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ABSTRACT The development of the novel multiphase brushless doubly-fed generator system and voltage
controller for stand-alone mode configuration is proposed in this paper. The generator system is based on
the new machine construction with multiphase control winding and traditional three-phase power winding.
The dynamic model of multiphase brushless doubly-fed generator is presented, and the control strategy for
voltage amplitude and frequency is developed. The simulation and experimental results are used to validate
the performance of the topology of the multi-phase brushless double-fed generator and of the control system.
The tests of the generator system have been carried out for the normal operating state of the system and for the
case where one of the control phase is inactive. This situation is equivalent to a failure in the power path of
the control winding.

INDEX TERMS Multiphase generator, brushless doubly-fed generator, vector control, stand-alone power
generation, induction machine.

I. INTRODUCTION
The classic three-phase design of a brushless doubly-fed
induction generator (BDFIG) has been well-known for many
years [1], [2], [3], [4], [5]. These designs are promising
as an alternative to the conventional slip-ring doubly-
fed induction generator (DFIG) in variable-speed power
generation applications. In the literature, a number of
different topologies of the BDFIG have been reported, such
as the brushless doubly-fed induction machine [6], [7], [8],
[9], the cascade doubly-fed induction machine [10], the
brushless reluctance doubly-fed generator [11], [12], and
the dual-stator brushless doubly-fed generator [13], [14],
[15]. BDFIG designs typically include two stator windings
that are not directly coupled and rotor windings. The first
winding, known as the power winding (PW), is a three-
phase winding that can either be connected directly to the
power grid or supply external load in stand-alone mode. The
secondwinding, known as the control winding (CW), is also a
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three-phase winding, but it is connected to a bidirectional
voltage or current power converter [16], [17]. The third
winding on the generator rotor provides the magnetic
coupling between power and control windings. The rotor
winding (RW) can bemade in a fed-in winding or nested-loop
configuration and various magnetic circuit configurations.

BDFIG is a promising wind energy generation technology
with high reliability and low maintenance costs due to the
lack of sliding contacts. In addition, manufacturing costs are
expected to be lower than equivalent DFIGs [18], [19], [20].
This is due to the lack of a slip ring system and the simpler
rotor winding design. Other positive features of this brushless
generator include operation in a wide range of machine shaft
speeds, which improves the efficiency of energy conversion;
the power of the converter on the rotor side is about 30%
of the total generator power; accurate control of active and
reactive power; and good quality of power transmission to
the grid. With so many benefits, it is important to understand
their limitations. For instance, three-phase designs may not
function correctly during a phase failure in the control
winding. In a two-phase power supply case, the control
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winding generates a flux that changes nature, leading to
a loss of control over the generator. These factors should
be taken into account when considering the implementation
of BDFIGs. This disadvantage can be overcome by using
multiphase control windings on the stator. In a five-phase
system, even a two-phase failure does not change the rotating
character of the magnetic field. Firstly, using five phases
in the control winding while maintaining the three-phase
structure of the power winding increases the reliability of
the entire generator system while maintaining all technical
advantages. Second, a more significant number of phases
reduces CW harmonic currents by reducing the current level
per phase and increasing the torque pulsation frequency while
reducing its amplitude. The brushless multiphase doubly-fed
induction generator (BMDFIG) configuration is shown in
Figure 1.

FIGURE 1. Configuration of brushless 5-phase doubly-fed generator.

The BMDFIG, similar to the BDFIG, can operate in grid
and stand-alone modes. In stand-alone mode, the generator
supplies an isolated variable load of various characters:
resistive-inductive or resistive-capacitive. The main control
objective is maintaining the power winding voltage and
frequency independent of the generator load condition and
the machine shaft speed. The control of the power winding
voltages is achieved indirectly by controlling the current
on the control winding. At the same time, the grid-isolated
frequency is maintained by impressing proper slip-frequency
currents from the control windings terminals. To achieve a
high performance of the stand-alone generator system, it is
necessary to use advanced control methods.

