
  

1FAbstract – In this paper the rotational characteristics of the 
magnetic field in Brushless Double Fed Induction Machines 
(BDFIM) iron circuit is studied. The BDFIM has a complex 
magnetic field pattern which make its iron loss prediction 
difficult. This is due to the fact that BDFIM has two stator 
windings with different pole numbers which supply at different 
frequencies. In addition, the stator magnetic field contains 
excessive higher order field harmonics that make the 
conventional iron loss formulations not applicable to its iron 
loss predictions. A new iron loss formulation is proposed in this 
paper for the BDFIM that takes the rotational field and 
harmonic effects into account in the iron loss prediction. The 
proposed formulation is then verified using experimental tests 
on a prototype BDFIM with rotor open winding. 
 

Index Terms--Brushless doubly fed induction machine 
(BDFIM), Finite element (FE) analysis, Iron loss calculation, 
Rotational magnetic fields.  

I.   INTRODUCTION 
HE Brushless Doubly Fed Induction Machine (BDFIM) 
is an attractive electrical machine for wind drivetrain 

with a fractionally sized power converter at 30-35% of the 
generator rating, no brushes and slip rings on the rotor, and 
medium speed operation, making the gearbox system 
simplified compared to its high-speed counterpart i.e. Doubly 
Fed Induction Generator (DFIG) [1]. In addition, for variable 
speed drive applications requiring a moderate range of rotor 
speeds such as water pumps, BDFIM can be a cost-effective 
solution with lower capital and maintenance costs [2]. The 
BDFIM has also been appeared to be suited for small-scale 
hydropower due to the above technical and economic 
benefits [3].  

The machine has a special design with two stator 
windings placed in common stator slots, and special rotor 
winding structures. The stator windings are designed with 
different pole numbers in a way that they do not couple 
directly with each other, the coupling is enabled by the rotor 
winding [4]. For standard operation, one stator winding is 
connected directly to the grid called the power winding (PW) 
and the other winding is supplied by an AC/AC power 
converter to provide variable voltage and variable frequency 
control, called the control winding (CW). Fig. 1 shows the 
BDFIM grid connection as a wind generator. There are 
several rotor winding structures proposed for the BDFIM, a 
well-known structure is the nested loop rotor [5], although 
other structures have shown to bring advantages in terms of 
both manufacturing and operation for large BDFIMs [6]. 
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Fig. 1.  A schematic of the BDFIM PW and CW grid connections. 

 
Several experimental prototypes have been developed for 

the BDFM with the attempts to verify the machines’ 
performance on large scale machines. These include the 
design and build of a 75 kW machine in Brazil [7], a 200 kW 
machine in China [8], 250 kW machine by the authors in the 
UK [9], and a 800 kW machine in China [10]. 

Due to the presence of two magnetic fields with different 
pole numbers and frequencies generated from the stator 
windings, the field pattern in the BDFIM’s magnetic circuit 
is more complex than the conventional induction machines 
[11]. This makes the analysis and modelling of the BDFIM 
challenging. This is particularly the case when the iron loss 
modelling and prediction is concerned. There are several 
attempts for proposing iron loss predictions for the BDFIM.  

In [12] the BDFIM was treated as a cascaded machine 
where the rotors of two induction machines with different 
pole numbers were electrically and mechanically connected. 
This was shown to be not effective for iron loss calculations 
especially when the stator hysteresis loss is to be analysed 
since the superposition principle cannot be applied due to the 
presence of hysteresis nonlinear effect.  

In [13] the concepts of dissipation and restoring functions 
were studied in the BDFIM assuming that all the elements of 
iron losses in the stator and rotor iron can be considered 
separately, nevertheless the fact that the stator hysteresis loss 
from the two fields cannot be decoupled, was neglected. 

