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ABSTRACT The brushless doubly-fed generator (BDFG) is a kind of dual-electrical-port field-modulated
electrical machine containing two sets of stator windings with different pole pairs. The stator power winding
undertakes most of the power inflow and outflow, and the stator control winding connected to the power
converter can be utilized to regulate the machine operation status. Consequently, the rotor no longer needs
to be supplied by the power converter, so that the brushes and slip rings can be removed. The BDFG can be
used for grid-connected power generation as well as standalone power generation. This paper reviews recent
advances of control technologies for BDFGs under different operation conditions, e.g., grid-connected ac
power generation with normal and faulty grids, standalone ac power generation with normal and special
loads, and dc power generation. The progresses of sensorless control technologies for BDFG-based power
generation systems are also discussed. The classification and comparison are carried out to discover the
similarities and differences between theses control technologies. This paper is in the hope of inspiring new,
ground breakings and progresses for high-performance BDFG power generator applications.

INDEX TERMS Brushless doubly-fed induction generator, ac power generation, dc power generation, grid-
connected power generation, sensorless control, standalone power generation.

ABBREVIATIONS
BDFIG Brushless doubly-fed induction generator
BDFRG Brushless doubly-fed reluctance generator
CDFIG Cascade doubly-fed induction generator
CW Control winding
DFR Dual frequency resonance
DPC Direct power control
DSDBFIG Dual-stator BDFIG
DSF Dual synchronous frame
DSOGI Dual second-order generalized integrators
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DTC Direct torque control
DVC Direct voltage control
ISC Indirect stator-quantities control
LSC Line side converter
LVRT Low-voltage ride-through
MPCC Model predictive current control
MPFSO Machine-parameter-free speed observer
MRAS Model reference adaptive system
MSC Machine side converter
MSOGI Multiple second-order generalized integrators
NPCC Nonparametric predictive current control
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PCC Point of common coupling
PI Proportional-integral
PIR Proportional-integral-resonant
PR Proportional-resonant
PW Power winding
SDR Series dynamic resistor
SFRF Slip frequency rotating frame
SSF Single synchronous frame
VC Vector control

NOMENCLATURE
p1, p2 Pole pair numbers of PW and CW
ω1, ω2 Angular frequencies of PW and CW
θ1, θ2 Positions of PW voltage and CW current

vectors
ωr , θr Angular speed and position of rotor
u, i, ψ Voltage, current, and flux scalars
R1, R2, Rr Resistances of PW, CW, and rotor
L1, L2, Lr Self-inductances of PW, CW, and rotor
L1r , L2r Coupling inductances between the stator and

rotor windings
s Differential operator, i.e., d/dt

Superscripts

∗ Reference value
^ Estimated value

Subscripts

1, 2, r PW, CW, and rotor
a, b, c Phases a, b and c of three-phase voltage or

current
α, β Stationary αβ axes
d , q Synchronous rotating dq axes
f Filtered quantity

I. INTRODUCTION
The high reliability structure gives the superiority to the
brushless doubly-fed generator (BDFG) in the adjustable
drive systems. The fixed stator frame of the BDFG contains
two windings separated and isolated with different number
of poles [1]. One of the two windings is specified as the
main winding of the machine, which is denoted as the power
winding (PW). The other winding is for control purpose and
known as the control winding (CW). The two stator windings
are with different pair poles to prevent the direct coupling
between them. The role of the rotor is to couple the two
fixed windings through indirect magnetic coupling. Unlike
the conventional doubly-fed induction generator (DFIG), the
rotor of the BDFG no longer needs to be supplied by the
power converter, so that the brushes and slip rings associated
with the rotor can be removed [2].

Based on [3] and [4], a fair comparison between the DFIG
and BDFG is depicted in TABLE 1 to state the typical
strengths and weaknesses of the two kinds of generators.

In Table R1, the symbol ‘‘+’’ indicates the strength and
the symbol ‘‘-’’ stands for the weakness. From TABLE 1,
the BDFG is worse than the DFIG in terms of size and
mass, efficiency, torque density and manufacture cost. For-
tunately, the BDFG’s weaknesses can be compensated by
its higher mechanical reliability, lower maintenance cost and
stronger low-voltage ride-through (LVRT) capability, due to
the absence of brushes or slip-rings and the improved perfor-
mance under faulty grids. These strengths of the BDFG are
very important for practical industrial applications.

TABLE 1. Comparison of strengths and weaknesses between DFIG and
BDFG [3], [4].