Besides different DFIG and BLDFIG topologies, different
control strategy approaches have been described in literature.
In [21] novel direct power control for open-winding for
BLDFIG with dual two-level converter has been presented.
The proposed system improve the fault tolerances and
improve the voltage THD. However, the method requires
much more transistors and complex control system. The [22]
proposes the dual-resonant controller in generator side
converter to achieve compensation when the system is under
nonlinear or unbalanced loads. Moreover, the method can
significantly reduce the numbers of PIR, P, and PI controllers.
In [23] the efficiency improvement based on the loss analysis
for both BDFIG and converter has been elaborate. The total
system efficiency can be enhanced by 0.2–7.8% under the
different operation conditions. As can be observed, research
on BLDFIG is being conducted at various levels and with

diverse methodologies and approaches. In this article the
study of the multiphase induction generator in terms of
different phases in control winding is continued [24].
The main contributions of this paper are:
• Energy generation system based on a novel BMDFIG
with improved the overall reliability;

• Mathematical model of the BMDFIG;
• Extends classic vector control with a dedicated and
unique algorithm developed for the novel BMDFIG;

• Experimental validation of the proposed control
strategy.

The structure of the paper is as follows: The mathematical
model of the BMDFIG has been the subject of section II.
Winding function approach and the FEA validation results
have been presented in section III. The vector control of
the stand-alone BMDFIG has been elaborated in section IV.
The simulation and experimental analysis, including fault
tolerance, are explained in Section IV. Finally, the paper
summarizes the main conclusions

A. BMDFIG OPERATION
The BMDFIG can be used in two operation modes,
synchronous and asynchronous modes, with cascade and
induction configuration. If the CW is not directly connected
to the power source or is short-circuited, the generator
can operate in asynchronous induction or cascade modes.
However, in both cases, it is necessary to provide capac-
itive reactive power from the network side to excite the
machines. In both cases, the generator behaves like a
classic squirrel-cage induction machine regarding generator
operation. The general scheme of the generator is shown
in Figure 2. In synchronous mode, the CW and PW are
connected separately to two power sources, one directly to
the grid and the other to a variable bidirectional voltage or
current power converter source [25]. The synchronous speed
in this operation mode is defined as

ns = 60
(f1 + f2)
p1 + p2

(1)

where f1 is the frequency of the power converter source, f2
is the frequency of supplying the power winding from the
power grid. The symbols p1 and p2 represent the number of
pole pairs PW and CW, respectively. In synchronous mode,
the generator works in an optimal regime and can be used in
stand-alone applications when the grid voltage and frequency
of the island grid are regulated and in grid configurationmode
when active and reactive power transferred to the power grid
is controlled.

The useful range for changing the shaft speed within the
operating range of the machine’s generator is a slip value of
± 0.3 around the synchronous speed. This is related to the
rated power of the CW-powered converter.

II. MATHEMATICAL MODEL OF 5-PHASE BMDFIG
The BMDFIG is based on the BDFIG vector model [XX].
In this case, some assumptions have been taken into account:
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FIGURE 2. The general scheme of the BMDFIG.

symmetrical distributed windings, uniform air gap, and
sinusoidal MMF distribution. The BMDFIG has three sets
of windings: 3-phase PW in the machine model equations
marked as 1, 5-phase RW marked as ‘‘r’’, and 5-phase
CW (instead of the 3-phase standard CW) marked as 2,
respectively. The mathematical notation of a multiphase
machine model in the form of differential equations in
natural axes is of little use for applications in developing
control systems. Therefore, after writing the equations of
the machine model to an orthogonal system using the
extended Clark transformation for five-phase systems, the
generator model can be presented as a superposition of
two systems described on two mathematical planes. The
subscript (i = 1..2) defines the sets of state variable equations
for two independent mathematical planes of state variables
1 and 2, where R1(i),Rr(i),R2(i) and L1(i),Lr(i),L2(i) are the
PW, RW and CW parameters of resistance, inductances for
different planes, respectively. The inductance matrices are
the main difference between the multiphase generator model
and a classic form of the BDFIG model. The mathematical
model of the BMDFIG system can be determined using
different reference frames, such as stationary ωa = 0 or
any rotating frames, by applying the theory of space-rotating
vectors for multiphase induction machines. The differential
vector equations of the BMDFIG have a general form, which
is as follows:

