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Abstract—The brushless doubly fed induction generator
(BDFIG) with a partially rated converter has characteristics of
both a squirrel cage induction generator and a conventional
synchronous generator. Its control is very challenging due to the
machine’s complicated structure, which requires an effective
controller to stabilize it within its normal speed range and under
various steady state and dynamic operations. In this paper, a
comprehensive nonlinear vector control scheme is proposed for
BDFIGs, where the speed control is achieved through the model
reference adaptive control (MRAC), while the reactive power and
electromagnetic torque control are achieved through a hybrid
controller by combining the sliding mode and proportional-
integrator (PI) control. Simulations using MATLAB/Simulink
indicate that the proposed nonlinear control structure yields
superior dynamic response when subjected to input mechanical
power and reference speed changes when compared to a linear PI
controller.

Keywords—Brushless doubly fed induction generator, model
reference adaptive system, proportional-integrator (PI) controller,
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I. INTRODUCTION

The brushless doubly-fed induction generator (BDFIG) has
a single frame with two balanced three-phase stator windings,
known as the “power winding (PW)”, which is directly
connected to the grid and responsible for a substantial portion of
power exchange between the grid and the machine, and the
“control winding (CW)”, which is connected to the grid through
a back-to-back partial rated converter [1]. In recent years, there
has been increased interest in the BDFIG’s research and
development due to its advantages, such as eliminating brushes
and employing a converter with a capacity of approximately
30% of the generator’s total capacity [2], [3]. However, the
BDFIG lacks inherent stability over its operating speed range,
and requires an effective controller to stabilize it under various
steady state and dynamic operations [4].

To achieve the optimal performance under steady state and
dynamic operating conditions for BDFIGs, closed-loop control
methods can be used. In [5], a predictive sliding mode controller
is presented for simple and effective BDFIG power control in
the generation mode. To track desired values of active and
reactive power, the proposed controller considers the current
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components in the stationary frame as sliding surfaces. To select
the appropriate voltage vector to feed the CW, a cost function is
defined based on quadratic errors of the currents, and the particle
swarm optimization (PSO) algorithm is used to determine
optimal values of the controller’s gains. In [6], the performance
of the BDFIG-based wind turbine is investigated under sudden
disturbances due to load variations at the wind turbine terminals
and wind speed variations, where a simple control scheme based
on the proportional-integral (PI) controller is used to maintain
its voltage constant at the nominal value during sudden load and
wind speed changes. In [7], a voltage control strategy based on
the resonant sliding mode control method for wind turbine
applications is presented, where control inputs are determined
by the speed error and the PW voltage. Ref. [8] presents a vector
control method for BDFIGs, and the proposed vector control is
implemented on the PW flux frame with the ability to
simultaneously control the speed and reactive power using a PI
controller. In [9], to investigate the possibility of implementing
the speed vector control on BDFIGs, two inner loops are
designed to control the PW and CW currents and minimize the
coupling between the two stator windings, and an external loop
is designed to control the speed; for the inner loops, dynamic
equations of the machine are used to determine the flow
controllers.

To control a BDFIG without speed sensors, a model
reference adaptive observer is designed based on the current
error of the CW in [10] by proving the stability of the observer
and analyzing its steady state and dynamic performance. In [11],
an approach based on a second-order sliding mode controller is
proposed for direct control of active and reactive power of a
BDFIG, providing quick responses to transient conditions and
robustness to uncertainties caused by changing parameters. In
[12], a wvector control based on the proportional-integral-
resonant controller (PIRC) is proposed for BDFIGs in wind
turbine applications, and the machine’s dynamic characteristics
are studied under unbalanced conditions for the control
objectives: to eliminate active and reactive power ripples, and
achieve three-phase balanced currents for PW and CW.

Due to the relatively complex structure of a BDFIG, its
control is very challenging, and non-linear control methods are
necessary to control its speed, electromagnetic torque and
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reactive power. In this paper, a new control system for BDFIGs
is proposed based on two nonlinear control methods, the model
reference adaptive control (MRAC) and the sliding mode
control. In this control system, the generator’s speed control is
realized by the MRAC method; while the generator’s reactive
power and electromagnetic torque control is realized by a hybrid
controller, a combination of the sliding mode control and PI
control. The proposed control system guarantees steady state
and dynamic performance of BDFIGs, which is validated by
simulating various operating scenarios by MATLAB/Simulink.

II. THE MODEL OF BDFIGs

The dynamic model of a BDFIG in the PW flux frame is
expressed as follows [1]:
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The electromagnetic torque 7, and reactive power Q, of the PW
are obtained by [13]:
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where the subscripts p, ¢, and r in (1)-(6) represent the PW, CW,
and rotor, respectively. Parameters and variables used in (1)-(6)
are shown in Table L.

