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Abstract--A  Brushless Doubly-Fed Induction Machine
(BDFIM) has wide application potential in wind turbines,
industrial drives, small hydro power plants, power supply of ships,
aircraft starters, and electric vehicles. In electric vehicles, a
BDFIM offers a robust structure without needing permanent
magnet materials, slip-rings, and brushes, which makes it
particularly suitable for heavy vehicles, such as buses, agriculture
and construction vehicles, where the low power density of a
BDFIM is of less significance compared to that in passenger cars.
To effectively analyze and control a BDFIM in various
applications, it is essential to develop its accurate electrical
equivalent circuit models. This paper presents a comprehensive
review on various electrical equivalent circuit models of BDFIMs
in the literature with different level of complexity. A full order
model is complex, but can represent the complete electrical
behavior of a BDFIM. By simplifying the full order model and
neglecting certain parameters, a reduced order model requires
fewer state variables due to practical approximations. Dynamic
behavior of BDFIMs under various operating conditions are
demonstrated in the paper to showcase the effectiveness of these
existing models. This review emphasizes the significance of
electrical equivalent circuit models in the design, analysis and
control of BDFIMs. Future research directions for the model
refinement are recommended.

Index Terms-- Brushless doubly fed induction machine, electrical
equivalent circuits, full order model, iron losses, magnetic saturation.

NOMENCLATURE
V,I,1 Voltage, current, flux vectors
Te Torque
p Power
R Winding resistance
L, Leakage inductance
L Magnetizing inductance
Ly P—axis component of power winding (PW) magnetizing
PP inductance
Lype  Q-axis component of PW magnetizing inductance
L D-axis component of control winding (CW) magnetizing
McD jnductance
Lucq Q-axis component of CW magnetizing inductance

Lypg Cross-coupling inductance between D- and Q-axis of PW
Lepg Cross-coupling inductance between D- and Q-axis of CW
Lpp D- axis component of PW self-inductance
Ly Q- axis component of PW self-inductance
Lep D- axis component of CW self-inductance
Leg Q- axis component of CW self-inductance
D Number of pole pair
N, Number of rotor loops (nests)
f Frequency
Wy Synchronous rotor speed
Wq Arbitrary angular speed
Wy Natural synchronous speed
s Derivative operator
Subscripts
p,c,r PW,CW, rotor
d,q Arbitrary reference frame
m Magnetizing

I. INTRODUCTION

ITH introduction of alternating current (AC) electric

machines in the late 19th century, their speed control
became a fundamental requirement. However, efficiently
controlling the speed of AC machines across a wide operating
range was a significant challenge. In 1897, Steinmetz in the
United States and Gorges in Germany developed a cascade
control system [1] as a solution to achieve more flexible control
of induction machines (IMs) with a cascade connection of two
wound rotor IMs sharing a common shaft. In 1907, Hunt
introduced a self-cascaded machine with a specially designed
stator winding, featuring taps that could be connected to a
rheostat for speed control or starting. Subsequently, researchers
at the University of Bristol studied Hunt’s machine and
developed a unique rotor structure, known as the "nested loop,"
which is still prevalent in the modern brushless doubly fed
induction machine (BDFIM) designs [2],[3]. Building upon the
research conducted at Bristol University, Wallace, Li, and Spee
at Oregon State University made significant advancements in
the mid-1980s by investigating the use of two separated stator
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windings for self-cascaded doubly-fed induction machines [4].
By modifying the stator winding structure proposed by Hunt,
they introduced what is now known as the BDFIM. The term
“BDFIM” was first coined by Wallace in 1989, and the
extensive research has been conducted on control, dynamics,
and optimization of BDFIMs [5]-[9].

A BDFIM possesses remarkable characteristics by
combining advantages of an IM and a synchronous machine. It
operates efficiently with only a partially rated converter and
enables the synchronous operation across a wide range of speed
precisely by controlling the control winding’s frequency. The
brushless structure of a BDFIM ensures reliable operations and
the fault tolerance, even in the event of converter failures [10]-
[13]. BDFIMs can be used in wind turbines [15]-[18], industrial
drives [19] -[22], small hydro power plants [23], power supply
of ships [24], aircraft starters [25], and electric vehicles [26],
[27]. For potential applications in electric vehicles, since a
BDFIM does not need permanent magnet material, slip-rings
and brushes, it can be implemented as near-wheel or wheel-hub
direct traction drive. Multi-axle, multi-track vehicles are also
suitable for BDFIMs, where each wheel in each operated axle
is driven by its own motor. Furthermore, BDFIMs are
particularly relevant for heavy vehicles, such as buses,
agriculture and construction vehicles. Low power density of a
BDFIM in these vehicles is of less significance compared to
that in passenger cars, therefore, its cost effective materials and
production, and its system level benefits due to power
electronics, control and functional safety make the BDFIM a
great choice in the transportation sector.