u1(i) = R1(i)i1(i)+
d91(i)

dτ
+jωa91(i) (2)

u2(i) = R2(i)i2(i)+
d92(i)

dτ
+j
(
ωa − (p1 + p2)ωr(i)

)
92(i) (3)

0 = Rr(i)ir(i)+
d9r(i)

dτ
+j
(
ωa − p1ωr(i)

)
9r(i) (4)

91(i) = L1(i)i1(i)+Lm1(i)ir(i) (5)

92(i) = L2(i)i2(i)+Lm2(i)ir(i) (6)

9r(i) = Lr(i)ir(i)+Lm1(i)i1(i) + Lm2(i)i2(i) (7)

J
dωr

dτ
=

3
2
p1Im

∣∣∣9*
1(i) i1(i)

∣∣+5
2
p2Im

∣∣∣9(i)
2 i*2(i)

∣∣∣ - Tdrive (8)

L1(1) =
(
Lσ1(1) + L1m

)
(9)

L2(1) =
(
Lσ2(1) + L2m

)
(10)

Lr =
(
Lσ r(1) + L1m + L2m

)
(11)

where 91(i), i1(i),u1(i) and 9r(i), ir(i) and 92(i), i2(i),u2(i) are
the PW, RW and CW space vectors of magnetic fluxes,

FIGURE 3. Equivalent circuit of a BMDFIG for 1st and 2nd mathematical
plane.

circuit currents and voltage for each mathematical plane,
respectively.

The Figure 3 shows the equivalent diagram of the
steady-state machine on the first and second mathematical
planes. If the second mathematical plane is not considered,
the diagram shown is identical to the classic generator
design [26]. The mathematical model of stator-tied BMDFIG
in the power winding reference frame is developed by
considering the stationary reference frame. The vector
components of the currents and fluxes of the generator state
variables for the first mathematical plane are marked as
αβ, respectively, and for the second one as xy. The model
system of equations takes the following form for the first
mathematical plane:

d91α

dτ
= −R1(1)i1α + u1α

d91β

dτ
= −R1(1)i1β + u1β (12)

d9rα

dτ
= −Rr(1)irα − p1ωr9rβ

d9rβ

dτ
= −Rr(1)irβ + p1ωr9rα (13)

d92α

dτ
= −R2(1)i2α − (p1 + p2)ωr92β + u2α

d92β

dτ
= −R2(1)i2β + (p1 + p2)ωr92α + u2β (14)

where vector components of flux linkages in (12)-(14) are
defined as

91α = L1(1)i1α + L1mirα
91β = L1(1)i1β + L1mirβ
92α = L2(1)i2α + L2mirα
92β = L2(1)i2β + L2mirβ
9rα = Lr(1)irα + L1mi1α + L2mi2α
9rβ = Lr(1)irβ + L1mi1β + L2mi2β (15)

The equations for the second mathematical plane are as
follows:

d92x

dτ
= −R2(2)i2x + u2x

d92y

dτ
= −R2(2)i2y + u2x
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FIGURE 4. The BLDFIG simulation model.

d9rx

dτ
+ Rr(2)irx = 0

d9ry

dτ
+ Rr(2)iry = 0 (16)

where vector components of flux linkages in (16) are
defined as

92x = Lσ2(2)i2x
92y = Lσ2(2)i2y
9rx = Lσ r(2)irx
9ry = Lσ r(2)iry (17)

and the electrical torque is

J
dωr

dτ
=
3
2
(91αi1β − 91β i1α)+

5
2
(92β i2β − 92β i2α)- Tdrive

(18)

III. DESIGN 5-PHASE BMDFIG
The BLDFIG generally consists of a stator with a power
winding and a control winding, a wound rotor and a shaft.
The 3-phase stator power winding is directly connected to the
AC grid. Whereas the converter supplies the control winding.
The novelty lies in using the 5-phase controlling winding
(Figure 2 and Figure 4).

