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Abstract: Control of the Brushless Doubly Fed Machine (BDFM) based on traditional multiple 
reference frames is complex. To simplify the control scheme, a new and simpler derivation of the dq 
model of the BDFM is proposed, leading to a unified-reference-frame model. This way, a simple dq 
model can be established, which could be an interesting tool for control-synthesis tasks. In order to 
determine the unified reference dq model, restrictions related to BDFM operation, as well as the exact 
rotor-cage configuration, have been considered. The proposed model has been validated by several 
experimental results. This work could facilitate future research on improved BDFM field-oriented 
control strategies. 
 

 

List of symbols 
 
p1 (p2) number of pole pairs of the first (second) stator 

winding 
n number of rotor nests  
θr mechanical rotor-shaft displacement  
δ initial mechanical rotor-shaft angular position  
γ mechanical angular displacement of stator 

winding 2 
θa unified-reference-frame position in a p1-type 

pole-pair distribution 
ωr rotor’s mechanical angular speed 
ωa angular speed of the unified reference frame 
vs1 (vs2) stator-winding 1 (2) fed voltage vector 
is1 (is2) stator-winding 1 (2) current vector 
Ψs1 (Ψs2) stator-winding 1 (2) flux linkage vector 
iri current of nest i of the rotor 
ir rotor’s equivalent current vector 
Ψr rotor flux-linkage vector 
Tem  electromagnetic torque 
Rs1 (Rs2) stator-winding 1 (2) resistance  
Rr  rotor resistance 
Ls1 (Ls2) stator-winding 1 (2) self inductance 
Lr rotor self inductance 
Lm1 (Lm2) inductance between the phase a of the stator 

winding 1 (2) and the reference loop of the rotor 
Lh1 (Lh2) unified frame stator-winding 1 (2) to rotor 

coupling inductance 
K arbitrary transformation ratio 
Vc control-winding phase voltage (RMS) 
Subscripts 
s1, s2, r  stator winding 1, stator winding 2, rotor 

p, c power  winding, control winding 
Superscripts 
αβ1  stator winding-1 reference frame in a p1-type 

pole-pair distribution 
αβ2 stator winding-2 reference frame in a p2-type 

pole-pair distribution 
αβr1 rotor reference frame in a p1-type pole-pair 

distribution 
αβr2 rotor reference frame in a p2-type pole-pair 

distribution 
dq arbitrary reference frame in a p1-type pole-pair 

distribution 
p1 (p2) p1-type (p2-type) winding distribution 
 

1 Introduction 

Recent developments have revitalised research activities in 
the area of doubly-fed machines [1], [2]. The expression 
doubly-fed applies, generally, to machines where electrical 
power can be fed or extracted from two accessible three-
phase windings. The wound rotor induction machine is a 
good example. Generally the stator winding (through 
which most of the power flows) is connected directly to the 
grid and the rotor winding is connected to a bi-directional 
power converter. The power rating of the rotor winding, 
i.e. the converter size, depends on the required speed range 
and the reactive-power requirements. This fact can be of 
particular interest in systems with limited speed ranges, 
such as variable-speed wind turbines. The main problem is 
that the slip rings and wound-rotor arrangement render the 
rotor of a slip-ring doubly fed machine more vulnerable to 
faults than a cage induction machine. Among other 
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solutions, the use of the so-called brushless doubly fed 
machine (BDFM) could overcome this problem. 

The BDFM (which is also known as a self-cascaded 
machine) is composed of two three-phase windings in the 
stator (called power winding, PW, and control winding, 
CW) and a special rotor winding [3]. Thanks to the specific 
design of the BDFM, the control winding can modify and 
control the rotor current which is being induced by the 
power winding. This is achieved by an electromagnetic 
cross-coupling effect between the two stator windings 
through the rotor. The existence of multiple reference 
frames, related to the two stator windings and the rotor, 
makes it difficult to exploit the well known standard 
induction-machine control strategies. 

