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Abstract — Brushless doubly fed induction machines
(BDFIM) have prominent features for variable speed
applications. The design and performance analysis of the
machine is however complex compared to the conventional
induction machines due to its special magnetic fields generated
from two stator winding with different pole numbers and
frequencies. In this paper, the effective parameters in BDFIM
design and their limitations are investigated. In relation with the
design objectives, control variables are identified, and an
optimal prototype machine design is proposed. The results from
experimental tests and finite element simulations of a 3 kW
prototype BDFIM are presented to assess the effectiveness of the
proposed parameters determination method.

Index Terms-- Brushless doubly fed induction machine,
Finite element analysis, Nested-loop rotor, Design variables.

I.  INTRODUCTION

HE brushless doubly fed induction machine (BDFIM) is

a variable speed machine with attractive features for both
motor and generator applications. The most important
advantage of BDFIM is that it does not require brushes and
slip rings reducing its repairs and maintenance costs. In
addition, in variable speed operation it can operate at a higher
power factor than induction motors using only a fractional-
sized converter, leading to significant economic benefits [1].
Another advantage for the BDFIM is the possibility of
operating as a conventional induction machine when an error
occurs in the converter. The machine is especially attractive
to be used as wind generator as a replacement to the well-
known doubly fed induction generators (DFIG) [2].

The BDFIM also has significant advantages, especially for
coastal and remote locations due to its high reliability and
low maintenance requirements [3]. As a motor and due to
partially-rating converter requirement, it is a suitable machine
for the pump and fan start up [4] since the fluid loads do not
require high starting torque.

Due to the high cost of rare magnetic materials used in
permanent magnet machines, and the advances in
controllability of the BDFIM, research has also been
conducted on the use of BDFIM in automotive applications.
In [5] a comparison between a brushless doubly fed induction
generator and a claw-pole generator for in-vehicle use is
shown and the superiority of BDFIG was shown in terms of
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efficiency at higher speeds. Several patents have been made
for various applications of BDFIM, as a generator for use in
offshore wind turbines [4], hydro plants with low altitude [6],
and for vehicles [7]. The BDFIM can also be used for the
ships' electrical power generation [8].

To design and construct a BDFIM, it is necessary to pay
special attention to its effective design parameters. In this
paper and based on the design objectives, control variables
are identified, and an optimal prototype design id proposed.
The results from experimental tests and finite element
simulations are presented in induction mode. Also, the
harmonic spectrum of the air gap flux density is extracted in
cascade induction mode. There are only a few references with
special focus on BDFIM design and therefore, there is still a
need for more research on design optimisation. In [9] the
design and electromagnetic behavior of the BDFIM rotor
were studied. Two machines with 4/8 pole stator windings,
have been used with different sizes D180 and D160. The
results showed that the rotor winding and core design are
important for the desirable performance. In [10] and [11],
design optimisation of the BDFIM were discussed. In these
works, conventional design procedure was used as for the
standard induction machine with specific aim at maximising
the output torque. In [12] The BDFIM equivalent circuit
model was approximated where the core losses and leakage
reactances of the stator windings were ignored. However, the
lamination geometries and thickness were fixed and hence
were not part of the calculation process.

II.  BRUSHLESS DOUBLY FED INDUCTION MACHINE

The brushless doubly fed machine requires two alternating
power supplies and there is no direct electrical connection
between the rotor and its stator. One of the stator windings is
directly connected to the grid called power winding (PW) and
hence has a constant frequency. The other winding is
connected to the grid through a back-to-back converter with a
partial rating, called the control winding (CW). The number
of pole pairs of these windings must be selected in a way to
prevent direct magnetic couplings [5]:

lpp = pcl > 1 (M
where p, and p,, are the PW and CW pole pairs, respectively.
The BDFIM rotor has p, = pp + p¢ poles, called nests, that
are equal to the sum of the pole pair numbers [13]. Each nest

usually contains 3 to 5 loops. Fig. 1 shows the BDFIM
winding arrangements.

A.  Induction and Cascade Modes of Operation

Induction mode can be achieved if one of the stator
windings is opened and the other is supplied. The machine
will hence operate as an induction machine with reduced
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Fig. 1. Brushless doubly fed induction machine’s winding connections

effective performance.