Ferreira in [14] incorporated the iron loss model using the 
conventional equation with individual hysteresis, eddy 
current and excess loss components, in finite element (FE) 
analysis, and compared the calculated input power with 
measurements at the same operating conditions. However, 
the conventional iron loss model is based on the assumption 
that the machine’s magnetic field distribution is sinusoidal 
and hence cannot be applied to the BDFIM with non-
sinusoidal magnetic field pattern in its stator iron. Zhang et. 
al. [15] used a similar approach for iron loss calculation but 
also taking into account the rotational effects of the magnetic 
fields, however, no experimental iron loss measurement was 
reported. 

Hashemnia et. al. [16] modified the BDFIM’s equivalent 
circuit model by adding a parallel resistor representing the 
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iron loss effects in the steady state operation and hence 
improving the performance predictions. However, the 
discrepancy between simulation and experimental results 
remained evident, since the effects of the BDFM’s special 
field in the calculation of stator hysteresis loss were ignored.  

In all the above works on BDFIM iron loss analysis, there 
is no significant study on the rotational nature of the 
magnetic field in the BDFIM and how it should be included 
in the modelling of the machine’s iron losses. The rotational 
variations of flux vectors in the core cause iron losses to 
increase compared with the situation in which there is only 
an alternating field. A higher rotational variation of the flux 
vectors leads to more iron losses.  

In this paper special effort has been made to study the 
previous works on the iron loss calculations in the presence 
of rotational fields. The rotational nature of the BDFIM field 
in the stator and rotor iron is then broadly investigated using 
the finite element analysis. An iron loss prediction method 
based on a combination of an analytical and numerical FE 
approaches is proposed for the BDFIM taking the effects of 
the rotational fields into account in calculation of various 
iron loss components. The validity of the proposed 
methodology is finally assessed using experimental tests. 

II.   MAGNETIC FIELD PATTERN IN THE BDFIM 
The prototype BDFIM considered in this study is a D160 

5.7 kW machine with the specifications provided in Table I. 
The synchronous mode is the desirable mode of operation for 
the BDFIM, where both stator windings are supplied. In this 
mode the BDFIM acts as a synchronous machine with the 
rotor rotating at a speed governed by the winding pole 
numbers and the mains and converter frequencies. The 
resultant magnetic field in synchronous mode will have a 
𝑝! + 𝑝" pole configuration, where 𝑝! and 𝑝" are the PW and 
CW pole pair numbers, respectively [17].  

The main difference with the induction machine’s field is 
that the field strengths in a BDFIM for various poles are 
unequal at a time and those field strengths vary with time. 
For the prototype BDFIM considered in this study with 2 and 
4 pole pair numbers for PW and CW, the air gap field has a 
6-pole configuration as shown in Fig. 2. The above field 
characteristic results in a rotating magnetic field in the 
machine’s iron with its pole fields pulsating with time. 

 

TABLE I 
SPECIFICATIONS OF THE PROTOTYPE D160 BDFIM CONSIDERED IN THIS 

STUDY 

Frame size D160 PW rated flux density 0.28 T 

Stack length 190 mm CW rated flux density 0.34 T 

Lamination M530-
65A Rated speed 700 rpm 

PW pole pair number 2 PW rated voltage 415 V at 
50 Hz 

CW pole pair number 4 PW rated current 12 A 

Stator number of slots 36 CW rated voltage 415 V at 
50 Hz 

Rotor number of slots 24 CW rated current 5.3 A 

III.   ROTATIONAL CHARACTERISTICS OF THE BDFIM 
MAGNETIC FIELDS 

In order to assess the rotational behaviour of the flux 
density in the magnetic circuit of the BDFIM, the radial and 
tangential components of flux density (Br and Bt 
respectively) in all the locations shown in Fig. 3 for stator 
and rotor iron are obtained for the prototype BDFIM by post 
processing of the non-linear FE model operating in 
synchronous mode and at rated operating conditions. The 
PW and CW supplied frequencies are set to be 50 Hz and 15 
Hz, respectively resulting in the rotor speed of 650 rpm from 
(1) [18]: 