Wallace et al. developed the dynamic vector model of 
the BDFM referred to the rotor’s shaft position [4], later 
validated in an experimental set-up [5]. The derivation of 
the model was carried out by orthogonal transformation 
matrices for a given machine configuration (a six-pole 
power winding, a two-pole control winding and a rotor 
with four nests). In [6] the same group generalised their 
previous work for an arbitrary pole number, and 
experimentally validated the developed steady-state model. 
Next, a BDFM model was derived assuming that the 
machine was composed of two superposed subsystems [7]-
[8]. Each subsystem contained the dynamics of one of the 
two stator windings (PW or CW) and the corresponding 
rotor dynamics. The set of equations of the PW or CW 
subsystem were written in two different synchronous 
reference frames related to each pole-pair distribution. This 
leads to a couple of equations describing the dynamics of 
two independent rotor currents which correspond to two 
different synchronous reference frames. The 
electromagnetic torque depends on the current and the flux 
of both subsystems, as well as the so-called ‘synchronous 
angle’ between the two reference frames. Based on the 
control of this synchronous angle [8], a CW-rotor flux-
oriented torque-control algorithm was developed. 

Later on, a complete analysis of the synchronous 
steady-state operation of the BDFM was presented by 
Williamson et al. [9]. This work developed a generalised 
harmonic analysis of the BDFM, obtaining an accurate 
mathematical model. The resulting model was validated 
experimentally and iron losses and saturation effects were 
also investigated [10]. Note that, if sinusoidally distributed 
windings are considered, the BDFM model developed in 
[9] is equivalent to the steady-state version of the vector 
model presented in [4]. One of the main advantages of the 
generalised harmonic analysis approach is that it makes it 
possible to compute several interesting operating 
parameters, i.e. impedances, current densities and 
induction values. This work, together to the analysis 
methodology developed by the same authors in [11], [12] 
and [13], is a powerful tool for the study of the BDFM, 
which is especially useful for static-performance analysis 
as well as for machine-design tasks. Unfortunately, as it 
does not reflect the transient behaviour of the machine, the 
model can not be used for control purposes. 

Muñoz and Lipo proposed dynamic complex vector 
models for both the cage induction machine [14] and the 
dual-stator-winding induction machine [15]. These models 
are based on complex vector notation, leading to a 

complete but compact machine description, including 
transients. The generalised analysis method of [14] 
employed in the study of a dual-stator machine in [15], can 
also be applied to the study of the dynamics of any other 
doubly fed machine, such as the BDFM. Based on this 
approach, the authors proposed in [16] a unified-reference-
frame vector model for the BDFM. Detailed description 
can be found in [17]. The model developed in [16] is 
mathematically equivalent to that presented in [7], but it is 
written in a unified reference frame, in contrast to the two 
reference frames required in [7]. Thanks to its simplicity, 
the unified-reference-vector model could be more 
convenient for control purposes. A vector control of the 
BDFM based on this model has been already proposed 
[18]. In this proposal, the generic reference frame is 
aligned with the PW flux vector. Experimental results 
presented in the same paper validate the approach and 
show that the model is well adapted for control synthesis 
tasks.  

Later on, [19] proposes a generalised ‘synchronous 
reference frame’ model, which has been derived in a 
different way but becomes identical to the unified-
reference-frame model of [16]. The unified-reference 
model has also been employed to investigate the open-loop 
stability of the BDFM, [17], [19] and [20]. 

This paper improves the derivation proposed in [16], 
eliminating some unnecessary steps. Simulated and 
experimental results validate the retained approach. 
 

2 Coupling conditions 

The coupled magnetic theory and complex space-vector 
notation will be used throughout the derivation [14]. The 
following general assumptions are made: 
 

(a)  negligible saturation, 
(b)  uniform air gap, and 
(c)  sinusoidally distributed stator windings. 
 

One of the three-phase windings of the stator is directly 
linked to the power line and it is usually denoted as the 
power winding (PW). It has a p1 pole-pair distribution and 
most of the power flows through it. The additional three-
phase winding of the stator is branched to a power 
converter. Its goal is to modify the electromagnetic state of 
the rotor windings, and so it is denoted as the control 
winding (CW). It has a p2 pole-pair distribution. The 
BDFM must be designed carefully in such a way that: 
 

(i) The rotor-PW system behaves as a classical induction 
machine, i.e. a p1 distribution-type current is induced in the 
rotor. 
(ii) The CW cannot directly influence any of the PW 
variables. This restriction can easily be fulfilled if p1≠ p2 
(in a practical BDFM design, other considerations must be 
taken into account in order to avoid the direct transformer 
coupling between the two stator windings). 
(iii) In order to control the machine, i.e. the 
electromagnetic state of the rotor, variables related to the 
CW must be able to modify the rotor current. Taking into 
account the p1-type distribution of the original rotor current 
related to the PW, the p2-type distribution of the CW and 
the fact that p1≠ p2, the rotor must be designed in such a 
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way that a p1-type rotor current causes a p2-type rotor 
current (and vice versa). This way, if a p1-type rotor 
current exists, the same current also exists in a p2-type 
rotor distribution (and vice versa). 
 