In cascade mode, one stator winding is supplied, and the
other winding is shorted. In this mode, the magneto motive
force generated by the supplied winding induces an emf in
the rotor bars which in turn result in the production of the
emf in the rotor consisting of harmonics with p,, and p, pole
pairs. In this mode, the mechanical power produced by the
machine has two terms: One is similar to the mechanical
power of an induction machine with p, pole pairs and the
other is similar to an induction machine with p, pole pairs
[14]. This results in the machine operation in two stable
active regions around the synchronous speeds with p, and p,
pole pairs.

B.  Synchronous Mode of Operation

The synchronous mode is the most desirable mode of
operation for the BDFIM. In this mode, both PW and CW are
fed. The CW is powered by a partial capacity converter
who’s current or output voltage amplitude is adjusted
according to operating conditions. Depending on the phase
sequence of the control winding, there are two types of sub-
synchronous and super-synchronous operations [15]. The
fundamental magnetic fields are generated in the air gap as:

B, (t, Qp) = B, maxCOS (a)pt — ppep) 2)

Bc(t' ec) = Bc,maxcOS (wct — ) (3)

where 6, and 6, are the spatial angles around the air gap for
the PW and CW, respectively. The rotational speeds of the
fields depend on the windings’ supplied frequencies and their
poles numbers. To produce non-zero average torque, the
currents induced in the rotor by these two fields must have
the same frequency and distribution. To achieve this, the
number of rotor poles is determined by the following
equation:

pr = PpEpc “)

where p, is the number of rotor nests. To reduce the
harmonic content of the rotor magnetic field, the nests are
designed having several loops [13]. The rotor speed can be
obtained from:

wp + W

= 5
pr + D¢ ©®)

Wr

III. PARAMETERS AND CONSTRAINTS IN BDFIM DESIGN

In this section, the main parameters and constraints in the
BDFIM design are investigated. Also, control variables are
identified for optimal design based on the available
information and design objectives. The objective function is
defined according to the optimal design of the stator windings
and the nested loop rotor. The stator with specified
dimensions is designed for a 460 V induction motor, 4-poles,
132 frame size and an output power of 5800 W. In [16], the
effective parameters are well presented for the output
equation of induction machines. In the following, control
variables and design constraints are determined, taking also
into account the construction limitations

A.  The Number of Poles of PW and CW

There are several works reported on the suitable and
optimal determination of the number of poles in a
conventional induction machine [17]. The BDFIM’s speed
range is within +30% of its natural speed and hence it has a
lower speed range than a conventional induction machine,
leading to less expensive gearbox system. In this study, a 2/4
pole pair combination is considered as one of the most widely
used stator windings design reported in the literature [18].

B.  PWand CW Voltages

In induction typed machines, the voltage is usually
suggested based on its power, according to the related IEC
standards. In this work and based on the available stator core
and the presence of nominal fluxes caused by the two stator
windings, the PW and CW voltages have been determined to
be 180 and 200 V, respectively. Also, the nominal frequency
of both windings is chosen to be 50 Hz.

C. Stator Windings Connections

The star connection has been used for stator windings due
to the lower voltage value across each phase. To reduce the
spatial harmonic distortion in the air gap, two-layer winding
is used with fractional pitch. The specifications of the power
and control windings are given in Table I.

D.  Geometric Structure of Stator and Rotor

In stator and rotor design of induction machines, the
magnetic core cross section shape varies depending on the
power ratings. Semi-closed slots at low power and open slots
at high power are often used. To increase the cross-section
area of the slots the teeth are selected in parallel, especially
for the stator. Aluminum diecast or copper bar is often used

TABLEI
THE WINDING SPECIFICATIONS FOR STATOR PW AND CW
Coil Winding Connecting Connection
pitch Type coil groups type
- i Series,
PW 10 tV.VO layer,- frac‘tlo_nal - Star
pitch, chain winding far connection
- i Series,
cw 5 tV.VO layer,- frac‘tlo_nal eries - Star
pitch, chain winding far connection




TABLEIL
NUMBER OF POSSIBLE SLOTS FOR A 6-POLE NESTED LOOP ROTOR
Number of rotor Number of loops AP
q rotor slots
nests (p,.) in the nest (N,,)
(Ny)

6 1 12

6 2 24

6 3 36

6 4 48

6 5 60

in cage rotors. Fig. 2 shows the geometric structure of the
available stator for the design of the prototype BDFIM.
Determining the number of rotor nests is important for the
initial design. Since the number of rotor poles is equal to the
sum of pole pairs of two stator windings, the rotor should
have 6 nests. The constraint on the construction of the rotor
core sheet must be considered in selecting the number of
loops in each nest. Table II shows the number of possible
slots for a 6-pole nested loop rotor.