The current BDFGs can be divided into two main cat-
egories, i.e., the single-stator BDFGs and the dual-stator
BDFG. The single-stator BDFGs mainly include the brush-
less doubly-fed induction generator with nested-loop rotor
(BDFIG-NLR) [5], [6], the brushless doubly-fed reluctance
generator (BDFRG) [7], [8], the BDFIG with wound rotor
(BDFIG-WR) [9], and the BDFG with hybrid rotor (BDFG-
HR) [10]. The dual-stator BDFG mainly refers to the dual-
stator BDFIG (DSBDFIG) proposed in [11].

At present, the types of BDFG-based power generation
systems mainly include ac and dc power generation systems.
The topology of the BDFG-based ac power generation system
can be seen in Fig. 1. The employed power converter is
composed of two back-to-back voltage source converters with
a common dc bus, i.e., the machine side converter (MSC) and
the line side converter (LSC). This topology can be used for
both grid-connected and standalone power generation. The
difference between the grid-connected and standalone power
generation systems is that the point of common coupling
(PCC) of the grid-connected system is connected to grid,
while the PCC of the standalone system is connected to loads.

The grid-connected BDFG-based ac power generation sys-
tem can be applied to variable speed constant frequency
(VSCF) wind power and hydropower generation. The aim
of this system is to regulate the active and reactive power of
PW, which can be achieved by MSC. The LSC is employed
to maintain the dc bus voltage constant regardless of power
flow direction throughMSC. Also, the LSC can be utilized to
assist the fault ride-through under faulty grids.

The application scenarios of the standalone ac power
generation system include wind power and hydro power
in remote locations, portable variable speed power gener-
ation, ship shaft power generation, and so on. Unlike the
grid-connected BDFG system, the control objective of the
standalone BDFG is to make the amplitude and frequency of
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PWvoltagemaintain constant under variable rotor speeds and
loads. In the standalone system, the CW should be controlled
by the MSC to build up a constant PW voltage to support
the loads [12]. The main role of LSC is to keep the dc bus
voltage stable, which is similar to the grid-connected system.
The LSC can also assist in stabilizing the voltage fluctuation
at the point of common coupling by supplying or absorbing
reactive current as discussed in [13].

FIGURE 1. The topology of the BDFG-based ac power generation system.

The topology of the BDFG-based dc power generation
system is shown in Fig. 2. The main difference between this
system and the BDFG-based ac system is that the LSC is
replaced by the diode rectifier [14]. Hence, the cost of the
power converter can be significantly reduced. The output
of this system can be connected to the dc grid or dc load.
The BDFG-based dc power generation system can be used
for wind power, hydro power, portable variable speed power
generation and ship shaft power generation connected to dc
grid or dc load. The control objective of the BDFG-based
dc power generation system is to regulate the active power
for grid-connected operation mode, and to adjust the dc bus
voltage for standalone operation mode. In comparison with
the ac power generation system, the control objective of the
dc power generation system is much simpler. Besides, the
PW voltage frequency is not necessary to be constant, since
the sinusoidal PW voltage is converted to the dc voltage
by the diode rectifier. Consequently, the frequency of PW
voltage would be a free variable, which can be utilized to
achieve more control objectives, e.g., efficiency optimization
and speed range extension.

FIGURE 2. The topology of the BDFG-based dc power generation system.

The BDFG has been applied to wind power, ship shaft
power and hydropower generation. According to the literature
survey, in 2009, the BDFIG-NLR was applied to wind power
generation for the first time [15]. As shown in Fig. 3, the
BDFIG is mechanically coupled to the wind turbine via a
speed-increasing gearbox. The tested BDFIG is with the rated
power of 20 kW, the PW pole pair of 2 and the CW pole
pair of 4. With the proposed control algorithm in [15], the
efficiency of the tested BDFIG can be up to 80%.

FIGURE 3. The BDFIG application in wind power generation [15].

The BDFIG can also be applied to the ship power system.
In general, the power redundancies of commercial ships have
a range of approximately 10%-15% from the main engine for
shipping safety. During the cruise, the ship shaft generator
can use this redundant power of the main engine for power
generation, so that the efficiency of the main engine can be
significantly improved and the use of diesel generator sets can
be greatly reduced. As shown in Fig. 4, a typical ship shaft
power generation system based on a 60-kW wound-rotor
BDFIG has been tested in a 325 TEU container ship from
the Changjiang National Shipping Group of China between
2011 and 2014, which can save 30% of the fuel cost of the
ship at most [12].