This last condition is the so-called indirect-cross-
coupling condition. In fact, both the CW and the PW are 
coupled through the rotor. Next, we will show the special 
rotor configuration which fulfils this condition. The 
following relation expresses a generic space-vector 
representation of a variable x in a n-phase system:  
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where 2/n is the amplitude conservation factor, p is the 
number of the space harmonic and αi is the mechanical 
angle between coil i and coil 1. Take an n-loop rotor whose 
current components ‘exist’ along a p1 pole-pair 
distribution. These rotor currents can be represented by the 
next space vector related to the rotor reference: 
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with ( )nπjb 2exp= . Individual loop currents can easily 
be obtained projecting this vector on each individual coil. 
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In order to obtain a cross-coupling effect, 1p
ri  must also 

‘exist’ or ’be visible’ along a p2 pole-pair distribution, 
getting a nonzero 2p

ri . Computing 2p
ri  
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and replacing (3) in (4) we obtain 
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A nonzero 2p
ri  is obtained if at least one of the two terms 

of the right-hand side are nonzero, leading to two possible 
configurations, see Appendix (Section 8.1): 
 

Configuration 1: 
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Configuration 2: 
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In the first configuration, the rotor current has exactly the 
same value in the two possible distributions, whereas in the 
second configuration one of the current vectors behaves as 
the conjugate of the other. According  to these relations it 
becomes straightforward to change from a p1–type 
reference frame to a p2-type one or vice versa, the key step 
of the derivation presented in this paper. 
 

 
Fig. 1 Initial reference frames (mechanical angles) 

3 Unified Reference Frame Model of the 
BDFM 

It is assumed that the stator has two sinusoidally 
distributed windings with different number of poles 
(p1≠p2). The rotor of the BDFM is configured with n 
symmetrical nests in such a way that the second condition 
(9) is fulfilled, being npp =+ 12 . Although each nest can 
be built of several isolated loops, one unique loop per nest 
will be initially considered. 
 
3.1 Initial multiple-reference-frame model of the 
BDFM 
There are three initial reference frames (shown in Fig. 1): 
 

(a) PW reference αβ1 related to a p1 pole-pair-type 
distribution, which is used as the overall static reference 
frame. 
(b) CW reference αβ2 related to a p2 pole-pair-type 
distribution and located at a mechanical angular position of 
γ radians from αβ1. 
(c) Rotor references αβr1  and αβr2 related, respectively, to 
a p1 and p2 pole-pair-type distributions  which are located 
at a mechanical angular position of θr+δ from αβ1 (being δ  
the initial position). 
 

Computing the flux space vectors, the voltage equations 
can easily be defined in these multiple reference frames as 
follows [14], [15]: 

 

dt
ΨdiRv

αβ
sαβ

ss
αβ
s

1
11 1

111 +=  (10)

( ) 1111
1111 2

αβr
r

δθjp
m

αβ
ss

αβ
s ieLnKiLΨ r ++=  (11)

dt
ΨdiRv

αβ
sαβ

ss
αβ
s

2
22 2

222 +=  (12)

( ) 2222
2222 2

αβr
r

γδθjp
m

αβ
ss

αβ
s ieLnKiLΨ r −++=  (13)

dt
ΨdiRv

αβr
rαβr

rr
αβr
r

1
11 +=  (14)



 4

( )

( ) 21

1111

2
2

1
1

2
3

2
3

αβ
s

γδθjpm

αβ
s

δθjpmαβr
rr

αβr
r

ie
K

L

ie
K

LiLΨ

r

r

−+

+−

+

+=
 (15)