Studying the BDFIM’s dynamic performance has been
advanced by developing various mathematical models. The
initial coupled circuit model, introduced by Wallace et al.
[28]1,[29], provided valuable insights but had certain limitations.
Specifically, the model did not account for the effects of the
leakage inductance and saturation, and its applicability to a
wide range of machines [30]. Analytically solving equations of
this model, except for the standstill position, was not feasible
due to the position-dependent mutual inductance matrices. To
address these limitations, a two-axis model is derived from a
coupled circuit model using a precise mathematical process in
[6], so the characteristics of a BDFIM can be analyzed under
steady state and dynamic conditions; separate three-phase
windings are used in this model although a multi-tap single
winding would be effectively the same under the modeling
assumptions in [6]. In [31], Boger et al. generalized the model
in [6] to any pole pair configurations by using an assumed stator
and rotor configuration. They showed that a d-q transformation
could be applied to a BDFIM. This transformation starts from
an idealized machine, rather than an explicit transformation of
a more general model. In [30], a BDFIM is viewed as two
interconnected IMs, and a steady state equivalent circuit
applicable to all modes of operations is formulated; this model
has a complicated structure, making the analysis and control of
a BDFIM difficult, and this complexity is further increased by
considering iron loss effects. An over-simplified model, known
as the “core model”, is proposed in [32] to analyze the steady
state performance of a BDFIM in motoring and generating

modes; since magnetizing reactances and stator and rotor
resistances are ignored in this core model, so it is not suitable
for control purposes. To facilitate the analysis of a BDFIM, its
steady state and dynamic models are simplified in [34].
Accordingly, its electromagnetic torque is broken down into
induction and synchronous torque components. Through the
electromagnetic torque analysis, simulations and experiments,
it is found that the contribution of induction torque is negligible
in practical applications. Therefore, simplifications are
proposed in both steady state and dynamic models of BDFIMs,
and BDFIM models become very similar to those of
conventional doubly fed induction machines (DFIMs). These
developments in mathematical modeling have significantly
contributed to the understanding and analysis of BDFIMs’
dynamic and steady-state behaviors. Analytical models also
play a crucial role in predicting the machine performance
during the design stage prior to construction.

One important factor to consider in the design and optimization
of electrical machines is iron losses in the core, as iron losses
play a significant role in the overall losses of an electric
machine. For instance, in standard IMs, iron losses represent
approximately 20% of the total losses on average [35]. It is
recognized that neglecting iron losses during the vector control
can lead to errors in the orientation angle of an IM [36].
BDFIMs tend to have higher iron losses than conventional IMs
at the same capacity. This is primarily attributed to spatial
harmonic distortions in the air-gap, a non-uniform distribution
of the magnetic field, and operations that deviate from the
synchronous speed of both stator fields [37]-[40]. Several
models are proposed to consider iron losses in BDFIMs [41]-
[44]. Ref. [41] presents a novel hysteresis model based on the
scalar Preisach model for the stator iron of a BDFIM; this model
assesses how rotational characteristics of magnetic fields in a
BDFIM affect iron losses through 2-D time-stepping finite
element (FE) analysis and experimental data from a prototype
D160 BDFM. In [42], magnetic field characteristics in BDFIMs
are investigated, and a new iron loss formulation is proposed by
considering the rotational field and harmonic effects in the iron
loss prediction. In [43], analytical models are presented
specifically for iron losses in BDFIMs, but no equivalent
circuits are developed to evaluate the effect of iron losses.
Building upon similarities between BDFIMs and conventional
IMs, a simple model for iron losses in BDFIMs is introduced in
[44], which incorporates separate resistances on the power
winding (PW) and control winding (CW) sides to determine
iron losses for each stator winding (these resistance values are
obtained through optimization).

Considering iron losses in BDFIMs, a steady-state equivalent
circuit model is presented in [45] that includes four resistances:
the PW’s iron loss resistance, the rotor’s iron loss resistance
referred to the PW side, the CW’s iron loss resistance, and the
rotor’s iron loss resistance referred to the CW side. This model
provides a comprehensive representation of iron losses in
BDFIMs. The model in [45] is further improved in [46] by
deriving analytical expressions for the iron loss components
related to each stator winding, and a steady-state model that
considers iron losses in BDFIMs is proposed. In [47], the iron
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loss modeling in a space vector equivalent circuit of BDFMs in
a stationary reference frame is proposed. The torque equation is
derived based on this model, and the impact of neglecting iron
losses is demonstrated in the speed, torque, and input power
waveforms. To simplify the complexity of the full order model,
a reduced order model is developed in [48] while considering
iron losses. This reduced order model neglects the direct cross-
coupling between the stator and rotor’s magnetic fields and
introduces a practical method to calculate iron losses in
BDFIMs with respect to frequency variations. In [49], dynamic
modeling in an arbitrary reference frame is utilized to
incorporate iron losses and saturation effects of the main flux in
a two-axis model of BDFIMs. This model includes terms
representing the cross-saturation effect to enhance accuracy.
Taking into account the close relationship between the torque
and the power, the torque equation is derived considering iron
losses and magnetic saturation based on the electrical input
power’s expression.