A typical case of the BDFIG application in hydropower
generation can be seen in [16]. As illustrated in Fig. 5, the
wound-rotor BDFIG is mechanically coupled to a hydraulic
turbine without gearbox. The applied BDFIG is with the rated
power of 800 kW, and with the PW and CW rated voltages of
6.3 kV and 400 V, respectively. Hence, the PW can be directly
connected the 6.3 kV high-voltage grid, and the CW has to be
indirectly linked the same grid through the low-voltage back-
to-back power converters and the transfer. Consequently, the
high-voltage BDFIG can be regulated by the low-voltage
power converters.

Lots of control technologies for BDFG-based ac and dc
power generation systems have been developed toward indus-
try applications in wind power, ship shaft power, hydropower,
and so on. This paper will introduce recent advances of
these control technologies, and investigate the similarities

123326 VOLUME 9, 2021



Y. Liu et al.: Recent Advances of Control Technologies for BDFGs

FIGURE 4. The BDFIG application in ship shaft power generation [12].

FIGURE 5. The BDFIG application in hydropower generation [16].

and differences between them through the classification and
comparison. Since the cascade DFIG (CDFIG) has the same
operation principle with the BDFIG, its control technolo-
gies will be also introduced in this paper. The rest of this
paper is organized as follows. Sections II and III review the
control technologies of BDFGs in grid-connected ac power
generation under normal grid and faulty grids, respectively. In
Sections IV and V, the progresses of BDFG control technolo-
gies for standalone ac power generation with normal loads
and special loads are presented, respectively. The sensorless
control technologies for BDFGs are introduced in Section VI.
And, dc power generation control technologies are described
in Section VII. Finally, Section VIII draws the conclusions
and discusses the development trend in the future.

II. GRID-CONNECTED AC POWER GENERATION UNDER
NORMAL GRID
BDFGs show commercial promise for grid-connected power
generation systems, due to their lower operational costs and

higher reliability as compared with DFIGs. Many control
strategies have been developed for BDFGs over the years
for grid-connected applications, among which the control
strategies under normal grid can be summarized as follows.

A. VECTOR CONTROL
The most practical and preferred technique for BDFGs is the
vector control (VC). The vector control methods of BDFG, in
general, are derived from the dynamic mathematical models
of BDFG based on different rotating reference frames. At
present, the rotating reference frames used for BDFG math-
ematical modeling mainly includes: the single synchronous
frame, the dual synchronous frames, and the slip-frequency
rotating frame. Hence, the current vector control methods
of BDFG can be divided into three categories, i.e., the
single-synchronous-frame vector control (SSF-VC), the dual-
synchronous-frame vector control (DSF-VC), and the slip-
frequency-rotating-frame vector control (SFRF-VC).

1) SINGLE-SYNCHRONOUS-FRAME VECTOR CONTROL
(SSF-VC)
According to the utilized synchronous frames, the SSF-VC
methods can be divided into two main types, i.e., the VC
methods based on the rotor synchronous frame and the ones
based on the stator synchronous frame, as shown in TABLE 2.

TABLE 2. Classification of SSF-VC methods according to utilized
synchronous frames.

The rotor-flux-orientation VC methods have been devel-
oped in [17]–[19]. Although the control method proposed
in [19] is for CDFIGs, it can be directly applied to BDFIG.
A vector model under the rotor synchronous frame for the
BDFIG-NLR has been established in [20]. Afterwards, based
on the vectormodel developed in [20], a generalizedVC strat-
egy without rotor flux orientation has been proposed in [21],
which only realizes the speed control, but does not achieve the
adjustment of the reactive power. And, a hysteresis controller
has been employed to regulate the CW current, which makes
the CW current contain significant harmonics.

Based on the stator synchronous frame, quite a few
SSF-VC methods have been proposed for different BDFGs
as depicted in TABLE 3, which will be described in detail in
the following paragraphs.