 

where 
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In the previous model, K is an arbitrary gain that modifies 
the amplitude of the rotor-vectors. For K=1, the amplitude 
of the resulting rotor current vector will be equal to the 
maximum phase value.  On the other hand, to obtain the 
same equivalent mutual inductance from rotor to stator as 
from stator to rotor, the following constraint must be 
fulfilled: 
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obtaining  
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Taking the value obtained for (19), we obtain the initial 
multiple-reference model: 
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with 
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3.2 Unified dq-reference-frame model 
As it can be observed, the initial set of (20)-(25) is referred 
to three different frames and two possible pole-pair 
distributions are considered. The goal is to get a set of 
equations with a unified reference frame with a given pole-
pair distribution p (e.g. p1) located at an arbitrary 
mechanical position (θa/p1) from αβ1. This is easily 
achieved if next steps are followed (for more details see 
Appendix, Section 8.2). First, the transformation relation 
between the αβ2-p2 and αβ1-p1 systems is developed. It is 
assumed that the rotor of the BDFM fulfils the second 
coupling condition (9). Next, we can define a generic dq 
reference frame with a 1p  pole-pair-type distribution and 

located at any given mechanical position θa/p1 from αβ1. 
Vector transformations from original reference frames to 
generic dq reference frame are obtained. Finally, by means 
of these vector transformations, the machine model (20)-
(25) is expressed in a common dq generic reference frame 
(27)-(32) (dq-reference symbols have been removed to 
simplify resulting expressions). 
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This model is similar to the well known vector model of a 
standard induction machine. The expressions related to 
stator winding 1 are the same. In rotor flux equation, the 
influence of the two stator currents is represented. In stator 
winding 2, the factor ωa-(p1+p2)ωr represents the relative 
angular velocity between the reference frames dq and αβ2. 

The electromagnetic torque can be expressed as: 
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For a rotor with multiple loop nests, a similar derivation 
can be carried out. See Appendix, Section 8.3 for a model 
of a BDFM with multiple loop nested rotor. 
 

4 Experimental verification 

To validate the proposed model, simulations and 
experimental tests have been carried out. Matlab-Simulink 
software has been used for simulations. Experimental 
results have been obtained by means of a BDFM prototype 
fed by two independent voltage sources. 
 

4.1 PW-flux–reference-frame machine model 
The selected dq reference frame is aligned with the PW-
flux orientation, Ψdp=|Ψp| and Ψqp=0. From equations (27)-
(32), we obtain the final unified dq reference model (we 
have removed vector notation to simplify the resulting 
expressions): 
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4.2 Experimental test bench 
The goal of the BDFM prototype is to collect the 
maximum experimental data needed in the validation of 
the theoretical models and the control strategies, regardless 
of the optimization of machine performance. The power 
ratings of the two stator windings are the same 
(220V/50Hz, 10A), in such a way that two different PW 
and CW configurations can be tested by the same machine. 
One of the windings (the PW in our tests) has two poles 
and the other (the CW for us) is composed of six poles. 
The rotor is formed of four nests, with a single loop per 
nest (slots for additional two loops per nest are available). 
There are two different ways of measuring the rotor current 
in the laboratory. One of them employs a current 
transducer placed at the rotor which is coupled to a 
wireless communication system [21], [22]. In our case, the 
laboratory prototype has been equipped with a slip-rings 
brush system, which conducts the rotor current to a static 
environment, where the rotor winding is short-circuited. As 
the high current and small voltage values of the cast-rotor 
configuration makes this last solution unfeasible, copper-
wire-type coils have been employed. This way, the current 
involved decreases and the brush-slip-ring contact-voltage 
drop becomes negligible compared with resulting higher 
rotor voltages. Though the final BDFM is not optimal in 
performance, it is suitable for experimental validation of 
models and control strategies. 

Figure 2 shows a section of the BDFM prototype. It is 
built around the core of an IEC-180 frame four-pole wound 
rotor induction machine. The core is 200mm long and the 
stator is composed of 36 slots, with a 180mm inner 
diameter. The two stator windings have 23 turns per coil 
with a 2.075mm2 wire and each rotor coil is made up of 65 
turns of a 1.77mm2 wire (rated for 10A RMS). The airgap 
is 0.6mm wide. For further constructional details, see [17]. 
 

 
Fig. 2 Constructional details of the BDFM prototype 

 
If stable operation is assured, the BDFM could operate 

from standstill to 2×ωsyn. The BDFM shows large unstable 
domains under open-loop operation, so in this work only 
subsynchronous speeds are considered. Saturation 
problems are avoided by a conservative design of the 
magnetic circuit. It is designed in such a way that the rated 

CW flux could be reached along all the operating range. At 
nominal excitation level, the RMS value of the flux density 
in the airgap is Bsp≅0.122T RMS for the PW and 
Bsc≅0.433T RMS for the CW case. Steady-state results of 
this prototype are available in [17] and [23]. 