Fig. 1 illustrates the evolution of the BDFIM’s electric
modeling. Initially, the electric equivalent circuit (EEC) took
the form of a coupled-circuit model, which later progressed into
various configurations. Although attempts to model BDFIMs
can be traced back to the late 20th century, a significant
breakthrough occurred with the introduction of a steady-state
full order model by Roberts in 2004 [30]. This model served as
the foundation for subsequent models in this field. This paper
aims to offer a comprehensive overview of electrical equivalent
circuit models developed for BDFIMs. The primary motivation
behind conducting this review is to provide a broad and detailed
insight into existing models, while evaluating their practicality,
implementation, and accuracy. The importance of this review
lies in its ability to facilitate advancements in BDFIMs research
and development by understanding and analyzing strengths and
weaknesses of these electrical equivalent circuit models. By
examining various proposed models, researchers can identify
the most suitable models for practical applications and address
any limitations or challenges associated with the models’
implementation. By consolidating the knowledge and insights
gained from existing models, this review contributes to the
progress of BDFIMs design, control, and performance
optimization. To compare and analyze different models, several
factors including mathematical formulation, nonlinear effects,
complexity or simplicity are considered in this paper.

II. BDFIMS STRUCTURE

A BDFIM has two sets of balanced three-phase windings
with the different number of poles wound on a single common
stator frame (Fig. 2a). The first winding is known as the PW
and is connected to the grid directly, and the majority of power
exchange between the machine and the grid occurs through this
winding. The second winding is called the CW and a partially
rated back-to-back converter connects the CW to the grid. This
converter enables the control over the rotor speed, the torque,
and the reactive power of the PW. To prevent the direct
magnetic coupling between the PW and the CW in a BDFIM, it
is necessary that PW and CW windings have a different number
of pole pairs [50]. To minimize the unbalanced magnetic pull

Coupled-circuit model
(Ideal model) (Ideal model)
Full-order model
(Ideal model)

1 1
Considering Ignoring the
the iron loss rotor resistance

Full-order model Reduced-order model
(Non-Ideal model) (Ideal model)
Considering the iron I

loss and the magnetic
saturauon

Full- order model Reduced- order model
(Non-Ideal model) (Non-ideal model)

Fig. 1. A classification of electric equivalent circuits (EECs) of BDFIMs.

Two-axis model ]

1
Omitting the magnetizing
reactances and the stator and
rotor resistances

Core model
(Ideal model)

Considering the
iron loss

(UMP) on the rotor, the difference between the number of pole
pairs of the two stator windings should be larger than one [51].
In [30], general guidelines are provided for selecting the
number of poles. One winding should have an even number of
pole pairs, while the other winding should have an odd number
of pole pairs. Alternatively, both windings can have even
numbers of pole pairs, as long as the ratio between the two sets
of pole pairs is not an odd number. If the ratio of pole pairs is a
multiple of three, both windings can have odd numbers of pole
pairs. It is important to highlight that, when implementing the
parallel winding design, it is crucial to exercise caution to
prevent a direct coupling between the PW and the CW [52].

The rotor of a BDFIM features a unique cage structure
known as the “nested loop”, and consists of multiple poles or
nests (Fig. 2(b)). Each nest comprises a set of short-circuited
concentric loops. The total number of nests is equal to the sum
of pole pair numbers of the stator windings. Nested-loop rotors
are used extensively in BDFMs, but may not be suitable for
large machines [53]. There are several advances on the basic
version of the nested loop rotor. Two optimized rotors, a bar
cage rotor and a nested-loop rotor, are developed in [53].

The loop number in the rotor of a BDFIM is determined by
harmonic contents of the magnetomotive force and the
permissible flux density in the rotor. Also, practicalities related
to preferred stator and rotor slot number combinations do make
some contributions to the torque and reduce harmonics.

Fig. 2. The BDFIM prototype: (a) Stator, (b) Nested-loop rotor (three loops in
each nest) [54].
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In a BDFIM, when one stator winding, either the PW or the
CW, is connected to a power source, while the other stator
winding remains open-circuited, the machine operates as an IM
with p, or p. pole pairs, respectively. This scenario occurs
during a converter failure and is known as the “induction
mode”. In this mode, the machine exhibits similar
characteristics to a standard IM with a compromised
performance. On the other hand, if the non-supplied stator
winding is short-circuited, the machine behaves as a cascaded
IM. A cascade IM, formed by combining machines with p,, and
pc pole pairs, exhibits characteristics similar to an IM with
(pp +pc) pole pairs. This mode, known as the “cascade
induction mode”, is typically used during starting and
acceleration towards the synchronous speed. Both the induction
mode and the cascade induction mode are asynchronous modes
of operations, where the shaft speed depends on the machine
load and the power supply frequency.

However, the synchronous mode is a desirable mode of
operations for BDFIMs, and the speed is determined by the PW
and CW’s frequencies. In this mode, the majority of power
exchange between the machine and the grid occurs through the
PW, and the CW only processes a fraction of the power,
depending on the speed deviation from the synchronous speed.

III. ELECTRIC MODELING OF BDFIMS

The modeling of BDFIMs has been a significant focus since
their introduction, as the study of machine behaviors and the
development of control structures are based on their models.
The steady-state full order model presented by Roberts et al. has
served as the foundation for various models, including the core
model, the full order model with iron losses, the reduced order
model, the reduced order model with iron losses, and the full
order model considering iron losses and magnetic saturation.
The reduced order model offers a solution to a complex

<
~.
S
5]

structure of the full order model by reducing the number of
electrical state variables, making the modeling and control of
BDFIMs similar to that of DFIMs. Compared to the core model,
the reduced order model provides a better approximation of the
full order model by neglecting direct cross coupling. The core
model, on the other hand, is a simplified version of the full order
model by omitting the magnetizing reactance, as well as the
stator and rotor resistances. These different modeling
approaches provide varying levels of complexity and accuracy,
allowing researchers and engineers to choose the most suitable
model for their specific analysis and control design needs.