TABLE I. PARAMETERS AND VARIABLES

Symbol Parameter
v, 7 DY Vectors of the voltage, current and flux
R, R, R, Resistances of PW, CW and the rotor
L, L, L, Self-inductances of PW, CW and the rotor
Ly, L, Mutual inductances between the stators (PW and CW)
and the rotor
[0} Angular speed
P Pole pair number

III. SPEED CONTROL BASED ON THE MODEL REFERENCE
ADAPTIVE CONTROL

The Massachusetts Institute of Technology (MIT) rule [14]
does not provide a guarantee of the closed-loop stability for an
adaptive controller. Therefore, in this paper, the Lyapunov
theory is utilized to adapt the MRAC design for the speed

control of the BDFIG. Initially, a differential equation with
adjustable parameters is formulated to describe the error.
Subsequently, a Lyapunov function and a tuning mechanism are
established to reduce the error towards zero. Given that the time
constant of electrical circuits is significantly smaller than that of
the mechanical system, a BDFIG can be modeled via the first-
order differential equation for the closed-loop speed control
through the reference model, as illustrated in Fig. 1:
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where a and b are coefficients of the system. The superscript *
indicates the speed reference value. To achieve the desired
response, the reference model is selected as follows:
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where a,, and b, are coefficients of the reference model. By
adjusting a,, and b,, the optimal system performance can be
achieved, and the system output will follow the reference model
output. According to Fig. 1, the error is defined as follows:
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The controller is expressed by
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By differentiating (11) with respect to time, and substituting

(9) and (10) into (12), we have
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To achieve an adjustment mechanism that brings the

parameters #; and 6; to the desired values, a Lyapunov function
is defined as follows:
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In (14), itis assumed that p~ > 0, so the Lyapunov function

would be positive definite. To guarantee the MRAC’s stability,
the following conditions must be met:
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Fig. 1. The MRAC’s block diagram for the speed control of a BDFIG.
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As a result, to satisfy (15), the adaptive rules are determined
based on
b=—pate, b=—pare (1)
According to (16) and (17), to prove the asymptotic stability
of the closed loop system, the Barbalat's lemma [15] is used in
this paper. Therefore, the second order derivative of (16) by
taking into account the adaptive rules is

V= -2a,,eé (18)

Based on (14) and (16), e is bounded. The reference signal
@ and its first order derivative and the signal ", are also
bounded. Based on (11), w, is bounded. Based on (13), the error
derivative is bounded, so Eq. (18) is bounded, and based on the
Barbalat's lemma, the asymptotic stability can be guaranteed.

IV. THE HYBRID CONTROLLER WITH SLIDING MODE AND PI
CONTROL

Considering the non-linear nature of electric machines, if the
reference voltage is produced by non-linear controllers, the
electric drive can perform better [16]. The sliding mode
controller of electric drives has advantages due to its robustness
to changes and uncertainties in the system parameters under
control, fast dynamic response, and the ability to compensate for
effects of disturbances and uncertainties. However, its
robustness is only related to its sliding phase, and the reaching
phase is designed in such a way that the paths of the mechanical
state of the system lead to the sliding phase as quickly as
possible. Therefore, conventional sliding mode controllers have
this basic weakness that they may not be able to maintain their
stability in the reaching phase with respect to uncertainties and
disturbances [17]; these controllers also cause a chattering
phenomenon.

To improve the system consistency with respect to
uncertainties and eliminate the chattering of the control system,
a new hybrid controller, a combination of the sliding mode
control and PI control, is proposed in this paper. This hybrid
controller is simple to implement; has desirable characteristics
of a linear controller, such as with smooth and chattering free
operations; maintains the merit of a robust sliding mode
controller when dealing with uncertainties; and does not depend
on the system’s parameters. Its control parameters are reactive
power and the electromagnetic torque of the generator. The
sliding surface is defined by
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where the errors of reactive power and the torque are equal to
p=0,-0, 21)
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The design constants cg, and c7. lead to the desired dynamics in
the sliding surface. The reference voltage is obtained at the
output of the controller. The direct-axis (d-axis) component is
produced by the reactive power control law, and the quadrature-
axis (g-axis) component is produced by the torque control law
as follows:
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The parameters of the sliding mode controller are provided in
Table II. By choosing appropriate coefficients for the sliding
mode and PI control, the system response is robust and
chattering free. In the transient state, the first term of (23) and
(24) is much larger than the second term, and thus, the linear PI
controller is dominant, i.e., during this period, the control system
is essentially a PI controller. In the steady state, the second term
including the sign function is dominant, and is passed through
the PI controller to reduce the chattering phenomenon. The
general block diagram of the proposed control system is shown
in Fig. 2.