Relevant parameters employed for simulation tasks are 
collected in Table 1. Rotor resistance is directly measured 
trough the available external terminals. Lsp and Lsc are 
calculated at a no-load test of single fed operation. In these 
tests the ‘effective-airgap’ curves related to each stator 
winding are obtained ([23]). Lhp, Lhc and Lr are computed 
taking into account these ‘effective-airgap’ curves. These 
inductances depend on the magnetic excitation level. In 
this work, the PW flux linkage is nearly constant and the 
CW flux linkage varies from 0.42 to 0.56 Wb RMS. 
Constant parameters have been considered, computed at 
|Ψp|=0.7Wb RMS and |Ψc|=0.5Wb RMS, which 
correspond to the RMS values of the airgap flux densities 
Bsp≅0.152T RMS and Bsc≅0.322T RMS.  
 
Table 1: BDFM electrical parameters for simulation 
 

 PW CW Rotor 
Resistance (Ω)  Rsp=1.732 Rsc=1.079 Rr=0.473 
Self Inductance (mH) Lsp=714.8 Lsc=121.7 Lr=132.6 
Mutual Inductance (mH) Lhp=242.1 Lhc=59.8  

 
The experimental test bench is located at the Power 

Electronics Laboratory of the University of Mondragón 
(Fig. 3). The BDFM is on the left, coupled to a controlled 
reversible DC motor (on the right), which emulates the 
mechanical behaviour of the load. An additional wound-
rotor induction machine related to other research activities 
is also coupled to the same shaft. To minimise any 
nonmodelled electromagnetic coupling, it is desirable to 
feed the CW with an ideal nonmodulated continuous 
voltage source. This is possible by means of a synchronous 
generator driven by a variable-speed induction-motor 
system (on the right-bottom corner of Fig. 3). The speed of 
the induction motor fixes the CW-feed frequency and the 
excitation of the synchronous generator fixes the CW-
voltage level. The PW is directly connected to the standard 
European 400V-50Hz grid. 

 

 
 
Fig. 3 Test setup 

 
A DSP-based dSpace DS 1102 platform provides the 

speed/torque reference to the DC regulator. The 
measurement equipment is composed by an incremental 
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optical encoder and two three-phase voltage/current 
sensors (voltage measurement based on ISO 122 insulation 
amplifiers and current sensors based on LEM LA55/p 
transducers). These signals are captured and processed by 
an additional DSP-based dSpace DS1103 platform. 
 
4.3. Comparison of simulated and experimental 
results 
The proposed unified-reference-frame model is based on 
the knowledge of the PW flux position, which is obtained 
by means of a voltage-model-based estimator. This type of 
estimator integrates the electromotive force; thus some 
corrections have to be made to avoid the integration of DC 
offsets and to overcome the initial conditions problem. The 
estimation algorithm implemented in this paper uses a 
modified integrator based on the control of the quadrature 
of the αβ flux components ([24], Algorithm 3: modified 
integrator with adaptive compensation). Owing to the 
quasiconstant amplitude and frequency of the PW flux, 
accurate estimation is achieved without difficulty. The 
resulting flux components are used in (43) to compute the 
electromagnetic torque produced by the PW: 

 

( )pppppemp iΨiΨpT αββα −=
2
3  (43)

 

The same strategy developed for the PW case is used for 
flux and torque estimation in the CW case. 

Data are captured at a sample time of h=100μs and 
logged in a file. Comparison variables are obtained from 
experimental data by off-line algorithms and compared 
with simulation results. The simulation step is very small 
(quasicontinuous simulation), being experimental data 
interpolated at each step. Figure 4 depicts the comparison 
schema employed to validate the proposed unified dq 
reference model. The dq model receives dq voltage and 
rotor-speed data and outputs dq-current and 
electromagnetic-torque values. Experimental three-phase 
currents are converted to the unified dq reference frame. 