𝑛! =
𝑓" + 𝑓#
𝑝" + 𝑝#

 (1) 

The frequency of the rotor field can be obtained from [2]:  
𝑓! = 𝑓" − 𝑝"

𝑛!
60 = 𝑓# − 𝑝#

𝑛!
60 (2) 

For the case when PW and CW frequencies are 50 Hz and 
15 Hz, respectively, the rotor field frequency is therefore 
28.33 Hz corresponding to a time period of approximately 35 
ms. 

The loci of flux density, B, at points P1 to P6 in the rotor 
iron shown in blue in Fig. 3 are obtained for three successive 
field cycles and shown in Fig 4. As shown, the B locis 
obtained for the three cycles at each point follow a similar 
rotating pattern. This confirms the periodic nature of the 
rotor field in the BDFIM with its frequency determined by 
(2) in synchronous mode of operation. 

Kochmann in [19] proposed an analytical method for 
evaluating the rotating nature of the magnetic field by 
defining the ratio of the minor to the major axis of the flux 
density locus as shown in Fig. 5, called aspect ratio.  

 

 
a) t = 1 ms 

 
b) t = 2 ms 

 
c) t = 3 ms 

Fig. 2.  Magnetic field pattern in the BDFIM iron for a) t = 1 ms, b) t = 2 ms, 
and c) t = 3 ms 
 



  

 
 
Fig. 3.  Locations on the stator (in red) and rotor (in blue) iron where the loci 
of flux density are obtained. 
 

 
(a) P1 

 
(c) P3 

 
(e) P5 

 
(b) P2 

 
(d) P4 

 
(f) P6 

 
Fig. 4.  Loci of B in the rotor iron. a) to f) correspond to points P1 to P6 
specified in Fig. 3 in blue on the rotor iron, respectively.  

 
Fig. 5. A typical locus of B showing its minor and major axis components. 

𝜆 =
|𝐵#$%&'|
%𝐵#()&'%

 (3) 

A value of zero corresponds to a pure alternating field; 
and the closer the ratio is to 1, the more the nature of flux 
density is rotational. The flux density along the minor and 
major axis, and the aspect ratio for the points specified in 
Fig. 3 are determined and shown in Table II. For rotor iron, 
the region close to the rotor surface (P1) presents the largest 
ratio between the minor and major axes. This is because the 
stator and rotor tooth tip regions usually form the path for the 
high pole number slotting field harmonics which their pole 
numbers are related to the stator and rotor slot numbers. 
These harmonics tend to “zig-zag” along the stator/rotor air-
gap interface leading to rotational field excitation. The 
behavior of the field along the rotor tooth and also at rotor 
back iron is nevertheless fairly alternative. 

The stator rotational field pattern is more complex than 
the rotor since in the BDFIM stator the resultant field is the 
superposition of two magnetic fields induced by the stator 
windings with different magnitudes and supplied 
frequencies. With the operating conditions indicated in 
Section III i.e. 50 Hz and 15 Hz, for f1 and f2 respectively, the 
frequency of the resultant field will be equal to the greatest 
common factor of the stator frequencies, i.e. 5 Hz, 
corresponding to a time period of 200 ms for the stator field.  

To assess the rotational characteristics of the magnetic 
field in the stator, the loci of flux density in the stator iron 
and for the points P1 to P6 shown in Fig. 3 in red are obtained 
for several successive 200 ms periods and shown in Fig. 6. In 
the stator iron, the region at the base of the stator tooth i.e. P3 
shows the most significant rotational behaviour with the back 
iron being next in importance. The flux density along the 
tooth body is almost alternating as expected. The only 
rotational components found in the tooth are in tooth tip 
region e.g. P1 due to the leakage flux around the phase coils. 

