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ABSTRACT

This paper presents a detailed dynamic model, by which the dynamic behaviour of Brushless
Doubly-Fed Induction Machine (BDFIM) can be successfully predicted, The investigated doubly-
fed machine has two sefs of three-phase stator windings with different pole numbers. The rotor is
a squirret-cage type with a simple modification in order to support the two air-gap rotating fields
that are produced by the stator windings and have different pole numbers. The machine model is
derived in both natural-machine variables abe-axis and gqdo variables axis. The qdo- axis is

-aftached. to rotor and hence, it rotates at the rotor speed (ay ). The electromagnetic torque
" expression is also obtained based on the two presented models. The winding function method is
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presented as a convenient approach that can be used for machine-winding inductances
calculations. Sample case studies are introduced to examine the performance of the proposed
model,
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1. NOMENCLATURE g7(0,,,0) The inverse air-gap function

viscous coefficient Ni(8,,,8) The winding finction of winding (i)

3-ph currents of either stator windings Y

i®rotor loop current of either rotor circuit wbek . .
Leakage inductance of either

Rotor inertia -
windings

3-ph flux linkages of either stator windings

Turns pet phase of either stator windings

Magnetizing inductance of either stator

The differential operator "d/dt" Lk AN

Pole-pairs of either stator windings wmdu}gs

Rotor radius M, Mutual inductance between any two rotor
Pes-phase resistance of either stator windings loaps i

Total electromagnetic developed torque L Rotor loop magnetizing inductance

Load torque’ [ Mechanical rotor speed

3-ph voltages of elther stator windings T, L Rotor bar resistance and leakage
Permeability for vacuum , inductance respectively.

Rotor axial length . r,, L, Fnd ring segment resistance and leakage
Rotor mechanical angular position with inductance respectively

respect to phase (a) reference axis of the two

sets of stator windings
Angular position along the stator inner surface
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2. INTRODUCTION

Squirrel-cage induction motors are the most widely
used motors i AC-drive applications. This is
attributed to their ruggedness, low cost, and few
maintenance requirements. The number of industrial
applications, which utilize AC adjustable speed
drives (ASDs), is increasing rapidly, The primarily
reason for this development is the significant advent
of power electronics. The main disadvantage of using
singly-fed machines for ASDs is the need for large
and expensive power conditioning units that should
withstand the full motor power. This increases both
the capital cost and the harmonic current poltution of
the overall system [1]. The Brushless Doubly-Fed
Induction Machines (BDFIMs) shows a great
promise in reducing the rating of power electronic
converters needed for ASDs application [2]. The
BDFIM represents a development of self-cascaded
machines with two three-phase stator windings
having different number of poles accommodated in a
single machine frame. In addition, it is required to
introduce a modification fo the cage rotor structure
(31-(6].

The two stator windings are referred to as: the power
winding, connected directly to the main power
supply, and the control windings connected to the
main power supply via power elecironic converters.
In a BDFIM, the rotor structure basically determines
the magnetic coupling between the two stator
windings, which in turn determines the machine
behaviour [6]. BDFIM is a special form of slip
recovery machines that reduce the capacity of the
required inverter to be used if the required speed-
contro} range is limited [1]-[7). This will lead to a
significant reduction in the drive cost. Qwing to its
brushiess property, the BDFIM is mechanically
robust and reliable. It is found that the BDFIM has
the ability to provide precise speed control and good
power factor with reduced converter capacity, as low
as 25% of the machine rating [3]-[4]. This results in a
greatly reduced capital cost of the overall system. A
further advantage of the BDFIM is derived from the
fact that the power electronic converters do not
process the bulk power entering or leaving the
machine directly.