A. Full Order Model

A BDFIM can be understood as the combination of two
distinct IMs that are interconnected within a common frame.
The equivalent electric circuit for the BDFIM is derived from
the single-phase equivalent circuit of each individual IM. Each
machine comprises a wound rotor with a specific number of
pole pairs, as depicted in Fig. 3. Note that each circuit has its
own corresponding slip value. When the rotors of the two
machines are interconnected, the single-phase steady-state
equivalent circuit of the BDFIM can be referenced to the PW
side, neglecting factors, such as iron losses and magnetic
saturation, as shown in Fig. 4. The slips of the PW and CW are
denoted as s, and s and represented by

si & (w; —piw)/piwy, i=pc M

In the synchronous mode, the rotor speed is independent of

the applied torque and can be expressed by
wr = (w1 + w2)/(p1 + p2) 2

If the CW is fed by a DC source (w, = 0), the rotor will
rotate at a speed known as the “natural speed”. The law of
conservation of energy is used to derive the torque equation of

the full order model under steady state operations. For this
purpose, Eqgs. (3) and (4) are obtained from Fig. 4.

iX,

&
—
=

~

I ]

1:N,

x

Fig. 4. Single-phase steady-state equivalent circuit of the BDFIM referred to the PW side [30].
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3R(V,I5) + 35./5, ROLLEY = 3R, || + 3R /s, |I|" + 3
~ 12

3R. s./sp ||
3RV, 15} + RIS = 3R I |* + 3R, L + 3R L + 0, T, (4

In (4), the sign T, is positive for motoring operation. Active
power delivered from the PW and CW sides to the rotor are
defined by

P, 2 3R(7,15) = 3R(T, ) — 3R, |7, |° ©)
P 2 35,/5. R{lI} = 3RV - 3R|T.|" ©

The electric power converted into mechanical power is
obtained from the difference of (3) and (4) as follows:

BRELIN(1 - se/s,) = 3R, |L|*(1 - 1/s,) + 3R L (1 -
sc/sp) + w, T,

By substituting (6) into (7), T, is obtained as follows:
T, = = 3R} wn + 3R, L] pp/ s, ®)

@)

Based on (8), the torque equation of the BDFIM in the
synchronous mode encompasses both synchronous and
asynchronous components. However, when considering a
BDFIM with 2/4 pole pairs operating at a nominal frequency of
50 Hz, the typical speed range falls within 350 - 650 rpm. In
this speed range, the slip of the PW (s,) is relatively large,
rendering the second term in the torque equation negligible.
This simplification is employed in [34], where a reduced order
model for BDFIMs is developed based on this assumption.

B. Core Model

To simplify the full order model of BDFIMs, it is possible
to derive an equivalent circuit for the inner core by excluding
the magnetization reactances, the rotor resistance, and the stator
resistance. In [32], it is observed that for rotors with different
designs, the leakage reactance of the rotor plays a significant
role and cannot be neglected. The presence of high spatial
harmonic content in the rotor field leads to a substantial leakage
inductance. The resulting equivalent circuit (Fig. 5) bears
resemblance to a synchronous machine’s equivalent circuit,
with the exception of neglecting the stator resistance.
Consequently, a similar analysis employed for synchronous
machines can be applied to study BDFIMs.

The key disparity between the circuits of BDFIMs and
synchronous machines lies in the generation of the excitation
voltage, denoted as V..s, / Sp in BDFIMs. In BDFIMs, the CW
induces the voltage through the rotor into the PW. By utilizing
the core model, neglecting rotor and stator losses, and
neglecting leakage reactances of the stator windings, the power
transferred to/from the PW (P,) can be related to the power

transferred to/from the CW (F,) using the following expression:
B, = 39{{‘7;171?17} ©
P = 3R{VcIrc} (10)

Considering 7..s, / Sp = 17;1, —JjX lrirp, we have

5
P, % I
v, V.s./s,
Fig. 5. The equivalent circuit for the core of BDFIMs [32].
P. = =3s,/sc R{VipIyp — jXirLplip} = =3 5/ 5c R{Vipl7p} = an

—5p/5: B,
Using the relationship between the rotor speed, the natural
speed, and the slip resulted in (11), Eq. (11) can be rewritten as

P = (wr/wn - 1)Pp (12)

According to (12), a BDFIM can operate either as a motor or a
generator. The power flow within the stator windings is
contingent upon two factors: 1) the operation mode (motor or
generator); and 2) whether the machine is operating at a speed
higher or lower than its natural speed.