One important observation from Fig. 6 is that unlike the 
rotor iron, the B loci in none of the points in the stator iron 
follow a specific pattern in a way a single aspect ratio can be 
determined for each point. In order to further investigate the 
behaviour of the B loci in the stator iron, the B loci for two 
of the stator points i.e. P3 and P6 are decomposed into three 
sub B locis each is obtained from considering one cycle of 
the CW magnetic field (i.e. 1 15𝐻𝑧⁄ = 66.7	𝑚𝑠). 

 
TABLE II 

FLUX DENSITY ALONG MINOR AND MAJOR AXIS IN THE ROTOR IRON  

Points Bminor (T) Bmajor (T) ls 

P1 0.36 1.31 0.27 

P2 0.11 1.41 0.08 

P3 0.83 1.21 0.69 

P4 0.69 1.36 0.51 

P5 0.48 1.44 0.33 

P6 0.18 1.32 0.14 
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a)  P1 

c)  P3 

e)  
P5 

b)  
P2 

d)  
P4 

f)  
P6 

Fig. 6.  Loci of B at points P1 to P6 indicated in Fig. 3 in red. 
 
The results are shown in Figs. 7 and 8 for P3 and P6, 

respectively. It can be seen that for each CW cycle the B-loci 
will contain one major loop (loop 1) and several minor loops 
(loops 2 and 3). Loop 1 is common in all three CW cycles 
and hence is the dominant loop representing the main 
rotational characteristics of the field. However, the location 
and shape of the minor loops differ in each CW cycles and 
hence it is not possible to assign a single aspect ratio to each 
element of the stator iron. 

Fig. 9 shows the time variation of the radial and tangential 
flux density components for stator iron elements P1 to P6 
shown in Fig. 3. As clear, excessive higher order harmonics 
can be seen in both radial and tangential components of the 
flux density at various stator iron locations. Fig. 10 shows 
the Fast Fourier Transform (FFT) of the   radial and 
tangential flux density for P1 to P6. As can be seen, the 
dominant frequencies are 50 Hz and 15 Hz corresponding to 
the stator PW and CW supplied frequencies, respectively. 

Other higher order harmonic field components have 
shown to have large magnitudes that make the stator field 
significantly distorted. The presence of two fundamental 
field components as well as the other large higher order 
harmonics makes the conventional methods for single field 
machines not applicable for the BDFIM stator iron loss 
calculation. 

 
Fig. 7.  Decomposition of B Loci at points P3 into three CW cycles 

 
Fig. 8.  Decomposition of B Loci at points P6 into three CW cycles 

IV.   BDFIM ROTATIONAL IRON LOSS CALCULATION 

A.   Hysteresis Loss Formulation 
Zhu et al. in [20] developed a formula for hysteresis loss 

in electrical machines with elliptical flux density pattern: 
𝑃$%&' = 𝑃!($𝜆 + (1 − 𝜆)#𝑃)*'($ (4) 

where λ = 𝐵+,-.! 𝐵+)/.!⁄  is the axis ratio of the elliptical B 
locus. Pr-h and Palt-h are the iron losses with a circular B and 
an alternating B with	𝐵+)/.! = 𝐵01)2, respectively, and Bpeak 
is the peak value of the alternating B.  

Equation (4) is used in this study to calculate the losses in 
the BDFIM’s rotor iron taking the effects of the rotational 
fields into account. However, as discussed in Section III, the 
stator magnetic field has a complex pattern containing two 
fundamental field components with different frequencies, as 
well as the higher order harmonics with large magnitudes.   

Equation (4) is independent of the magnetisation 
frequency since it is directly derived from the rotational iron 
loss formulation. Therefore, (4) is applicable to hysteresis 
loss calculation at any frequency. 