 

   

PW Modified 
Voltage Model 

CW Modified 
Voltage Model 
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(61)-(64)
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Fig. 4 Comparison schema of theoretical and experimental 

behaviour 
 
In the experiments, the BDFM is always in an open-

loop synchronous operation mode, so CW-current 
amplitude must be high enough to ensure adequate 
magnetisation (static synchronous condition) and rotor 
speed must be within the stable operation range (dynamic 
synchronous condition) [20]. The synchronous operation 
speed is equal to 

 

cp

cp
r pp +

+
=

ωω
ω  (44)

 

where ωp and ωc are the electrical angular velocities of the 
PW and CW voltages, respectively. These angular speeds 
can take positive or negative values, depending on the 
phase sequence of the two feedings. Usually, a positive 
angular velocity is considered for the line-fed PW, so there 
are two operation cases: the subsynchronous case, where 
ωc takes negative values; and the supersynchronous case, 
where ωc takes positive values. 

In open-loop control, this BDFM prototype shows a 
narrow stable domain in supersynchronous operation. 
Scalar current control or vector control schemes render the 
system stable at any speed range, but they are not feasible 
if a synchronous generator feeds the CW. Because of that, 
only the subsynchronous zone is explored in these tests. 

Any variation in the voltage fed or in the load torque 
produces damped oscillations of the BDFM variables 
(currents, torque, speed etc.). After a short description of 
the steady state, the load-torque-variation case will be 
studied. 
 
4.3.1 Steady-state current waveforms: In this 
Section experimentally obtained and simulated waveforms 
of the stator currents are compared. The BDFM is 
operating at Vp=230V RMS, fp=50Hz, Vc=29V RMS, fc=-
11Hz and ωr=61.2 rad/s. No load torque is applied by the 
DC motor. Figure 5 compares simulated and experimental 
CW phase current. As can be observed, the model gives an 
accurate prediction of systems behaviour. The main 
difference is a high-order harmonic in the experimental 
current. The frequency of this harmonic, for any rotor 
speed, is three times the frequency of the PW current, and 
it could be caused by any nonmodelled nonlineal 
characteristic. 

 
Fig. 5 One-phase current of the CW 
 

Figure 6 shows the PW-current evolution. In the 
experimental case, a small subharmonic located at around 
11Hz can be identified. Although it seems to be a direct 
CW-to-PW-coupling case, if several tests are carried out 
considering different speed values, the related frequency 
becomes that of the maximum common subharmonic of 
both PW and CW feed frequencies. Although the source of 
these oscillations must be investigated further, their 
relative low amplitude can be neglected for control 
purposes and their study falls in the field of BDFM 
optimization, which is outside the scope of the paper. 



 7

 
4.3.2 Load torque perturbation: In this experiment, 
steady-state synchronous operation is perturbed by a load-
torque variation. As speed is related to CW frequency 
(fp=50Hz, fc=-14.24Hz, ωr=56.16 rad/s), and provided that 
stable operation is assured [20], electromagnetic torque 
evolves towards the new load requirement whereas shaft 
speed oscillates around the steady-state synchronous 
operation speed. 

 
Fig. 6 One-phase current of the PW 

 
Figure 7 shows the above-mentioned speed oscillations 

during the transient. As the CW current increases from a 
no-load state to a load state, an important voltage drop is 
caused by the output impedance of the synchronous 
generator. 

 
Fig. 7 Rotor speed and Vc (RMS) 

 
Figure 8 shows dq-current components. Good matching 

is observed between experimental and simulated values. 
Any torque variation must modify quadrature current 
values (Fig. 8b) and must nearly hold direct-current values. 
However in Fig. 8a a nonnegligible direct current variation 
is observed. These variations are due to the cross-coupling 
effect of quadrature currents in the CW-voltage equation. 
As CW-voltage amplitude is maintained nearly constant, 
quadrature-current variations imply changes in direct-
current value. 

Figure 9 shows the torque step applied by the DC 
machine and the corresponding electromagnetic response 
of the BDFM. A constant offset of average value 5.3Nm is 

observed. This torque-offset value deserves some 
clarification. The test bench consists of three machines 
sharing a common shaft, all of them equipped by several 
slip-ring brush systems. In addition, both the wound-rotor 
induction machine and the BDFM are cooled by self-
ventilation systems. Overall brush-ring contact friction and 
aerodynamic losses are the source of observed high torque 
levels, which have been approximately modelled as: 

 

frvmech kkT += ω  (45)
 

with Nms/rad012.0=vk  and Nm624.k f = . These 
values have been estimated through DC-motor-based tests 
and justify the observed torque offset. 
 