Based on the slot combinations and the condition of the
BDFIM magnetic fields harmonics presented in [19], 48/36
stator/rotor slot combination has been chosen in this study.
The number of loops per nest (v,, ) can hence be obtained:

_ NT'S

2pr
which is 3 for the machine considered.

It is difficult to construct skewed bars for a nested loop
arrangement with copper diecast rotor bars as the rotor bars
must be insulated against the rotor core. The production of
copper bars with a trapezoidal cross-section is also complex.
In addition, insulation of the bars surface and their placement
in the slot makes the implementation process more
complicated. Therefore, rectangular and parallel rotor slot
cross-section is considered in this work. Fig. 3 shows the
geometric structure of the rotor sheet and the main
geometrical parameters for the optimal design consideration.
The relationships between these parameters are shown in (7).

Dro = Dsi —2g
D;; = Ds; = 2g = 2hys — 2h, , — 2h,s,
n(Ds; — 28 — 2hys, — 2hy)
N. — Wrg
s

n(Ds; — 28 — 2h,s,)
W‘r‘Stz = N - WTS
s

er

(6)
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The independent design variables that play a main role in
optimising the geometric structure are given in Table III
Some references have provided experimental relationships to

TABLE III
GEOMETRIC CONTROL VARIABLES IN DESIGN OPTIMISATION PROCESS
rotor slot rotor yoke rotor slot air gap
depth height width length
hys hry Wrs 8

calculate air gap length. In [20] the calculation of the air gap
length in BDFIM is given by the following equation.

Dy,
Pp

where 1 is the inner diameter of the stator in mm and py is the
number of PW pole pairs, leading to the air gap length of g =
0.21 mm for the machine considered. However, (8) is not
accurate for power ratings less than 10 kW. Considering the
dimensions and power of the machine, and the amount of
looseness required by the bearings, the air gap length is
selected to be 0.3 mm. Another design constraint is the size
of the shaft diameter to withstand the maximum torsional
torque applied to it. The width of the stator slot is limited to a
maximum of 0.7 slot pitch. In rotors with copper bars, the
width of the rotor slot may be less than 0.3 slot pitch. Tooth
width is another limitation of the core sheet fabrication. The
higher the slot height, the higher the tooth width should be.
Table IV shows the dimensional constraints of the rotor core
sheet.

g==

x 1073 (8)

E.  Converter Rating
When BDFIM speeds away from the natural synchronous

/e
AE/ T
h551 i
g "
v
A Doz
i
Fig. 2. geometric structure of the stator
W‘V‘So
¢ ’ (3
\'\15‘0 ?. ,t\ul2
G\ '
' <
i
!
T
P
i "vy
Wy .

Fig. 3. geometric structure of the rotor

TABLE IV
DIMENSIONAL CONSTRAINT OF ROTOR CORE SHEET
Tooth width at Slot width ratio to 'Shaft air gap
the bottom rotor slot pitch diameter length
(mm) " (mm) (mm)
w,
Wy, = 3.9 05>—=>028 | D, =40 | g=03
rs




speed, the converter should handle a larger power. Due to the
processing of two powers through the air gap and the
reduction of the CW power factor, the power of the BDFIM
converter must be chosen to be larger than the brushed
doubly fed induction machine. The converter rating hence
depends on the speed range and the economic considerations.
For example, if the speed range is around +30% of the
natural speed, the converter rating should be in the range of
25% - 45% of the PW capacity. In [5] it is shown that the
converter rating also depends on the number of poles of two
stator windings. In this research, converter rating is limited to
a maximum of 35% of the PW rating.

F.  Insulation Class

The insulation class of an electric machine depends on the
operating conditions, the temperature rise at different parts of
the machine, and the insulation type. Thermal analysis in
electric machines has not yet reached sufficient maturity. The
processes used in conventional induction machines can also
be used to study the temperature profile in the BDFIM. It is
often possible to ensure that the temperature rise is within the
allowable range by observing design constraints. The
simulation results showed that for a BDFIM it is advisable to
consider the minimum insulation class F and H for the stator
and rotor windings, respectively. Kapton insulation tape has
been used for rotor bars. The final insulation is done by
Global VPI (vacuum pressure impregnation) method. The
final temperature of the winding with respect to the machine
volume were assessed by considering different sources of
heat generation using the recommended processes presented
in [21], and different levels of insulation have been proposed
accordingly for the prototype BDFIM.