In the synchronous mode, assuming no power losses, if the
rotor speed is below the natural speed, the PW absorbs active
power in the motoring mode, while the CW produces active
power in the generating mode. If the rotor speed is above the
natural speed, the PW and CW absorb active power in the
motoring mode, while both windings produce active power in
the generating mode. The reactive power flow’s direction in the
synchronous mode relies on the power factor of stator windings.
In the synchronous mode, the voltage variation of the CW
yields the same effect as changing the excitation in
conventional synchronous machines [33]. In the motoring
mode, taking into account power losses, if the rotor speed is
below the natural speed, the power produced by the CW is
equivalent to the power losses, resulting in zero power flow
between the CW and the converter [15].

C. Reduced Order Model

In the synchronous mode, the magnetic fields generated in a
BDFIM give rise to three internal machines [34]:

1) IM1 with p,, pole pairs created by the PW and the rotor.

2) IM2 with p, pole pairs created by the CW and the rotor.

3) DFIM with N, pole pairs created by the PW and the CW.

Each of the three machines produces its own torque, but the
torque components associated with the induction torque of IM1
and IM2 can be neglected for the following reasons:

e The rotor slip caused by the magnetic flux density
established in the air gap by the PW and the CW denoted
as B, and B, respectively, is significant.

® B, and B, rotate in opposite directions relative to the rotor,
resulting in torque components that are also in opposite
directions. This can be demonstrated by examining the
different operating regions of IM1 and IM2, as illustrated
in Fig. 6. In each speed range, the active power of the two
internal machines always exhibits a opposite sign.

C.1. Steady-state Model

By neglecting the induction torque components, specifically
the term R, /s, in the steady-state equivalent circuit of
BDFIMs, a simplified model can be obtained. As mentioned in
Section A, the variation of the PW’s slip (s, ) is relatively large
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in the rotor speed range. For instance, for a BDFIM with 2/4
pole pair combination, s, varies between 0.57 and 0.77.
Therefore, it is a reasonable approximation to omit the term
associated with the induction torque component in (8).

In contrast to conventional IMs, which must have the rotor
resistance to produce torque, BDFIMs can achieve the torque
production and power conversion without the need for rotor
resistance [32]. This is possible because the main torque
generation in BDFIMs is attributed to the indirect coupling
between the PW and the CW, which is independent of the rotor
resistance. By employing the delta-to-star transformation on the
rotor loop in Fig. 4 and neglecting the resistance R,/s,, the
steady state reduced order model of BDFIMs can then be
derived, as shown in Fig. 7. In this figure, X;, X, and X; are
obtained by

XprXir

_ XerXir
1= s
Xpr+Xcr+Xlr

_ XprXcr
2~ s
Xpr+Xcr+Xlr

3=
Xpr+xcr+xlr

13)

Ignoring the rotor resistance in the mechanical power
equation (7), the terms related to the mechanical power of IMs
are omitted. Based on Fig. 7, active power of the PW and the
CW can be obtained as follows:

By = 3%{V, 15} = 3% {(RyT, + (X + X I, + X (I, + "
1))} = 3R, |L|" + 3%{jXa T30,
P =3R{.I;} = 3% {(RCZ—”L + (X + X1 +
D
R o o (15)
jXs(I, + IC)> 1;} =3R|I|" + 3s,/s. R{jXaI: 1}
By substituting (15) into (7), the torque equation is obtained by

T, = i(:&m{vj;} (1 - j—p) —3R|L.|° (1 - j—p))

wir((3}25|1}|2 +35,/5. RUXTET,)) (1= se/s,) — (16)
3R (1= 5e/5)) = 2 (sp/50 = DREXIET,)

By knowing
Sp/Sc = (wp — Nyw,)/ wp a7

For the reduced order model, the torque equation in steady-state
can be rewritten as follows:

T, = 3Xs/w, N,S{I:1,}
C.2. Dynamic Model

In the dynamic mode, flux linkages of the PW, the CW and
the rotor are obtained by

13)

6
Ap=(Lip+ Ly ) Ty + Ly, (19)
Ly
Ae = (Lic + Ler) fc + Lcrir (20)
Le
To =Ly + Loy + Lep) I + Ly Iy + Ly I, @
Ly

By combining the rotor voltage equation with (19) to (21),
the rotor current can be calculated by

. L L
- (D +j(wq — ppwr)) (LL:}“P + L—”E’Ac)

L, 1L,
For the nested loop rotors, the rotor resistance, which is the
first term in the denominator of (22), is generally lower than the

second term, so it can be omitted [55]. By substituting (19) and
(20) into (22), we have

>

r= R, + (D +j(wa — ppwr)) (Lr

(22

I = =Ly /LT, = (Ler /L) (23)
Now, substituting (23) into (19) and (20), we have
Zp=(Lip+ Ly + L) I, + (—Ly)I, 24)
Lop
o= (LI + (Lie + Lo+ L) T, 25)

LJC
Therefore, in the dynamic reduced order model, PW and CW
flux linkages are obtained in (24) and (25). In the dynamic full
order model, the electromagnetic torque can be calculated by

3 ... 3 L
T, = Epplm{l;lp} + Epclm{lclt.} (26)

If the PW and CW currents from (19) and (20) are
substituted into (26), the electromagnetic torque can be
decomposed into three components as follows:

L r — —)*
Te=Tiy1+Timz +Tprm = 1.5 Lpzra ppIm{2,2;} + @
Ler 2 7 L 7 7
15 pJAm{a, 2} + 1.5 ijﬂ N, Im{,2;}

where o = 3, /L,L, + 2, /L.L, — 1,and Ly = Ly Lc. /L.