A series of elliptical harmonic flux density vectors are 
obtained when the flux density in an element is expanded 
into its Fourier series. Bminor and Bmajor for the kth harmonic 
vector can be determined by a coordinate rotation for the 
standard equation. 
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Fig. 9: Time variation of radial and tangential components of flux density: a) to f) correspond to points P1 to P6 indicated in Fig. 3 in the stator iron. 

The total hysteresis loss in an element can then be 
obtained by summing up the contributions from these 
harmonics. For each harmonic, the hysteresis loss is 
predicted from the corresponding alternating and rotational 
hysteresis losses according to the axis ratio of the elliptical 
flux density by (3). Therefore, the total hysteresis loss is  

𝑃$%&'(&' =2𝑃!($2𝜆3 + (1 − 𝜆3)#𝑃)*'($2

-

24"

 (5) 

where 𝜆2 = 𝐵2(+,-.! 𝐵2(+)/.!⁄  is the aspect ratio of kth 
harmonic flux density, Pr-hk and Palt-hk are the rotational and 
alternating hysteresis losses with flux density Bk-major, 
obtained by Steinmetz law.  

𝑃$ = 𝑘$%&'𝑘𝑓𝐵2(+)/.!#  (6) 

B.   Eddy-Current and Excess Loss Formulation 
The total rotational eddy-current loss in a rotor element 

can be obtained from [21]: 
 

𝑃1(!.'.! = 𝑘1
1
𝑇5 67

𝜕𝐵!
𝜕𝑡 :

#

+ 7
𝜕𝐵'
𝜕𝑡 :

#

; 𝑑𝑡 (7) 

The stator elemental eddy-current loss is obtained from 
the classical formulation and by summing up the effects of 
the rotational harmonic fields: 

𝑃1(&')'.! = 𝐾12(𝑘𝑓)#>𝐵2(+)/.!# + 𝐵2(+,-.!#?
5

246

 (8) 

In the presence of rotational magnetic field in the iron 
circuit, (7) can be used for calculation of the excess loss in 

both stator and rotor elements: 

𝑃17 = 𝑘17
1
𝑇567

𝜕𝐵!
𝜕𝑡 :

#

+ 7
𝜕𝐵'
𝜕𝑡 :

#

;
8/:

𝑑𝑡 (9) 

C.   Computation of the BDFIM Iron Losses 
The specific iron loss data for the BDFIM lamination with 

type M530-65A were obtained from Epstein frame loss 
measurements, where the sample under test is subjected to 
sinusoidal excitation on the primary winding, while the open-
circuit voltage on the secondary is measured [22].  

The measured specific core losses for a frequency range 
of 10-50 Hz and flux densities from 0.5 to 2 T are shown in 
Fig. 11. The iron loss coefficients have then been deduced 
using the least square method by comparing the Epstein 
experimental loss data with (4) using the target function (10). 

𝑚𝑖𝑛B2 2 6
𝑃*.&&(;)*(<(= − 𝑃*.&&(170(<(=

𝑃*.&&(170(<(=
;
#=!

=4="

<#

<4<"

C (10) 

where [𝑓" − 𝑓+]	and [𝐵" − 𝐵-] represent the frequency and 
flux density ranges the Epstein tests are carried out, and 
𝑃*.&&(;)*(<(=and 𝑃*.&&(170(<(= are the calculated iron loss 
using (4) and the iron loss from Epstein test, respectively, at 
frequency 𝑓 and flux density 𝐵.  

The iron loss coefficients have been obtained for the 
BDFIM lamination M530-65A for two different cases of 𝐵 <
1.2	𝑇 and 𝐵 > 1.2	𝑇 so the resultant iron loss formulation of 
(4) can represent the lamination iron more accurately. The 
coefficient values are given in Table III. 
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The 2-D FE time-stepping analysis is performed using a 
commercial software application EFFE [9] to compute the 
flux density in the stator and rotor iron circuits in 
synchronous mode of operation. Lumped parameters are 
used to incorporate the end region leakage effects into the 
analysis. The modelling takes into account the nonlinear 
properties of the iron for accurate analysis. 