G. Magnetic and Electric constraints

The choice of flux density in different parts of the core
plays a very important role in the values of rating, power
factor, no-load current, and core losses. Depending on the
tooth flux density and the size of the machine, specific
magnetic loading has been presented in different sources in
the range of 0.3 to 0.8 Tesla. This is often between 0.4 and
0.65 Tesla for 50 Hz induction machines. In BDFIM both the
flux density of the PW and CW are present in the core. In [9]
(9) has been proposed to determine the BDFIM’s magnetic
loading based on the PW and CW flux density values:

22
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TABLEV
ALLOWABLE FLUX DENSITY RANGES
Section Flux density range | Maximum flux
(T) density (T)
Air gap 0.4-0.65
Stator yoke 1.1-1.6 1.7
Stator tooth 1.4-1.8 2.1
Rotor yoke 1.2 1.7
Rotor tooth 1.5-2 2.2

The permissible flux density values in different parts of
the core are expressed in Table V according to IEC 60404-8
and the saturation curve of usual magnetic sheets.

In the studied machine, magnetic steel sheets with M470-
50A grade have been used. The B-H curve for the iron core
must be known to ensure the results of finite element analysis
are accurate. In addition, the mesh intensity in the critical
areas such as air gap and rotor and stator teeth must be
carefully considered to accurately predict the effects of
saturation.

Specific electric loading on the PW and CW can be
determined from the following equations, respectively [13]:

~ 61v,,hpkwp|1p|

(10
P 7D, )
_ 6Ny, ky, |L]

Jo=—te et (11)
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7Dy,

where N, and N, are the PW and CW number of turns
p c

per phase, respectively. The current density limit for the rotor
is considered similar to that of the stator windings.

IV. DETERMINATION OF THE OBJECTIVE FUNCTION AND
DESIGN ALGORITHM

The objective function can be itemised into several
objectives such as cost minimization, losses, rotor winding
leakage inductance, voltage regulation percentage, output
power maximisation, CW power factor, torque, power to
weight ratio, or a combination of these objectives. In this
research, the simultaneous objective function includes
minimising the rotor leakage inductance and maximising the
efficiency and power factor of the control winding. Reduction
of rotor leakage inductance can lead to a decrease in rotor
harmonic components. The objective function is therefore as
follows:

Objective Function = min [(L—T)

(P.Fo) ()

where 71 is efficiency, L, is rotor leakage inductance and
P.F,, is CW power factor.

Due to the dependency of the objective function
components to the equivalent circuit parameters, it is
necessary to calculate the equivalent circuit parameters of the
machine at steady state. In this paper, the coupled circuit
model described in [22] is used. Sensitivity analysis has been
performed for all control variables. The results show that the
control variables have a significant effect on the components
of the objective function. Fig. 4 shows the optimal design
flowchart.

(12)

V. FINITE ELEMENT AND EXPERIMENTAL ANALYSIS OF THE
ProTOTYPE BDFIM

The results from the optimal design procedure with taking
the design limitations into account are shown in Table VI. A
BDFIM prototype was constructed based on the results



the FE simulation in Table VII.

TABLE VI
| Setting GA parameters | OPTIMAL DESIGN PARAMETERS OF THE BDFIM CONSIDERED IN THIS
+ STUDY
| Determining the available electrical specifications of the machine | Description Parameter Value
+ Air gap length g 0.32 mm
| Determining the geometric specifications of the machine | Rotor slot depth Ry 20.70 mm
+ Rotor yoke height hsy 17.48 mm
| Determining the range changes of design variables |
+ Rotor slot width Wys 3.25 mm
‘hb| Selection of values of variables by GA | Number of turns per coil of PW Nip 13
+ Number of turns per coil of CW Nic 24
| Calculation of dimensional specifications of the rotor core | Effective current of PW Ip 8.2
Effective current of CW I. 3.8
Realization of pitch and Rotor outer diameter D, 127.36 mm
width limits of the rotor slot N - -
) Rotor inner diameter (shaft diameter) Dy, 48 mm
Tooth width at the bottom Wrsy 4 mm
Realization of length Tooth width at the top Wrsi, 7.60 mm
air gap limit
Copper loss Py 750 W
1 Total loss AP 920 W
Realization of shaft Power capacity of CW Pow 868 W
diameter limit Power factor of CW P.F., 0.658
y Rotor leakage inductance at stator side L. 0.0206 H
Calculation of electrical equivalent circuit parameters Efficiency %n %66.7
according to Roberts couple circuit . A
Objective function value 0.F 3.918e(-6)
No Rated torque T, 259 Nm
Realization of the . . 5
allowed flux density Magnetic loading By 0.586
limit