The dynamic model of Brushless Doubiy-Fed
Machines (BDFMs) was first presented in [1].
However, the presented model is based on a special
configuration of both stator and rotor winding
comnections. The stator-winding  contiguration
appears to be far more complicated than the three-
phase winding of a conventional induction or
synchronous machine. In addition, a more complex
rotor configuration than the conventional cage rotor
is used. The dynamic model introduced in 1], has
addressed the 3/1 (power winding to control winding

pole-pair numbers) exclusively. An extended model,
which is appropriate for any number of pole-pairs,
was introduced in [2]. However, the structure of the
BDFM used is similar to that used in [1]. The main
problem of these models is the complicated structure
of both stator and rotor windings that these models
based upon.

A new model based on a dual stator winding
induction machine is presented in [8]. The dual stator
machine consists of a comventional squirrel-cage
induction motor having two three-phase stator
windings wound for two and six poles. The two-
stator windings are simultaneously fed from two
independent variable frequency power supplies. This
results in increasing the capital cost of the overall
system and thus, reducing the applications, in which
this system can be used.

The aim of this paper is to present a generalized and
detailed dynamic model valid for predicting the
dynamic performance of BDFIMs under different
loading conditions. The proposed modelling process
starts by describing all machine equations in its
natural variables abc-axis. Then, the model is
transformed to qdo variables axis using appropriate
transformation matrices. The machine-winding
inductances are calculated using winding function
method. In addition, the paper aims at investigating
the possibility of simpler structure of the BDFIM
than that used before. The investigated BDFIM
consists of a simply modified squirrel-cage rotor and
a stator with two separate windings wound for a
dissimilar number of poles. Each stator winding is
fed from an independent power supply. Only one of
the two stator windings is fed frem a variable-
frequency variable-voltage inverter.

3. SYSTEM DESCRIPTION

Fig. | shows the schematic diagram of the
investigated BDFIM. There are two three-phase
windings with different number of poles, in order to
avoid magnetic mutual coupling, placed in the stator
slots [1]. These windings ar: simultaneously fed
from two independent power supplies and ¢ach one
produces a separate torque component. One set of
stator windings is called the power windings;
through which full machine power must pass, and is
fed directly from a constant voltage constant
frequency power supply. The other set is called the
control windings, through which partial countrolled
power passes, and is fed from a variable voltage
variable frequency power supply.

The rotor is a squirrel-cage type with a simple
modification in its structure to support the two air-
gap rotating fields that have d:fferent pole numbers
produced by the two-sets of stator windings [6]. In
[7], it is stated that the essential requirement for
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brushless doubly-fed machine action is that the
frequency and distribution of currents induced in the
rotor by the first air-gap field match that induced by

the second. The two stator windings will be then

coupled via the rotor, even though they have
different pole numbers and may be excited at
different frequencies. This implies that the number of
rotor bars should be equal to the summation of pole-
pair numbers of both statior windings. Thus, the
number of rotor bars will be small for any realistic
combination of pole-pair numbers [7].

Such low number of rotor bars results in a very high-
referred rotor leakage reactance [7]. Therefore, more
work has been done to increase the number of rotor
slots and distribute each bar between several slots.
The most common practice, by which this can be
accomplished is to connect the rotor bars selectively
to produce 2 set of concentric or nested loops. Each
nested loop has to be isolated from the others, and
the number of nested loops is equal to the required
number of rotor bars. As an alternative, the
outermost loop of each nest has to form the required
muiber of rotor bars whilst the other loops are joined
at a common end ring. These two ways used in rotor
bars arrangements are not easily fabricated.
Furthermore, the cost of this type of machines is high
since both stator and rotor have to be redesigned.

In this paper, a very simple modification in the rotor
cage is introduced. The rotor bars is divided into
number of groups that equal the required number of
rotor bars (summation of pole-pairs of the two-stator
windings). Separating each group from the others can
be easily done at one side only of the two end rings.
This means that one end ring is divided info a
number of sections; each connecting a number of
bars, while the other end ring connects all rofor bars.

It should be notéd that this modification in the end -

ring striucture resilts in' zero currents in some rotor
loops at ‘which the end ring is separated. For 6-pole
and 2-pole stator windings, the number of required
rotor bars or groups equals four. Therefore, one side
of the end rings should be divided into four groups or
sections as shown in Fig. 1.