Furthermore, the stator windings have been designed in
a specific manner to mitigate the direct electromagnetic
coupling between the power and control windings of the
machine. Because in the proposed design the power winding
has the number of pole pairs equal to 1 and the 5-phase
control winding has the number of pole pairs equal to
3 the third harmonic of the flux linkage distribution of the
power winding can couple electromagnetically with the first
harmonic of the control. Thus the 3-phase power winding has
a double layer winding structure with 5 coil span. The full
winding function approach has been presented in [27].

In this study the finite analysis model in Ansys Maxwell
has been developed. The chosen simulation results has been
presented in the Figure 5. The maximum airgpap flux density
under the nominal load is aprox. 1 Trms. In Figure 5d, the
flux density over the airgap circuit length is presented. The
flux density curve is symmetrical, as expected and desired.
The maximum value of the flux density is in the rotor core
and is aporx 1.8 T. In the next section, the simulation results
of no-load and load are compared to the test bench results.

FIGURE 5. The simulation results of the BLDFIG: a) The FEA under the
nominal load conditions, b) The FEA under the no-load condition, c) the
mesh results, d) The flux density in airgap under the nominal load.

IV. VECTOR CONTROL OF THE STAND-ALONE 5-PHASE
GENERATOR
The control system shown in Figure 6 uses a reference
frame aligned with the stator PW flux vector (91d =

|91|, 91q = 0) and is dedicated to a generator stand-alone
mode application. It was assumed that the generator was not
controlled by using the second mathematical plane in the
control system used. The components of the voltage vector of
the control winding are zero (u2x = u2y = 0). For stand-alone
operation, the equivalent stator power winding magnetizing
current im1 is supplied entirely from the stator control winding
by the coupling rotor circuit. Aligning the d–q axis of the
reference frame on the stator power winding flux vector and
usign (5) gives

i1d=
Lm1

L1(1)
(im1 − ird) , i1q= −

Lm1

L1(1)
irq (19)

with a constant power winding flux value, the second term
of equation (2) assumes a small value. The component of the
rotor current in the d-axis can adjust the excitation current im1.
The dynamics of changes in the magnetizing current assume
the relationships (19) and that (91 = Lm1im1) can be written
in as [28]:

τms
d im1

dτ
+ im1 = ird +

1
R1(1)

L1(1)

Lm1
u1d (20)

where τms is time constant of power winding equal
L1(1)/Rs(1). The rotor current components ird , iirq can be
controlled indirectly by controlling the current components
i2s, i2q in the generator control winding according to the
relationship:

ird = −
1

σ1r

(
L2
m1

L1(1)
im1 + Lm2i2d

)
irq = −

Lm2

Lr(1)σ1r
i2q

(21)

The control winding current dynamic using (19) and (20)
and taking assumptions that rotor resistance is close to zero
(Rr(1) ≈ 0) are defined in simplified form as follows:

u2d = R2(1)i2d + L2(1)σ2
d i2d
dτ

+

{
γ1
d im1

dτ
+ γ2i2q + γ3i1q

}
(22)
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FIGURE 6. Control scheme for the BMDFIG for the 1st mathematical
plane.

u2q = R2(1)i2q + L2(1)σ2
d i2q
dτ

+ {γ4im1 + γ5i2d+γ6i1d}

(23)

where σ1r ,σ1, and σ2 are variables dependent on the
machine parameters and are defined in the Appendix The
complete form of the equations is included in the Appendix.
Equations (22)-(23) show that changing the values of the
components of the control winding supply voltage vector
affects the dynamics of the control winding current. These
equations contain additional terms(γ1 − γ6), coupling both
control paths. Decoupling elements in the control paths are
necessary for the proper operation of the control system,
especially in dynamic states of generator operation.

