variation of the eigenvalues can be mapped with respect to any 
parameter desired. Figures 5 and 6 mapped the real part of the BDFM poles in function of 

variations in rR  and rL  respectively when the BDFM turn at rated speed. Only ±50% of 

variation in parameters is taken into account. As can be seen, the stability of the BDFM is not 

altered by any variations in rR . However, if the stability is maintained for an increase of up to 

50% in  rL , the machine becomes open loop unstable for a decrease beyond 16% in the rotor 

self-inductance value.  
Figures 5 and 6 can be unify into one figure, the Figure 7, which represents the area of 

stability of the BDFM with respect to variations in both rR  and rL . The plus mark indicates that 

the corresponding pair ( rR , rL ) has at least one pole has a positive real part, i.e. the BDFM is 

open loop unstable. While the point mark indicates that all poles of the BDFM for the 

corresponding pair ( rR , rL ) have a negative real part, i.e. the BDFM is open loop stable. 

The Figure 7 shows that the rotor resistance variations don’t affect the stability of the 
BDFM. But variations in the rotor self-inductance can destabilize the BDFM. In order to make 

sure the BDFM stable, variations in rL  should not be under (-16%) of its nominal value. 

However, in fault conditions (rotor bars broken) the rotor electric parameters will decrease 
seriously, so the risk of being unstable will rise dramatically. Figures 8 and 9 represent the area 
of stability for variations in resistance and self-inductance of the stator power winding and stator 
control winding respectively when the rotor turns at rated speed. 
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Figure 6. Real part of the poles in function of rotor self-inductance variations 
 

 

 
 

Figure 7. Stability regions with respect to variations in the rotor self-inductance and resistance 
 
 

As can be seen, variations in pR  don’t affect the stability of the BDFM, but a decrease 

in pL  by -20%, cL   by -30% or cR   by -40% from their nominal value can destabilize the BDFM. 

The decrease in stator electric parameters can be arrived not only due to temperature variation, 
but also due to fault conditions (short-circuit in electrical winding).  

 
 

 
 

Figure 8. Stability regions with respect to 
variations in the stator power winding self-

inductance and resistance 

 
 

Figure 9. Stability regions with respect to 
variations in the stator control winding self-

inductance and resistance 
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By knowing the position of the poles, the behaviour of any BDFM can be predicted on 
one hand. On the other hand, this approach compared to other studies, give the opportunity to 
the optimization theory to take place, and contribute before the construction phase to get an 
optimal BDFM.  

 
 
4. Conclusion  

In this paper, a new mathematical model of the brushless doubly fed machine is 
derived, and a stability analysis is achieved in open loop operation. This study is done for wide 
operating rotor speed, and for stators and rotor parameters variation. The stability investigation 
of a selected benchmark BDFM is based on the calculation of the eigenvalues of the open-loop 
BDFM system. The obtained results indicate that the BDFM is stable over all speed range and, 
small variations in the electrical parameters don’t affect its stability. However, it has been also 
shown that the BDFM can be unstable especially when one of the self-inductances decreases 
seriously. A serious diminution in electrical parameters can only happen in the case of short-
circuit in the stator windings or, a break of some rotor bars. 
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Appendices 
 
 

Table 1. BDFM electrical parameters 
Electrical 
winding 

resistance ( ) self inductance 
(H) 

mutual 
inductance (H) 

power winding 1.732 0.7184 0.2421 
control winding 1.079 0.1217 0.0598 

rotor 0.473 0.1326  

 