Maf’n "S'u;:[ply
— }Inverter'
: ' N
ib & J 2]

Cs cage rofor Cy

6-pole stator winding 2-pre stator winding

Fig. 1. Schematic diagram of the BDFIM

o

4, INDUCTANCE CALCULATIONS

The machine-winding inductances can be calculated
by a particular convenient approach called winding
functions method [9]-[10]. The winding function is
defined as the spatial distribution of MMF due to a
unit current flowing in the winding. According to
this method, the machine inductances are calcunlated
by an integral expression representing the placement
of winding turns along the air-gap peripbery. This
methed is particularly convenient for the analysis of
unusual machines since it assumes no symmetry in
the placement of any motor ceil in the slots [10].
According to the winding function theory, the mutual
inductance between any two windings (i} and (j) in
any machine can be casily computed from the
following expression:

2n
Lij =R [ g7 (0, 0)N; (01,0)N;(0rm.0)d0 (D)
0

4.1. Stator Winding Function

Each stator phase is assumed to be sinusoidally
wound along the air gap. Hence, the winding
functior of each one of the two sets of stator
windings can be written as:

Ny, (0)= (N /2P, Jeos(Py6)
Nk (0)= (N, /2P, Jcos(P 0 — 2x/3) ()
Nk (8)= (Ny /2P, Jcos(P 8+ 2m/3)

It should be noted that all equations used for the two-
stator windings are similar except for their different
mumber of poles, turns per phase, resistance, and
inductance. So, instead of writing theses equations
twice, the subscript "k" is used denoting either the
power or the control windings. Hence, the- same
equation can be used to describe the two stator
windings just by defining "k" with suitablé number
related to each one of the two sets of stator windings.
4,2, Rotor-Loops Winding Function

Squirrel-cage rotor has "n" identical and equally
spaced bars, which are shorted together by the two
end-rings. Therefore, it can be modelled as "n"
identical magnetically coupled cireuits or loops [8].
Each loop encompasses two adjacent rotor bars and
the connection portions of the end rings betWeen
them. The normalized winding function for the i
rotor loop is given by the MMF distribution produced
by one ampere flowing through this loop. For all
other loops, the normalized winding functions are
simifar, with only difference in the phase angles,
which are defined by the position of each loop with
respect to the reference point. Fig. 2 shows the
normalized winding function for the i®rotor loop,
which can be written as follows:
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Fig. 2. The i"rotor loop winding function

4.3, Inverse Air-Gap Function

For a conventional squirrel-cage rotor, the air-gap is
assumed to be uniform and hence, the inverse air-gap
function may be considered to be constant without
contribution in the integration shown in {1).

4.4, Inductance Formulas

Magnetizing and mutual inductance formulas of both
stator windings and n-rotor loops can be easily
obtained using (1), (2), and (3). The final expressions
or formulas of these inductances are given in the
appendix.

5. DYNAMIC MODEL IN NATURAL
MACHINE VARIABLES AXIS

5.1. Stator Winding Voltage Equations

The 3-phase voltage equation of each one of the two
stator windings can be written in a matrix form as
follows:

[Vabck ] = [rsk ][‘ ahck ]+ P [)‘-abck] “)
It should be noted that in the flux linkage
calculations, there is no component of flux linkage of
any of the two stator windings due to the current of
the other windings. This is attributed to the mutual
decoupling of the two stator windings since they
have different number of poles. As a result, the rotor
can be modelled as two independent circuits, Each
one has "n"-rotor loops and is related to one of the
two-stator windings. So, the subscript k' may be also
used to define the two different rotor circuits related
to the corresponding two stator windings. Hence, the
flux linkage in each of the stator windings is
established due to only two components. The first is
due to the stator current in the same windings, and
the second is due to the current of the corresponding
rotor circuit, which has the same number of poles.
The flux linkage can be rewritten as:

7Labck = ;\‘abck abck T )\'abck rki
Where:

ARIELEEACT WRIBRL Lra. SE4 duv s mrpulewrIvIETS

e meee— e — gt o

Mabor abex © 15 the flux linkage of any of the two stator

windings due to the corresponding current of the
same windings, and

Mabe ki © 18 the flux linkage of any of the stator
windings due to i"rotor loop current of the
corresponding rotor circuit.