The voltage regulation system consists of two control loops
in a cascade structure. The external loop in the control path of
the d-axis component of the CW current i2 is responsible for
control the excitation of the generator. The value of the CW
current component i2q in the q-axis is set to zero. To transform
the components of the voltage vector set in the CWcircuit, the
slip angle calculated on the basis of

θslip = θe − θr =

∫
ω∗
edt − θr (24)

where θr is measured using an incremental encoder. Using
α − β components, the PW flux is obtained from the power
winding voltages and currents as

91α =

∫ (
u1α − R1(1)i1α

)
dt

91β =

∫ (
u1β − R1(1)i1β

)
dt (25)

Control systems for multiphase machines in situations of
emergency shutdown of one or more phases are known and
described in the literature [29], [30]. Conventional control

in the case of five-phase systems in a postfault can be
achieved by appropriatelymodifying the current set and using
controllers that can cope with noncircular current reference
trajectories. The key is to control the current components
in such a way as to ensure the possibly circular trajectory
of the rotating flux in the magnetic circuit of the machine.
In the normal operating state of the generator, the currents in
the control winding for the control algorithm are transformed
into an orthogonal system using the Clarke transformation
for five-phase systems in the form (27) (Appendix). When
one of the phases is deactivated, the generator becomes an
asymmetric machine, therefore the standard Clarke trans-
formation does not ensure the correct transformation. The
spatial asymmetry of the four healthy control windings leads
to a system of equations with time-variant terms, which are
challenging to handle and control. To maintain the symmetry
of the equations before the pre-fault, in the situation after the
post-fault, the presented functional control algorithm uses a
modified Clark transformation in the form (28) (Appendix).
This transformation modification and control approach was
proposed and detailed in [31]. The fault detection algorithm
functional block based on the measured value of the control
winding currents, the algorithm determines the phase of the
control winding where the current decay occurred and then
selects the required form of the Clarke transformation. When
one of the five phases of the generator control winding
is deactivated, the current values in the remaining healthy
phases must be increased to maintain the magnetomotive
force [32].

For this reason, it is necessary to limit the electromagnetic
torque on the generator and, therefore, the power transmitted
to the load. This is done to guarantee the required voltage
amplitude value (|u1| = const.) at the terminals of the power
winding of a generator operating in stand-alone mode. The
value of the CW current component in emergency operation
mode must be limited because it may exceed the permissible
value. The failure mode determines the value of the current
component limitation in the d-axis based on information on
how many phases are deactivated.

V. LABORATORY TESTS
A. EXPERIMENTAL SETUP
Experimental results were carried out in the 500 W generator
system. The parameters and data of the generator are reported
in the Appendix. The control system with the Field-oriented
control from Figure 6 was implemented in a DSP board
with a Sharc ADSP21363 floating-point signal processor and
Altera Cyclone II FPGA. The PWM switching frequency was
3.3 kHz. The code of the algorithm was not optimized for
a DSP processor. The interruption time was set at 150 µs.
The experimental stand contains the BMDFIG connected to
the squire cage induction machine. The PW of BMDFIG was
connected to the external variable load. The 5-phase CWwas
connected to the bi-directional voltage source converter of our
prototype design. Themechanical speed of the generator shaft
is adjusted by a universal commercial drive control unit.
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FIGURE 7. Experimental results under voltage PW reference steps.

The rotor position angle and speed of the generator rotor
are measured using an incremental encoder with a resolution
of 720 pulses per rev.

B. DYNAMICAL STATE OF THE BMDFIG SYSTEM
Two sets of tests are performed to evaluate the performance
of the generator. The first set of tests focuses on the dynamic
states of the generator under normal operating conditions.
The second set of tests is carried out to evaluate the
generator’s performance under emergency conditions. The
generator control system is tested during normal operating
conditions while varying the reference voltage, rotor speed,
and load. During the first test, the turbine is operated
with a continuous load and at a constant speed below the
synchronous speed (ωr = 0.5 per unit (p.u.)). The test is
conducted at a given wind speed, with the reference voltage
varying in three steps from 50% to 100% Us. The turbine’s
rotation speed is regulated to an optimal level to ensure that
it captures maximum power from the wind.