V. SIMULATION RESULTS

In this section, to validate the proposed control method for
BDFIGs, the simulation is conducted by MATLAB/Simulink
using specifications of a BDFIG in Table II1.

A. Speed Control

Since the rotor speed control is essential in various
applications, Fig. 3 shows a comparison of speed responses
using the proposed control method - MRAC and a conventional
PI controller when the reference speed is changed from 0.6 p. u.
to 1.2 p.u. at t = 5 sec. The base speed of this generator is 500
rpm. According to Fig. 4, by changing the reference speed from
0.6 p.u. to 1.2 p.u., the generator speed changes from sub-
synchronous speed to super-synchronous speed. The phase
sequence of the CW current changes when the generator speed
reaches 1 p. u. (the natural speed).

TABLE II. PARAMETERS OF THE SLIDING MODE CONTORLLER

Symbol Parameter
s Laplace operator

Kpo, » Kire > Kpre > Ko, PI controller gains

Kysco, » Kyscre Sliding mode controller gains
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Fig. 2. The block diagram of the control system.
TABLE III. THE PARAMETERS OF THE BDFIG
1 T T T T T T T T
Parameter Value Parameter Value
PW/CW pole-pair 2/4 R, (Q) 1.1237 5
o
PW/CW rated voltage (V) 180 L, (H) 0.1863 £
2
PW/CW rated current (A) 10/4.5 L., (H) 0.0998 3
Natural speed (rpm) 500 L, (H) 0.0047 §
R, (Q) 1.3012 L. (H) 0.0053 o
R. () 3.7171 Ly, (H) 0.0206
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Fig. 4. The d-and g-axis components of the CW current of the BDFIG for a
reference speed change.

Fig. 5 shows the speed responses when the input mechanical
power is increased stepwise at t = 5 sec, showing a faster
response of the proposed MRAC speed controller than a PI
controller. At the moment of the input power increase, the
generator speed fluctuates around the reference value within a
limited time, and the speed control is then executed well at a new

Fig. 3. Speed response of the BDFIG for a speed reference change: (a) the Input power.

proposed control method - MRAC, (b) PI controller.
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Fig. 5. Speed response of the BDFIG for an input mechanical power change:
(a) the proposed control method - MRAC, (b) the PI controller.
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Fig. 6. The speed response of the BDFIG when the speed reference and input
mechanical power are changed simultaneously.

Fig. 6 shows the response of the model reference controller
to simultaneous changes of the reference speed and the input
mechanical power. In this scenario, the reference speed
increases from 0.6 p.u. to 1.2 p.u. at t = 3 sec, and then
decreases to the initial value of 0.6 p.u. at t = 6 sec .
Simultaneously, as the speed reference changes, the input
mechanical power increases from 0.25 p.u.to 0.5 p.u.att =
3 sec, and then decreases to the initial value of 0.25 p.u. att =
3 sec. The proposed MRAC controller provides a desired
dynamic speed response against the simultaneous step changes
of both reference speed and input mechanical power of the
BDFIG.

B. Reactive Power and Torque/Active Power Control

Fig. 7 shows the reactive power response of the generator
with the hybrid controller and a conventional PI controller when
the input mechanical power changes from 0.25 pu to 0.5 p. u. at
t = 5 sec. At the moment of an input mechanical power change,
the PW’s reactive power overshoot with the hybrid controller is
around 0.54 p. u., but quickly reaches the reference value.

Figs. 8 and 9 show the active power response of the PW and
the trajectory of the two-axes CW flux of the BDFIG for the
same input mechanical power change as in Fig. 5, respectively.

o5 . 58 5,85 . ! ! !

0o 1 2 3 4 5 6 7 8 9 10
Time(S)
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Fig. 7. Reactive power response of the BDFIG when subjected to an input
mechanical power change: (a) Hybrid controller, (b) PI controller.
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Fig. 8. Active power response of the BDFIG when subjected to an input
mechanical power change.
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Fig. 9. The CW’s two-axis flux trajectory of the BDFIG when subjected to an
input mechanical power change.

VI. CONCLUSION

This paper introduces a nonlinear vector control approach
for BDFIGs. The proposed method comprises two components:
1) speed control through model reference adaptive control, and
2) control of reactive power and electromagnetic torque/active
power through a hybrid controller that integrates sliding mode
and PI control. Ensuring stability and achieving the desired
dynamic response during abrupt changes in input mechanical



power are crucial from the perspective of the machine operator.
Simulation results for a BDFIG demonstrate the effectiveness
of the proposed control method in maintaining stability and
controlling the generator's speed, active power, and reactive
power when facing variations in input mechanical power and
speed references.
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