In [22], the BDFRG dynamic model under the single
synchronous frame has been proposed, and a VC strategy
based on the PW flux orientation has been developed, which
realizes the decoupling control of torque and reactive power.
In [23] and [24], the PW-flux-orientation and PW-voltage-
orientation VC strategies for BDFRG have been proposed
and compared. The difference between these two strate-
gies is that the PW-flux-orientation VC strategies require
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TABLE 3. Classification of SSF-VC methods based on the stator
synchronous frame according to applicable machine types.

the PW resistance to estimate the flux linkage, while the
PW-voltage-orientation VC strategies can be implemented
independently of machine parameters. However, the result-
ing problem is that the PW-voltage-orientation strategies
is slightly worse than the PW-flux-orientation strategies in
the response to reactive power. As the power rating of the
BDFRG increases, the PW resistance would decrease, so that
the performance difference between these two control strate-
gies would also be smaller. In [25], a PW-voltage-orientation
grid-synchronization strategy has been proposed for BDFRG
to ensure that the PW voltage has the same phase-sequence,
frequency and amplitude as the grid voltage. And, in this
paper, two PW-voltage-orientation VC strategies have also
been developed to achieve two different targets, i.e., unity
power-factor operation andmaximum electromagnetic torque
per converter current.

A VC method based on the stator flux orientation of the
power machine has been proposed for CDFIGs in [26]. It can
basically realize the decoupling control of active and reactive
power, although there is some cross coupling between the
d- and q-axis control loops. Subsequently, the same authors
as in [26] proposed a VC method based on the orientation of
the virtual combined flux of the power machine and control
machine stators in [27]. However, due to the serious cross
coupling, the control method developed in [27] is not suit-
able for the decoupling control of active and reactive power,
but it is feasible for the speed control. Another stator-flux-
orientation VC method for CDFIGs has been proposed in
[28] with a feedforward compensation for the decoupling of
the stator current control loop of the control machine. The
disadvantage of this method is that it requires the knowledge
of the inductances of the power and the control machines, as
well as the estimation of the stator and rotor fluxes of the
power machine, which would degrade the system robustness
under the mismatch of machine parameters. In [29] and [30],
the other two stator-flux-orientation VC methods have also
been investigated, which are with different feedforward com-
pensation terms from the method in [28]. These feedforward
compensation terms are also related to machine parameters,
so that the system robustness against machine parameter
variation would be deteriorated.

Ref. [31] proposed a vector model based on the unified
reference frame for the BDFIG-NLR, in which both of the
machine parameters and variables are referred to the PW side.
Based on the model developed in [31], a VC strategy based
on the PW flux orientation has been investigated in [32].
However, it additionally introduces a PW current control

loop, which makes the control parameter tuning complicated.
According to the vector model proposed in [31], the more
concise PW-flux-orientation VC strategy has been studied in
[33], which removes the CW current loop and can directly
control the reactive power and speed by regulating the d- and
q-axis voltages of CW, respectively. The potential problem
of this method is that the CW is with the risk of transient
overcurrent when the speed and reactive power commands
change rapidly due to the CW current being not controlled.

For the BDFIG-WR, the grid-flux-orientation VC strategy
has been proposed to implement the decoupling control of
active and reactive power with feedforward compensation
[34]. Different from the grid voltage orientation, the grid
flux orientation is achieved by q-axis of the synchronous
frame being aligned with the grid voltage vector. Besides, the
PW-flux-orientation VC strategy for the wound-rotor BDFIG
has also been investigated in [35], which is without any
feedforward compensation terms at all.

The frame orientation style is a key element for VC meth-
ods. Based on the above analysis, the SSF-VC methods can
be classified into six main categories according to frame
orientation styles, as depicted in TABLE 4. From TABLE 4,
it can be seen that most of the research works focus on the
PW-flux-orientation VC methods for BDFGs and the VC
methods based on stator winding flux orientation of the power
machine for the CDFIG. Themain reason is that the VCmeth-
ods based on the flux orientation of PW or power machine
stator winding can better achieve the decoupling of active
power and reactive power.

TABLE 4. Classification of SSF-VC methods according to frame orientation
styles.

2) DUAL-SYNCHRONOUS-FRAME VECTOR CONTROL
(DSF-VC)
The BDFG can be regarded as the combination of PW and
CW subsystems, and the BDFG dynamic model in the dual
synchronous frames has been established in [36]. The dual
synchronous frames contain the PW subsystem synchronous
frame and the CW subsystem synchronous frame. A few
DSF-VC methods have been proposed for BDFIG [37], [38]
and BDFRG [39], [40].

In [37] and [38], the rotor flux orientation of BDFIG is
carried out in both PW and CW subsystems, so that the input
and output quantities of the two subsystems in the steady state
are no longer time-variable but constant. Consequently, the
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CW flux can be controlled by the d-axis CW current, and the
electromagnetic torque can be controlled by the q-axis CW
current. However, in comparison with the SSF-VC methods,
the DSF-VC methods is more complicated in the estimation
of the electromagnetic torque. The reason is that the d- and
q-axis CW currents should be transformed to the PW sub-
system according to the angle difference between the two
synchronous frames when calculating the electromagnetic
torque.