The total flux linkage for both stator windings can be
expanded as:

Aabek = [Labek avok liabet J+ L mapekaalling] (9

Where:

L+ Lok =Lk /2 ~Lp/2
[Lasokabex]=| —Lmc/2 Lo+ Lo ~Lax/2
~Lmk/2 ~Lyx/2 Lo +Lmk
, the matrix [L ., pek ki | 5 given in the appendix,
] =likt ine . irkn]-and
"n" is the total number of scuirrel-cage rotor bars

(loops)
It should be noted that each column in the matrix
[Lmabck ,ki] corresponds to 2 certain laop. In

addition, each element in the matrix [i,k;]T
corresponds to a certain loop. For a standard squirrel-
cage rotor, without any modification in its structure,
all rotor loops represent closec loops through which
the rotor loop cutrent can pass. Therefore, the order

of the two matrices [Lm abek rki ]and [irk,-]T is related
to the total number of rotor loops. Thus, the order of
these two matrices, for a standard cage rotor, is "3*n’
and '1*n' respectively. However, for a modified cage
rotor, which is presented in this paper and due to the
discontinuity of one of the two 2nd rings, some rotor
loops represent open loops. For the open loops at
which the end ring is separated, the rotor loop current
is set to zero and thus, the corresponding columns or
elements are eliminated from tae two matrices. The
number of these columns equals the number of end
ring sections (i.e. summation of pole-pairs of both
stator windings). This reduces the order of the
matrices to be '3*m’' and '1*m' respectively, where 'm'
is the total number of closed rotor loops (ie.
difference between total number of rotor bars or
loops and open loops at wh:ch the end ring is
separated). Mathematically "m" can be given by:

m=n-3¥P,, where ¥ Py is the summation of the
pole-pairs of the two stator windings.
These notes can be easily concluded by putting a
condition for the subscript "i", which used in [i,k;]T
matrix as follows:
i=(1,2,...n), 1 Zqn,

Where:
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"g"=(1L,2, ..., £P ), and

" ( -—~n/Z Py ¥ is the total number of squirrel-cage
rotor bars per pole-pair summation of the two-stator
windings.

5.2. Rotor Loops Voltage Equations

In order to obtain the n-loops rotor voltage equations,
the rotor circuit can be divided into two circuits with
the same number of poles of the corresponding two-
stator windings. Fig. 3 shows a schematic diagram of
n~rotor loops winding for any of the corresponding
two-stator windings just after defining k'. An open
circuit rotot loop from one side of end rings is also
shown in Fig. 3.

Open Jsegmenty
i
I Rotor bar Two-end
fkn g il’k 1 J il‘k 2 - | 1} r/i:?s

Fig. 3. Rotor loops winding configuration

After assigning k', it should be noted that the
equivalent two rotor circuits have the same loop
resistance, loop leakage inductance, loop
magnetizing inductance and mutual inductance
between any two rotoi loops with values equal to that
of conventional squirrel-cage rotor. The main
difference between the two rofor circvits is the
mutual inductatice betweein each rotor circuit itself
and the corresponding stator windings. Since the two
stator windings are mutually decoupled, the flux
linkage in each rotor circuit is created duoe to only
two components: the first is due to the rotor current
in the same circuit and the second is due to the
current of the corresponding stator winding, which
have the same number of poles

The rotor-loops voltage equatlon of each one of the
two rotor circuit is written in 2 matrix form as
follows:

o= It Y ]+ P o] 6
Wherg: A

' g =Ty = -y
B} ]'= -I;b I';g and Iy =2(1'b +I'e).