The generator is magnetized from the CW side, and the
output voltage at the PW terminals is controlled at a constant
frequency and magnitude. Experimental results are shown in
Figure 7 and have been compared with the finite elements
analysis (FEA) silmulation results (Figure 8).

The second test is conducted at a constant rotor speed
(ωr = 0.5 p.u.) and a continuous set reference voltage
value in the control algorithm. Step load changes of 100 W
to 500 W are forced at the PW side. The experimental results
are illustrated in Fig. 9. The algorithm maintains a stable

FIGURE 8. Control winding current in the steady state condition.
Oscilloscope measurements and comparison of the measurements and
FEA simulations.

voltage and responds rapidly to changes in the output load.
The vector voltage changes around 0.02 p.u. maximum.

During the next test (Figure 10), amachinewas loadedwith
a constant value load of 500 W while its rotor speed changed
between under-synchronous and over-synchronous speeds in
the range of 0.5 to 1. The external drive motor was used to
force the generator shaft’s speed change, with an increment
of approximately 500 rev/min (0.5 p.u). The generator control
system functioned properly within the allowable range of
changes in rotor rotational speed. The voltage at the machine
terminals remained at the voltage reference value of the
governor.

C. PERFORMANCE UNDER PHASES FAILURE STATES OF
BMDFIG
The second stage of laboratory testing was conducted under
faulty conditions and with a three phase symmetrical load.
If one or two phases fail on the CW side, the system will
not shut down, but it will affect the generator’s operation
in a stand-alone configuration. Therefore, it is essential to
test the control system’s behavior under one-phase and two-
phase power on CW side failure. Identical tests as under
normal conditions were conducted - voltage regulation steps
under the constant load (Figure 11) and at constant load under
the speed change (Figure 12). Overall, the reliability tests
indicate that the proposed approach enables fault-tolerant
performance of the generation system in the event of a
single-phase control winding failure. A comparison of the
results of the normal condition tests with those of the
present study reveals a small increase in the magnitude of
torque fluctuations as well as active power. Nevertheless,
this fluctuation does not exert a significant influence on the
energy generation system.

Figure 13 shows the harmonic content in the voltage
induced at the PW winding terminals for the rated load of
the machines at sub-synchronous (500 rev/min) and super-
synchronous (1000 rev/min) rotor speeds. The fundamental
output voltage harmonic is 50Hz with numerous higher-
order harmonics. The presented results concern normal
(NORMAL) and emergency operating conditions in the
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FIGURE 9. Experimental results under different load condition
((ωr = 0.5 p.u).

FIGURE 10. Experimental results under rotor speed variation
(ωr = 0.5-1 p.u) at normal condition.

event of deactivation of one of the phases (1 OFF) of the
control winding. The total harmonic distortion rates of PW

FIGURE 11. Experimental results under voltage PW reference steps with
1 phase deactivated.

FIGURE 12. Experimental results under rotor speed variation with
1 phase deactivated.

voltage under nominal load for the extreme values of the
allowable range rotational speed change are 14.2 % for
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FIGURE 13. Spectrum of voltage harmonics induced in the stator power
winding for different operating states of the generator:
a) under-synchronous rotor speed, b) over-synchronous rotor speed.

TABLE 1. BDFIG generator system comparison.

normal conditions and 24.2% for one phase deactivated.
In the presented voltage harmonic distribution spectrum,
there are both even harmonics. The oscillation of the
output voltage amplitude manifests 2nd order harmonics.
When the generator operates at super-synchronous speed, a
10th-order harmonic appears in the output voltage with a
value of approximately 10% of the fundamental component,
below 1% for sub-synchronous speed. The harmonic content
depends on the generator’s current operating point and results
from the double transformation of the magnetic field between
the threeworkingwindings of the generator. This is especially
visible when one of the phases supplying the CW winding is
deactivated (1 OFF).