In the reduced order model, the first two terms of (27), which
correspond to the induction torques, are neglected. This implies
that the rotor flux linkage is assumed to be zero. Ref. [34] shows
that based on simulations and experimental results, neglecting
Typ1 and Typso will not cause a substantial error in calculations.

Natural PW synchronous

0
o <0 ' <o <a, speed @, <0, <w1/171 speed w1/l’1 <o,
) | |
le >|< >
[ Sub-natural speed ! Super-natural speed |
I Sub-PW synchronous speed | Super-PW synchronous speed
First Induction T,>0 T,>0 T,>0 T, <0
Machine Reverse Braking Forward Motoring Forward Motoring Forward Braking
Second Induction T,>0 T,>0 T,<0 T,>0
Machine Forward Motoring Reverse Braking Forward Braking Forward Motoring

Fig. 6. Operating regions of two IMs inside a BDFIM.
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Fig. 7. The steady state reduced order model for BDFIMs in the synchronous mode [34].
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Fig. 8. Simulation results of complete and simplified dynamic models of BDFIMs (solid line for the full order model, dashed line for the reduced order model):
(a) PW current, (b) CW current, (c) Electromagnetic torque [34].
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Fig. 9. Space vector equivalent circuit of BDFIMs including iron losses in a stationary reference frame (a full order model) [48].

As a result of this simplification, the torque equation can be D. Reduced Order Dynamic Model including Iron Losses

expressed by i ] o
L To derive the full order dynamic model considering iron
T, = 1.5ﬁNr3{/1p/12} (28) losses, the space vector equations in a stationary reference
plc

frame, neglecting iron losses, can be expressed by
To evaluate the performance of the simplified model during

transient scenarios, a time-domain simulation is conductedona % = Rplp + d’};/ dt ) 29
BDFIM in [34]. The simulation assumes a constant and V=R +dAi/dt — jN,w, A2 (30)
normalized input mechanical power of 1 per unit. Subsequently, VS =0=RIS+dls/dt — JPpwr 1s (31)

a sudden 85% voltage dip is applied to all three phases at the
machine terminal. Fig. 8 shows a good agreement between the
reduced order model and the full order model.

The iron loss resistances on the PW and CW sides (Rj,, and
Rieq) [48] are included in parallel with the magnetizing
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inductances L, and L, respectively, following a conventional
method to model iron losses in IMs [56]. This results in a full
order model in a stationary reference frame, as shown in Fig. 9.
Equation (32) is a general relation for the transfer from one
reference frame to another arbitrary reference frame.
(32)
The space vectors in the current and new reference frames are
denoted by X; and %,, respectively. The angle 0, represents the
phase difference between the two reference frames (6, — 0,).
To transfer a stationary reference frame to an arbitrary reference
frame with the angular velocity w,, the transformation X, =
%,e/% is utilized. By applying this transformation, the voltage
and the flux linkage equations for the PW, the CW, and the rotor
can be derived as follows:

72 = Yle_"of

V, = Ryl, + di,/dt + jw,k, 33)
V. = R +dA./dt + j(wg — Nyw,) A, (34)
V. =0=R.l +di./dt + j(wg — ppwr)ir (35
Ay = Liply + Lyy L, (36)
Je = Licly + Loy, 37
Ay = Ly + Lygl, + Loy, (38)

From (33) to (38), the dynamic equivalent circuit of
BDFIMs is obtained considering iron losses in an arbitrary
reference frame, as shown in Fig. 10. The torque equation for
the full order model is derived based on the input active power
equation. The active power comprises the power stored in the
magnetic field of the machine, the power converted into
mechanical power, and power losses. During steady-state
operations, the power stored in the magnetic field remains
constant since the flux density in the air gap has a constant
amplitude. Therefore, after the initial transient, no energy is
being stored in the field. The torque equation for the machine
with iron losses is derived by

The process used to derive the full order model can also be
applied to derive the reduced order model. By neglecting the
rotor resistance in the full order equivalent circuit, we obtain
the reduced order model, as shown in Fig. 11. L, L, and L5 are
obtained based on inductances of the full order model by

LprLer

_ Lprlir —
3=
Lpr+LertLir

T LprtLlertly

LerLir
2= B
Lpr+Ler+Lir

(40)

Ly

Ref. [48] investigates dynamic behaviors of a full order
model and a reduced order model during a three-phase fault.
The fault occurs at t = 2 s, and is cleared after two seconds.
With the BDFIM’s stator current equal to zero, the
electromagnetic torque is also zero, so the load torque
decelerates the BDFIM’s rotor speed. The acceptable accuracy
of the reduced order model during the three-phase fault is
shown in Fig. 12.