-Ty 1] e Ty

In addition, the cbrresponding n-rotor loops flux
linkage of either rotor circuits can be rewritten as:

A =Morkj +Mrkiabek »J = (1,25, 1)
Where:

N

Aping: is the i™-rotor logp flux linkage of either
retor circuits due to n- rotor loops current of the
same circuit, and

Mt abetc : 15 the i®rotor loop flux linkage of either
rotor circuits due to the current of corresponding
stator winding,

The total n-rotor loops flux linkage is written in an
expanded matrix form as:

{ rki ] [L ][lrk1]+ [Lm tki abck][ abck] (7)
Where:
Lo +Lpye M, —Lb o Mp-Ly

M, -Lyp Lo +Lpe - M,

[Lr]= . . - .
Mr ““Lb Mr Llr "'Lmr

Ler =2(1'b +Le)s and [Lmrki abck]* []-'mabc:krki]T

5.3. Electromagnetic Developed Torque Equation
The electromagnetic developed torque of a BDFIM
can be divided into two components. Each one is due
to the mutual coupling between one of the two-stator
windings and the corresponding rotor circuit. Thus,
the total electromagnetic developed torque is given
by the summation of these two components and can
be written as:

Tem = X Temk (8)
Where:
mk = [iabck ]T [‘(%" [Lm abek ki ]] [irki ] ®
m

54. The electromechanical equation

The electromechanical equation of a BDFIM can be
easily written as:

Tem =¥ po3y +B* oy, + Ty, (10)
Using (4) through (i0), the system dynamic
performance can be analyzed in natural machine
variables axis.

6. DYNAMIC MODEL IN QDO-AXIS ROTOR
REFERENCE FRAME

The main problem of the previous model, which is
derived in natural machine variables axis, is the time-
varying mutual inductances. This results in a very
complex model. In order to eliminate the time-
varying inductances in voltage equations, the
previous dynamic model is transformed to gdo-axis.

" The qdo-axis is fixed in the rotor, which rotates at

the rotor speed (@, ). Fig. 4 shows the phase-axis

relationship for phase "a" of any of the two stator
windings axis and the n"-rotor loops axis.
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Fig. 4. Phase axis relationship of the BDFIM

6.1. QDO-Axis Voltage Equations
A. QDO-Axis Stutor Winding Voltage Equations

Aided with Fig. 4, the transformation matrix of either
stator windings (abcg-axis variables) to the
corresponding qdo,-axis variables can be written as
follows:

[fqdok ] = [ksk ] [f abck ]

Where 'f represents either voltage, current or flux
linkage, and

cos{P.B,) cos(P.8, —-2375) cos(P 8, +-%3£)

[ksk]=§ sin(P,8,) sin(Pker—%E) sin(Pk0,+33’-‘-)
i 1 1
2 2 2
(11
Where8, =0, +5,and § =¢, /2

The inverse of this transformation matrix that

transforms the qdoy- axis variables to either stator
winding abe,- axis variables is given by:

[fabck ] = [k sk ]‘] [fqdok ]
Where:

cos(Pi.8,) sin(P.0,) 1
2 .
ko' = [ costry8, 2 sm(pke,_ﬁsﬁ) 02

cos(‘Pke,-!-z—;-) sin(PkGr«r'z;-) 1

Applying the transformation matrix and its inverse to
(4), results in the representation of the stator voliage
equation in the gdog-axis. The final gdo,-axis stator
voltage equation can be written in a matrix form as:

I:quok ] = [rsk ] [iqduk ] +p [lqdok :| +ioy [lqdok] (13)
Where:

Tk Q 0 0 Wy 0
[g]=| 0 1y ©[-and [oy =Py|-0y, 0 O
0 0 Tk 0 0 ¢

B. ODO-Axis Rotor Loops Voeltage Equations

The transformation matrix of either rotor circuits of
n-rotor loops axis to the corresponding qdog-axis
variables can be written based on Fig. 4 as:

[fqdork] = {krk ][frki]

Where:

cos((n-1Pca,)
-sin{{n -1)Pee )
1

cos(0) cos(Pya,)

(krk]=—— -~sin(0} -sin(Pa;}
m 1

2 2 2

(14)
The back transformation matrix of gdo,-axis to the
corresponding rotor ¢ircuits of n-rotor loops winding
axis is given by:

[frki ] = [krk back ] ':fqdork :|

Where:
cos(0) —sin(0) 1
cos{Pra, ) -sin(P e, ) 1
flcr ] = L a9
cos((n-1)Pa; ) =uin((n-1)Pea;) 1
It should be noted that the absance of some columns
in the [irki F matrix, corresponding fo open rotor
loops, necessitates the absence of corresponding

“columns in the transformation matrix [krk]and rows

in the back transformation matrix [krkback}. In

addition, the number of these absent columns or rows
is equal to summation of pole-pairs of both stator
windings.

Appling the transformation matrix and the back
transformation matrix to (6) results in qdog-axis
rotor voltage equation. The final qdog-axis rotor
voltage equation can be written in a matrix form as:

0 = |:rqdo Ik :I I:iqdu tk ] + p [:lqdo tk ] (16)
e 0 0
Where: rggox = 0 g 0
0 0 1,

rge =1y =21, {1- £ Py fm)eos(Py o)
T = (rf —21'1,)

6.2. QDO-Axis Flux Linkage Relations

Appling the transformation matrix and its inverse to
the flux linkage equations of both stator windings
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and the corresponding rotor circuits results in the
final qdo-axis flux linkage relations.

A. ODO-Axis Stator Flux Linkage Relations

The total qdoy-axis equation of the stator flux linkage
can be written as:

l’qdok = kqdok qdok + A‘qdok qdozk

Where:

Aqdok qaok 15 the gdoc-axis flux linkage of either
stator winding due to the corresponding qdog-axis
stator winding current, and

Aok qdoc - 18 the qdog-axis flux linkage of either
stator winding due to the corresponding qdog-axis
rotor current.

The qdo-axis stator flux linkage due to the
corresponding qdo,-axis stator winding current is
given by:

[lqdok qdok:l = [quolc qdok] [iqdok ] (17)
Where:
Ly O 0 3
[qunkqduk]= 0 Lg O |hLg=Lg +"2"Lmk
0 0 Lg

The gdo,-axis stator flux linkage due to the
corresponding qdoy,-axis rotor current is given by:

I:?\‘qdok gqdork :| = [Lm qdok qdork :l [iqdork :' (18)
Where:

Lge O 0
[Lm gdok gdork ]= 0 L 0
0 ¢ 0

Lopge =(m/2My; , and My, is given in the
appendix S

B. 0DQ-Axis Rotor Loaps Flux Lin.kage Reiatt_'r)ns

The total qdog-axis rotor flux linkage equation can
be written as: ‘

Agdork = Mqdork qdork * Mqdork qdok
Where:
Aqdork qaorkc ¢ 15 the qdog-axis. flux linkage of either

rotor circuit due to the corresponding qdo,-axis rotor
current, and

Aqdork qdox © 18 the qdog-axis flux linkage of either
rotor circuit due to the corresponding qdo,-axis stator
curremt.

The qdog-axis rotor flux linkage due to the
corresponding qdog.-axis rofor current is given by:

[hq;ioﬂ( qdork :I = [quork:] [iqdork ] (19)

Ly -0 ¢
Whgre: quo_rk = 0 er‘ 0
0 0 Ly

Ly =Lg +Lpe —M; -2Lb(1- EPk/m)cos(Pku[)
Lor =Lg + Ly +{n~1)M,; —2Ly

The qdog-axis rotor flux linkage due to the
corresponding qdoi-axis stator winding current is
given by:

[lqdm* qdok ] = [ L m qdork qdok :’ [iqdok :, (20)
Where:

Lk 0 0
[Lm gdork qdok ]= 0 Lyx Of,and
0 0 0

Lok = (3/2)Mkr

The final form of gqdo-axis system model in the rotor
reference frame is given in the appendix

6.3. Electromagnetic Torque in terms of QDO-

Axis currents .