The dynamic model of BDFRG is simpler than that of
BDFIG, since there are no voltage and flux equations in the
dynamic model of BDFRG. In [39], the dynamic model of
BDFRG has been expressed in two separate reference frames,
which makes the model of BDFRG very similar to that of
the double-excited slip ring induction machine (DESRIM).
Consequently, the existing control methods for DESRIM can
be essentially applied to BDFRG, although the operating
principles of the twomachines are fundamentally different. In
[40], based on the dual-synchronous-frame dynamic model, a
multiple-input multiple-output (MIMO) robust controller has
been proposed for the BDFRG-based wind energy conversion
system. The MIMO controller can achieve two objectives at
the same time, i.e., the wind energy conversion maximization
and the machine copper losses minimization.

3) SLIP-FREQUENCY-ROTATING-FRAME VECTOR CONTROL
(SFRF-VC)
In general, the PW is established on the stationary frame
A1B1C1. Through the magnetic coupling of the rotor, the
CW current can induce an air gap magnetic field with the
same frequency as the PW current. As a result, the angular
frequency of the CW current vector relative to the frame
A1B1C1 can be regarded as the PW current frequency ω1.
Since the actual frequency of the CW current is ω2, a CW
frame A2B2C2 rotating at the slip frequency (ω1-ω2) can
be constructed, in which the angular frequency of the CW
current vector is still ω2, as shown in Fig. 6(a) [41]. Based
on the constructed frames A1B1C1 and A2B2C2, the BDFRG
mathematical model similar to DFIG has been established,
and the corresponding control strategy has been proposed in
[41] and [42]. The proposed control strategy employs only the
CW current for magnetic excitation, while the PW current is
used entirely to generate electromagnetic torque, as shown in
Fig. 6(b). Consequently, the greater dynamic electromagnetic
torque can be provided, and the dynamic response of system
can be significantly improved.

B. DIRECT CONTROL
1) DIRECT POWER CONTROL
The direct power control (DPC) can directly decouple and
separately control the active and reactive power of BDFGs.
The DPC requires less computation and does not need to
observe the PW flux amplitude, which can well address the
issue of the poor real-time performance caused by the flux
observer being sensitive to BDFG parameter variations. The

DPC has been proposed for CDFIGs in [43] as an alterna-
tive to the VC scheme of CDFIGs. Such strategy has fast
dynamic response, simple implementation and robustness.
The DPC provides direct regulation of the machine power
by selecting proper voltage vectors from the lookup-tables.
However, the converter switching frequency varies with oper-
ating conditions, which results in large power ripple and
current distortion.

To improve such shortcomings, while keeping the advan-
tages of DPC over the VC, a super-twisting sliding mode
direct power control (SSM-DPC) strategy has been proposed
in [44] for the BDFIGs, as given in Fig. 7. The SSM-DPC
strategy can control active and reactive power directlywithout
the need of phase locked loop. Moreover, its transient perfor-
mance is similar to the conventional DPC and its steady-state
performance is the same as the vector control. The proposed
controller in [44] is robust to uncertainties toward parame-
ter variations and achieves the constant converter switching
frequency by using space vector modulation.

FIGURE 6. The SFRF-VC method. (a) Structure of SFRF. (b) The obtained
PW and CW current vectors by the SFRF-VC method proposed in [41]
and [42].

In [45], the DPC based on the twelve sections has been
adopted to implement the power tracking of the open-winding
BDFIG system as illustrated in Fig. 5. In comparison with
the typical BDFIG DPC system based on the six and twelve
sections, the advantages of the proposed scheme lie in lower
converter capacity and cost, simpler control structure, more
flexible control mode, and better operation performance and
fault-tolerant ability.

2) DIRECT TORQUE CONTROL
Direct torque control (DTC) has features of simple struc-
ture, fast dynamic-response torque, good robustness and low-
reliability on machine parameters, which solve the problems
about complicated structure, large amount of calculation and
sensitive to parameter change of vector control [46]-[53]. For
the traditional DTC, hysteresis comparator cannot distinguish
the size of torque and flux linkage error. Controller applies
voltage vector to the whole control cycle. In the cycle with
smaller torque error, the voltage makes the torque to achieve
a given value quickly in a short time, and unchanged switch
state of inverter makes torque along the original direction,
then huge torque ripple occurred.
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FIGURE 7. Structure of the proposed SSM-DPC strategy for BDFIG [44].
(a) Schematic diagram of the super-twisting sliding mode control.
(b) Overall DPC strategy with the super-twisting sliding mode control,
where F and D are two matrices determined the time-derivative formula
of sliding surface.