E. Dynamic full-order model including iron losses and
magnetic saturation effects
To derive the full nonlinear model of BDFIMs in an arbitrary
reference frame, voltage space vector equations for the PW, the
CW, and the rotor are expressed by (33)-(35). By incorporating
the saturation effect into these equations, the first-time
derivatives of the d- and g-axis components of the PW
magnetizing flux in an arbitrary reference frame are derived by
Al mpa/dt = Ly dimpa/dt + iympadLy,/dt 41)
Ampq/ At = Ly dimpq /At + impg ALy /dt 42)
Under saturated conditions, the first-time derivative of the
magnetizing inductance is computed as follows:

dLmp/dt = ((LP - me)/ﬁmpl) d|7mp|/dt
where L, and L., are dynamic and static time variant
inductances of the PW, respectively. L,,, represents the chord
slope of the PW magnetizing curve, while L, refers to the

tangent slope. Unlike the linear magnetic condition where the
tangent-slope inductance is equal to the chord-slope inductance,

43)

3 5 o 3 5 o
T, =5 Pplydm {Tm, 13} - 5 Pelerm{ln, 17} 39)
ip Rp Llp Jwaﬂ'p‘"" N Llr Rr J(a{l _ppwr?fr" .‘.i.(-‘wa -N,o, )'1'5' Llc Rc ic
—>—AN— YN ) . - )= —+-
B P
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jathriml, Jlay, - r”)r)Lcrimc

Fig. 10. The space vector equivalent circuit of BDFIMs including iron losses (a full order model) [48].
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Fig. 11. The reduced order dynamic equivalent circuit of BDFIMs [48].
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----- Simulation (Reduced order model)
---------- Simulation (Complete model)

Experimental

Rotor speed (rpm)

(b)
Fig. 12. Dynamic performance of a reduced order model including iron losses
during a three-phase fault; (a) rotor speed, (b) electromagnetic torque [48].

under saturated conditions, the tangent-slope inductance is non-
zero. So, these inductances are defined by

L, = d|imzr|/d|imr| ’ Linp = |zmp|/|imr|

The magnetizing flux linkages are calculated using the
conventional no-load test procedure. In (43), the first-time
derivative of the amplitude of magnetizing current (|?mp|) can
be determined by

d|Tp|/dt = cos p, dippa/dt + sin p, diyy,/dt

(44)

(45)

where f1,, is the angular displacement of T,,,,, with respect to the
direct axis of an arbitrary reference frame. By substituting (43)

ip R, Ly  @ulpo L,

R, (@—Pp®)Ag

into (41) and (42), the first-time derivative of the d- and g-axis
components of the PW magnetizing flux can be rewritten by
dAppa/dt = Lypg digpa/dt + Lpgqdiy,,/dt (46)
Admpq/dt = Lypq Aimpq/dt + LyaqQimpa/dt (47)
By obtaining the CW magnetizing curve, as well as dynamic
and static inductances, the first-time derivatives of the d- and

q-axis components of the CW and rotor magnetizing fluxes can
be determined similarly by considering the saturation effect:

dlmcd/dt = LMcd dlmcd/dt + Ll:dqdimcq/dt (48)
Admeq/dt = Lycq Aipmeq/dt + Lepodimeq/dt (49)
d}{rd/dt = Llr dlrd/dt + LMpd dlmpd/dt + 0
Lpaq Qimpa/dt + Lyca dimea/dt + Leag dimeq/dt (50
AArg/dt = Ly divg/dt + Lypg dippq/dt + -

Lpaq Aimpa/ At + Lycq Aimeq/dt + Legq dimeq/dt

where Lypaqs Lumcaq. and Ly cqq depend on both static and
dynamic inductances [49]. Under linear magnetic conditions,
the static inductances are equal to the dynamic inductances, so

LMpd = LMpq = me’ Lyca = LMcq = Ly, and Lpdq =
Leaq =0.

The saturated d-q full model of BDFIMs in an arbitrary
reference frame, considering iron losses, can be finally derived.
In this model (Fig. 13), the orthogonal d-q axes are coupled
through the cross-coupling inductances, Lyqq and Legq.

To evaluate this model’s dynamic performance, a three-
phase terminal fault is applied to a 50 Hz power system under
the steady state by setting the source voltage to zero at t =
0.5 5. The load torque is adjusted to 50% of the rated torque,
and the machine operates in the synchronous mode. Due to this
fault, the terminal voltage of the machine abruptly decreases to
zero, causing the transient fluctuations in both PW and CW
currents. However, the fluctuations are gradually dampened
before the fault is cleared, and eventually, the machine’s
currents settle back to zero. After a duration of 25 cycles, the
fault is cleared, and the source voltage is restored, and the
machine returns to its initial operation state. Simulation results
in Fig. 14 closely match experimental results. The discrepancies

between theoretical and experimental tests can be attributed to

(@, =N, @, )'lcQ L, R i.p

c

@, - N, o, .