TABLE VII
COMPARISON OF THE PW/CW PARAMETER VALUES OBTAINED FROM

Realization of the THE SIMULATION AND EXPERIMENTS

allowed electric

current density lmit Windin Experiment | Power | Current Power | Speed
4 & | /Simulation factor (A) (W) (rpm)
Experiment 0.16 1.97 95 1495
PW
Realization of CW Simulation 0.15 1.90 91 1495
electric power
4 Experiment 0.17 1.99 118 749
CwW
Simulation 0.17 1.80 112 749

Calculation of the objective function |

No

Realization of the
convergence and
stopping condition

Fig. 4. Optimal BDFIM design flowchart

obtained from the optimal design and shown in Fig. 5. The
static and the insulation resistance tests as well as the
vibration test were carried out in induction mode of operation
and the test results were satisfactory. To evaluate the starting
and no-load currents and the generated flux density, the
machine was tested at PW and CW induction modes and no-
load conditions. The test results have been compared with

Fig. 5. The prototype BDFIM constructed: a) stator part, b) rotor part.



Fig. 6 shows the results obtained from the finite elements
simulation at rated PW induction mode of operation. As
shown, the flux density distribution confirms that no
excessive saturation is presented in the iron, and the
maximum flux density in different regions including the
stator and rotor teeth and back iron are lower than the rated
values. The analysis of the CW induction mode in FE
simulation has also led to similar results.

To assess the harmonic content of the BDFIM when both
stator PW and CW fields are presented, the prototype
machine was modelled in cascade mode of operation where
the CW was short circuited, and the PW was supplied at its
rated conditions. Fig. 7 (a) shows the air gap magnetic flux
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Fig. 6. Simulation results in no-load condition and PW induction
mode: a) Air gap magnetic flux density distribution, b) PW induced
voltages, ¢) 2D flux density distribution in the machine’s magnetic
circuit.

density in the air gap which includes the PW and CW
fundamental components with 4 and 8 poles, respectively, as
well as additional slot harmonics and stator time harmonics.
Fig. 7 (b) shows the flux density distribution in the machine’s
magnetic circuit. The flux density is generally lower than the
rated values in different parts of the stator and rotor magnetic
circuits. The maximum flux density value observed in the
iron circuit was 1.78 T located at the root of the rotor tooth,
which is lower than the rated designed value of 1.8 T.

The harmonic spectrum of the air-gap flux density in the
cascade mode is illustrated in Fig. 8. In addition to the 2"
and 4" fundamental components induced generated by the
PW and CW fluxes, additional harmonic components such as
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Fig. 7. Simulation results of cascade mode of operation: a) Magnetic
flux density distribution in the air gap, b) 2D flux density distribution in
the machine’s magnetic circuit.
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rotor slot harmonics, saturation harmonics and the harmonics
generated from the rotor and stator grooving can be observed.
It is worth noting that in the cascade mode, the rotor core
losses are significant and cannot be ignored. In [23] the
improved steady-state model of this machine is presented
taking into account the effects of the core losses.
Furthermore, the accurate analysis of the real power flow in
the machine is essential during the machine design process
and the determination of the power converter’s rating and its
specifications [24].

VI. CONCLUSIONS

In this paper, the effective parameters for the BDFIM’s
design and their constraints were investigated. The design
variables were determined based on the design objectives and
to achieve an optimal design process. A BDFIM prototype
was then constructed based on the parameters obtained from
the optimal design process. To validate the design process,
the experimental and finite elements simulation results were
presented in induction and cascade modes of operation. The
results showed close agreements between the finite element
simulation and experimental tests. It was shown that in both
induction and cascade modes, the flux density remains within
the acceptable range and hence no excessive saturations were
observed. Furthermore, the harmonic contents of the air gap
magnetic field were assessed in cascade mode of operation
showing the PW and CW fundamental fields as the dominant
field components, as well as other harmonic components
generated due to the stator and rotor slots effects and the time
harmonics presented in stator windings. Future research will
include more in-depth investigation of the field harmonics in
the air gap as well as analysis of the machine in synchronous
mode as the most desirable mode of operation to validate the
proposed optimal design process at the machine’s rated
operating conditions.
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