VI. CONCLUSION
In this paper, the voltage controller for stand-alone mode
configuration dedicated to the BMDFIG system has been

FIGURE 14. Laboratory drive shaft with prototype BMDFIG and its
bi-directional power converter.

presented and elaborated. The power generation system
consists of a novel construction with multi-phase control
winding with dedicated multiphase power supply and tra-
ditional three-phase power winding. The prototype of the
power generating system has been verified by simulating and
testing on the laboratory test bench. Finally, the prototype
was adapted to the different energy management scenarios
such as speed and load changes, inverter or winding
branch failure. A comparison of the simulation results
with the experimental results has been performed. No-load
and varying load dynamic off-grid tests were performed.
Moreover, the laboratory prototype of the BMDFIG was used
to investigate its fault tolerance performance. These tests
were performed by appropriately controlling the BMDFIG
when a phase was deactivated on the generator or converter
control side. A direct comparison of various DFIG generator
system designs has been provided in Table 1. The results
presented in this paper will provide a basis for future research
in the field of multiphase power generation systems.

APPENDIX
The laboratory stand’s photo is displayed in Figure 14. The
drive system comprises a 5 kW squirrel-cage motor and
an 500 W brushless multiphase doubly-fed generator with
an incremental encoder. The drive motor is powered by a
commercial voltage source inverter (VSI). In contrast, the
generator is supplied by a prototype five-phase bidirectional
voltage source converter with complete access to software
and hardware levels.

u2d = R2(2)i2d + L2(2)σ2
d i2d
dτ

+ γ1
d im1

dτ
+ γ2i2q + γ3i1q

u2q = R2(2)i2q + L2(2)σ2
d i2q
dτ

+ γ4im1 + γ5i2d+γ6i1d

(26)
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TABLE 2. Main Specifications Of The Studied BMDFIG prototype.

where

γ1 = −
Lm2L2

m1

σ1rLr(1)L1(1)
γ2 =

(
ωsp1

L2
m2

Lr(1)σ1r
− ωsp2L2(2)

)
γ3 = −

Lm2L1(1)

Lm1

(
ωsp1 − ωsp2

)
γ4 =

(
ωsp2Lm2 −

σ1rL1(1)Lm2 − Lm2L2
m1

Lr(1)σ1rL1(1)
ωsp1

)

γ5 = −

(
ωsp1

L2
m2

Lr(1)σ1r
− ωsp2L2(1)

)

γ6 =
L1(1)

Lm1

(
ωsp2Lm2 −

Lm2

Lr(1)
ωsp1

)
σ1r =

(
1 −

L2
m1

Lr(1)L1(1)

)
σ2 =

(
1 −

L2
m2

L2(1)Lr(1)σ1r

)

The BMDFIG nominal parameters are presented in
Table 2.
iα
iβ
ix
iy



=
2
5


1 cos (ϑ) cos (2ϑ) cos (2ϑ) cos (ϑ)

0 sin (ϑ) sin (2ϑ) − sin (2ϑ) − sin (ϑ)

1 cos (2ϑ) cos (4ϑ) cos (4ϑ) cos (2ϑ)

0 sin (2ϑ) sin (4ϑ) − sin (4ϑ) − sin (2ϑ)



ia
ib
ic
id
ie


(27)


iα
iβ
ix
iy



=
2
5


a11 a12 a13 a14

sin (ϑ) sin (2ϑ) sin (3ϑ) sin (4ϑ)

sin (2ϑ) sin (4ϑ) sin (6ϑ) sin (8ϑ)

1 1 1 1



ib
ic
id
ie

 (28)

where

a11 = cos(ϑ) − 1; a12 = cos(2ϑ) − 1

a13 = cos(3ϑ) − 1; a14 = cos(4ϑ) − 1
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