(a r:r\r)'ch Llc Rc lcQ
A A
llcQ
Ri,eq

ch
(a)a_Nrwr)'lmcD
A\ 4

Fig. 13. The saturated two-axis (d-q) full model of BDFIMs including the iron losses effect in an arbitrary reference frame [49].
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Fig. 14. Currents of the PW and CW during a terminal fault (Phase A); (a) PW current, (b) CW current. (fpyy = 50 Hz, fy, = 20 Hz) [49].
TABLE I
COMPARISON OF EXISTING BDFIM MODELS IN THE LITERATURE
Ref. Rotor resistance Iron losses Magnetic saturation Dynamic or steady-
considered? considered? considered? state modelling?
[6] Yes No No Dynamic
[29] Yes No No Dynamic
[32] No No No Steady-state
[33] Yes No No Steady-state
[34] No No No Dynamic/Steady-state
[46] Yes Yes No Steady-state
[47] Yes Yes No Steady-state
[48] Yes Yes No Dynamic
[49] No Yes No Dynamic
[50] Yes Yes Yes Dynamic
= = 'Simulation (Reduced order model with iron losses) factors, such as stray load losses and mechanical losses, not
""""" Simulation (Full order model with iron losses) . . . .
Experiments being considered in the modeling approach.
——— il ion (Full order model without iron losses)

It is valuable to provide a comparison of existing BDFIM
models in the literature. Accordingly, key attributes of ten
existing BDFIM models have been summarized in Table I.
Each model serves a specific purpose based on a desired level
of accuracy.

We have conducted a comparative study using three BDFIM
electrical equivalent circuits proposed in the literature, as
shown in Fig. 15 through simulations and experiments: 1) a full
order model excluding iron losses in [33], 2) a full order model
including iron losses in [48], and 3) a reduced order model
including iron losses in [49]. In this study, the BDFIM is started
in a cascade induction mode by shorting the CW and turning on
the three low-side (or high-side) inverter switches. When the
rotor speed reaches the natural synchronous speed, IGBTs are
controlled in a normal way to lock into the synchronous mode.
In Fig. 15, the rotor speed accelerates to the natural
synchronous speed; the settling time increases and the
acceleration decreases when iron losses are taken into account.
The electromagnetic torque curves in Fig. 15 indicate that the
torque decreases when considering iron losses.

(b)
Fig. 15. The performance of BDFIM during free acceleration; (a) Rotor speed,
(b) Electromagnetic torque.
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IV. FUTURE RESEARCH DIRECTIONS

The future research directions are recommended as follows:

A reduced order full-saturated model: Deriving a dynamic
model by taking into account the effect of magnetic saturation
and iron losses can be very useful to study the BDFIM’s
behaviors. In electrical machines modeling, two approaches are
generally used to consider the magnetic saturation effect. In the
first approach, a variable inductance as a nonlinear function of
the magnetizing current is used rather than a constant
magnetizing inductance [57]. The second approach utilizes a
complete nonlinear model that takes into account time
variations of the magnetizing inductance, which results in
different voltage equations compared to the unsaturated model.
To represent this change, a new term called "dynamic cross-
saturation effects" is incorporated into the full nonlinear model,
which is neglected in the simplified model [58], [59]. The full
nonlinear model offers superior accuracy [60] and faster
responses [61] compared to the simplified model. Although a
complete saturated model, accounting for the iron losses effect,
has been proposed for BDFIMs in [49], it is relatively complex
and hard to be used to develop model-based control strategies.
Therefore, a reduced order model with high accuracy is needed.
This model can facilitate the performance analysis of BDFIMs
and various advanced control techniques development, such as
the optimized-efficiency strategy.

Multi-physics modeling: The BDFIM involves multiple
physical phenomena, such as electrical, magnetic, thermal, and
mechanical aspects. Integrating these different physics into a
comprehensive electrical equivalent circuit model can represent
more realistic behaviors of the machine. Researchers can
explore methodologies to develop multi-physics equivalent
circuit models for BDFIMs.

High-frequency effects: Traditional electrical equivalent
circuits are designed for low and medium-frequency
applications. However, with the increasing demand for high-
frequency electric machines, there is a need for equivalent
circuit models that can accurately represent high-frequency
behaviors. Developing high-frequency equivalent circuit
models and associated parameter extraction techniques can be
considered for BDFIMs electrical modeling.

Integration of advanced materials: Emerging materials, such
as advanced magnetic materials and superconductors, have
unique electrical and magnetic properties that may require
novel equivalent circuit models. Future research can focus on
developing equivalent circuit models that can accurately
represent behaviors of BDFIMs with advanced materials.

Real-time simulation and hardware-in-the-loop: Real-time
simulation and hardware-in-the-loop techniques are valuable
tools for testing and validating electrical machine’s control
strategies. Future research can explore methodologies to
integrate electrical equivalent circuits of BDFIMs into real-time

simulation platforms and hardware-in-the-loop setups, enabling
rapid prototyping and performance evaluation of BDFIMs.

V. CONCLUSION

Electrical equivalent circuit models are essential to analyze
behaviors of BDFIMs and develop advanced control strategies.
In this paper, various electrical equivalent circuit models for
BDFIMs are reviewed, from the full order model to the reduced
order model, by considering influencing factors, such as iron
losses, the magnetic saturation, and the rotor resistance. The full
order model serves as a comprehensive representation of a
BDFIM’s electrical characteristics but is complex; by
simplifying this full order model and neglecting certain
components, such as the induction torque and rotor resistance,
we can obtain the reduced order model that is less complex with
fewer electrical state variables and provides practical
approximations of the full order model. By incorporating
equivalent resistances for iron losses, the influence of iron
losses on the machine’s performance, particularly under
dynamic conditions, can be accurately represented. Two
common approaches are also highlighted to address the effect
of magnetic saturation in the models. Further research could
focus on refining the models to incorporate additional factors
and improve their accuracy for specific applications of
BDFIMs.
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