It is convenient to describe the developed
electromagnetic torque from both stator windings as
a function of gdo-axis currents. This can be easily
obtained after applying the transformation matrices
given in (12) and (15) to (9). This yield;

. d : ,
Temk = [ksk ]_ l[;qdok ]T [ Eé— [Lm abck rki J J {krk back ] quo rk]
m
1)
The final expression of the total electromagnetic

developed torque corresponding to gdo-axis currents
can be given by:

Tem = ZTemk = T1 + Tia
Where:
Tir = 3/2) Lk P gy Tark

Ticz = (-3/2) Ly Py ik gk

Equations {10} and (i3) through (21) provide a
useful dynamic representation of the machine. Thus,
this model can be used to describe the dynamic
performance of the machine in the gdo rotating axis.

7. SAMPLE CASE STUDIES

A sample case study is presented using the proposed
model. The presented samples of the simulation
results are obtained using the calculated parameters
of an actual set-up system. The stator and the rotor of
a conventional three-phase squirrel-cage induction
motor, rated at 1.1 kW, 460 V and 4-poles, are
modified to fit the nature of BDFIM. The original
stator winding is replaced by two sets of three-phase
windings having different number of poles. Cne set
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of the two stator windings, the power windings, has
six poles, while the other, the control windings, has
two-poles. One side of the two-end rings of the rotor
is separated to a number of sections that equals the
summation of pole-pairs of both stator windings. All
mutual and magnetizing induetances are calculated
using winding function method. Stator resistance and
leakage inductance are measured using standard
techniques that used for the conventional induction
machines, Dimensions of both rotor bar and end-ring
are used to calculate their resistance and leakage
inductance.

[n this section of the paper, only two samples of
different mode of operations are simulated and
presented using the proposed model. Simulation
results are obtained using Matlab/Simulink software.
This paper does not aim to discuss or analyse the
presented results. Instead, it presents sample results
to confirm the presented model in different modes of
operation.

7.1. Singly-Fed Operation

Fig. 5 shows the run-up response of the machine for
a singly fed mode. In this mode of operation, the
power winding is connected to the main supply while
the control winding is left open. First, the power
winding started with no-load until 0.5 second where
a 0.75 N.m load torque is applied. The machine gives
response similar to that of the conventional induction
machine. Thus, the obtained behaviour confirms that
the proposed meodel is valid to describe the transient
behaviour of conventional induction machine
operating with only one stator winding.
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Fig. 5. Run-up response of a singly fed moce of a
BDFIM

7.2. Doubly-Fed Operation

Fig. 6 shows the run-up response of a doubly- fed
mode of a BDFIM under no-load condition. First, the
power winding is connected to the main supply while
the control winding is left open until 0.5 second.

Then, the control winding is connected to the main
supply via an inverter. In Fig. ¢a, the control winding
is excited with the same sequence of the power
winding, while in Fig. 6b, the control winding is
excited with the reverse secuence of the power
winding.
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(b) Control winding is excited will a reverse sequence

Fig. 6. Run-up response of a doubly fed mode of a
BDFIM

8. CONCLUSIONS

This paper has presented a detailed and accurate
analysis that is valid for precicting the dynamic
performance of brushless dcubly-fed induction
machines. A detailed dynamic model in both natural
machine variables axis and gdo-axis has been derived
from the basic relations of the machine. The winding
function method has been intraduced as a viable
method that can be used for calculating the machine
inductances. In order to confirm the validity of the
proposed model, Sample case studies have been
itroduced using actual experimental set-up
pararneters.
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1. Final form of gdo-axis system model in rotor veference frame
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