 
 

 
Fig. 8 Stator id, iq currents 

 
According to the experimental results, the proposed 

unified reference dq model offers an accurate prediction of 
the dynamic behaviour of the BDFM. If an advanced 
control algorithm has to be designed, a good dynamic 
model becomes crucial. On the other hand, constant 
deviations of dq current values can easily be compensated 
by any control system. These deviations can be originated 
by erroneous parameter estimations or parameter 
deviations, as well as by nonmodelled iron losses, which 
have to be included in the model if efficiency has to be 
computed. 
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Fig. 9 Electromagnetic torque 
 

Some extra harmonic components appear in phase 
experimental currents, but the resulting high-frequency 
variable oscillations in the dq reference-frame can easily 
be rejected by the control system. 
 

5 Conclusions 

In this paper, a new derivation of the unified-reference-
frame dq model of the BDFM has been presented. 
Experimental results have validated the theoretical 
development. The proposed derivation exploits the 
complex vector notation and leads to a simple derivation of 
the unified-dq-reference-frame model. 

The unified-reference-frame model of the BDFM has 
the same structure as the well known vector models of 
standard induction machines. This is an important issue 
because it allows advantage to be taken of the set of 
control techniques and analysis tools that have previously 
been developed for other machines, especially for the cage 
induction machine and the wound-rotor induction machine. 
In this way, the authors are already working on scalar and 
vector control schemes based on the proposed unified-dq–
reference-frame model of the BDFM. Results will be 
addressed soon. 
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8 Appendixes 

8.1 Conditions for the cross coupling-effect 
In (5), to obtain a non-zero 2p

ri  at least one of the two 
terms of the right hand side must be nonzero, so  
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These nonzero values are obtained when: 
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which can be assured if one of the following two 
conditions is fulfilled 
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with K210 ±±= ,,q  In the first case we obtain 
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leading to a configuration where the rotor current has 
exactly the same value in the two distributions, 

 

12 p
r

p
r ii =  (54)

 

In the second case, we obtain 
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so one of the current vectors becomes the conjugate of the 
other: 

 

12 p
r

p
r ii

∗

=  (57)

 
 
8.2 Transformations between different reference 
frames 
 

8.2.1 Coupling relation ( )12 αβαβ xfx = : It is assumed 
that the rotor of the BDFM fulfils the second coupling 
condition (9) and maximizes the number of nests, i.e., 
p1+p2=n, which implies that: 

 

12 αβrαβr xx
∗

=  (58)
 

It can be easily deduced that: 
 

( ) 222 rjp xex r αβγδθαβ −+=  (59)
( ) 111 rjp xex r αβδθαβ +=  (60)

 

Combining (58)-(60) we obtain 
 

21 αβθαβ
∗

= xex gj  (61)
 

with ( )( ) γpδθppθ rg 221 −++= . Thanks to these last 
relations, it is possible to express any motor variable in the 
fixed unique 1αβ  reference frame. 
 
8.2.2 Vector transformations from original 
reference frames to generic dq reference frame: 
We can define a generic dq reference frame with a 1p  
pole-pair-type distribution and located at any given 
mechanical position θa/p1 from αβ1. The vector 
transformation involved is defined as 

 

dqj xex aθαβ =1  (62)
 

Employing (58)-(62) it is straightforward to obtain the next 
relationships: 

 

( )
∗

−= dqj xex ag θθαβ 2  (63)

( )[ ] dqpjr xex ra δθθαβ +−= 11  (64)

( )[ ]
∗

−+−−= dqpjr xex ra γδθθαβ 12  (65)
 

In this way any machine variable can be defined in a 
generic dq reference frame. 
 
8.3 Modelling in the case of a rotor with multiple 
loop nests 
This configuration can be considered as a superposition of 
different rotor subsystems. Each subsystem groups all the 
loops at the same relative position in their nest [9]. 
Equations for the multiple-loop case are obtained in a same 
way than for a single-loop case. Only coupling impedances 
between different subsystems of the rotor must be added. 
The following equations represent the model of the BDFM 
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considering a generic number of rotor subsystems (or loops 
per nest), denoted as m. 
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21 ememem TTT +=  (74)
 

By means of some approximate dynamic reductions, a 
simplified model can also be obtained [17]. 