In order to validate the proposed iron loss computation 
method, an open-circuited rotor is used. Thus, the total iron 
losses can be obtained from no-load locked-rotor tests using 
stator winding measurements since both mechanical and 
rotor copper losses are eliminated. In this configuration, the 
total iron loss can be obtained by subtracting the stator 
cupper losses from the measured input power when the 
machine operates at no-load and locked-rotor condition. 

 (11) 
Pin is the total input power to stator PW and CW and the 

Pcu-PW and Pcu-CW are the copper losses dissipated in the stator 
PW and CW, respectively. Once the FE model is solved, the 
local flux density waveforms for both the stator and rotor 
regions are extracted from the FE solution. The flux density 
data for every element in the mesh at each time-step is 
logged in a file for further analysis.  

The process is incremented to the next time-step and 
repeated until the required data for a complete period of the 
flux density is obtained. The data is then processed to obtain 
the radial and tangential components of the flux density, 
enabling the losses resulting from rotational flux patterns in 
the stator and rotor laminations to be calculated. 

TABLE III 
IRON LOSS COEFFICIENT VALUES OBTAINED FROM EPSTEIN FRAME TESTS  

 ke kex khyst 
B < 1.2 T 0.00025 0.0019 0.0132 
B > 1.2 T 0.00017 0.0012 0.0149 

Next, the local loss densities are calculated using (5) to 
(10), then summed to give the elemental iron loss density. 
These iron loss densities are multiplied by the mass of the 
iron calculated using the element areas and length of the iron 
core. 

 

Finally, these localised iron losses are summed to give the 
total iron loss dissipated in the machine. 

V.   EXPERIMENTAL VERIFICATION 
Fig. 12 compares the iron losses computed from the 

proposed loss prediction formulation (4) to (9) with 
experimental results at different CW voltages. Close 
agreement can be seen between the computational results 
and experimental measurements which validates the 
practicality of the proposed iron loss modelling approach for 
the BDFM. The rise in the iron losses as the CW voltage is 
increased is due to the increase in the CW supply frequency 
set by the v/f controller.  

 

 
Fig. 11.  Specific core loss data for the BDFIM lamination obtained from 
Epstein frame experiment. 

Piron = Pin − Pcu−PW − Pcu−CW
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Fig. 10: Higher order time harmonics in radial and tangential components of the magnetic fields: a) to f) correspond to P1 to P6 in the stator iron in Fig. 3. 
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Fig. 12: Comparison of the proposed iron loss prediction results with 
experimental tests at various CW voltages. 

Future work may include more accurate measurement of 
iron losses using calorimetric measurements and the thermal 
modelling of the machine for further optimisation of the 
thermal design. In addition, by utilising a wireless rotor 
current measurement technique, iron losses may be 
measured at more practical operating conditions, especially 
when the machine is loaded. 

VI.   CONCLUSIONS 
In this paper, the magnetic field in the BDFIM stator and 

rotor iron have been studied with special focus on rotational 
behaviour of the field in the machine. It has been shown that 
in several locations of the stator and rotor iron the field has 
rotational characteristics that need to be taken into account in 
iron loss calculations. It has also been shown that the stator 
magnetic field in a BDFIM is complex since it contains two 
fundamental field components with different frequencies, 
magnitudes and pole numbers, as well as the additional 
higher order harmonics which their magnitudes cannot be 
ignored. This leads to the fact that the conventional 
rotational iron loss formulations cannot be applied to the 
stator loss calculation. A harmonic analysis of the stator 
magnetic field has been performed based on Fourier 
transform, and the elliptical form of the flux density at each 
harmonic frequency has been used to propose a modified 
formulation for the stator iron loss prediction. It has been 
shown experimentally using the open rotor winding 
configuration that the proposed iron loss formulation can 
predict the losses in the machine with acceptable accuracy. 
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