FIGURE 8. DPC diagram of the open-winding BDFIG [45].

To reject the torque ripple in DTC, scholars from all over
the world did a lot of research and put forwardmany improve-
ment methods, such as using the voltage space vector mod-
ulation (SVM–DTC) [47], the discrete space voltage vector
[48], fuzzy control [49], [50], predictive control [51], duty
ratio modulation [52], combination of predictive control and
duty ratio modulation [53].

The SVM–DTC algorithm in [47] can effectively reduce
the torque ripple but requires a large amount of calculation
and more parameters. The discrete space vector modulation
(DSVM) in [48] has the advantage of good robustness in
direct vector control, but the improvement of control accuracy
is based on the premise of breakdown voltage vector which
increased the complexity of the control system.

In [49], a fuzzy control algorithm with a good dynamic
performance is presented, which can effectively reduce the
torque ripple. But in the state machine, variable membership
has uncertainty; if membership choice is not appropriate,
the system performance will be deteriorated. In [50], the
improved fuzzy DSVM–DTC control method is used to

strengthen the control of torque and speed, but the control
rules are very complex due to the fuzzy controller being
with five inputs. The torque prediction is used in [51], which
reduces torque ripple and improves the waveform of stator
current, but needs a little huge computation.

In [52], the DTC method based on duty ratio modulation is
studied, in which the non-zero voltage vector only acts partial
time in one control cycle and zero voltage vector acts on the
rest time. In [53], a method of combining predictive control
and duty ratio modulation has been proposed, as given in
Fig. 9, to reduce the torque ripple. This control method can
reduce the torque ripple and can keep the advantages of fast
torque response and simple control of the traditional DTC.

FIGURE 9. The block diagram of the duty ratio modulation DTC for BDFIG
proposed in [53].

C. INDIRECT CONTROL
The indirect stator-quantities control (ISC) is a new control
strategy for BDFIG [54]–[56]. Compared to VC and DTC
control schemes, there are some remarkable advantages to
the ISC, such as not requiring rotating coordinate transforma-
tions and flux linkage orientation, less sensitivity to machine
parameters, simpler system structure and the capability of
current-limit.

In [55], the control structure of the ISC strategy has been
demonstrated by means of theoretical derivation as well as
experimental results. The dynamic performance of the ISC
controller has been tested over wide range of speeds from
sub-synchronous to super-synchronous, and also under the
conditions of sudden load change.

The study in [56] has further developed the dynamic con-
trol of reactive power for the BDFIG with the ISC scheme
shown in Fig. 10. Detailed theoretical analysis has been done
to show the controller structure of the reactive power. As a
result, both speed and the reactive power can be controlled
simultaneously. These control features are achieved in a static
reference frame, and rotating coordinate transformations and
flux linkage orientation are unnecessary, so the ISC is simpler
to implement in practice.

III. GRID-CONNECTED AC POWER GENERATION UNDER
FAULTY GRIDS
A. UNBALANCED-GRID RIDE-THROUGH (UGRT)
A few literatures have studied the operation of BDFIG under
unbalanced grid conditions [43], [57]–[59]. When the grid is
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FIGURE 10. Block diagram of the proposed indirect stator-quantities
control system with reactive power controller in [56].

FIGURE 11. Summarized control structures presented in [57]–[59] for
UGRT with PI/PIR controllers, respectively.

unbalanced, the PW current is unbalanced, torque and power
will oscillate at twice the PW frequency and hence, the CW
current is also distorted.

In [43], the active and reactive power compensation terms
are added to the reference values of active and reactive power,
and then the DPC strategy is employed to control the power
with eliminating the negative-sequence components of the
power machine stator currents.

Different from the work in [43] based on DPC, all the
studies in [57]–[59] based on the VC method can be sum-
marized in Fig. 11. The study in [57] has proposed the
dual proportional-integral (PI) vector control, regulating the
positive-sequence CW current controller for active and reac-
tive power generation, and the negative-sequence CW current
controller for three different control targets. The process of
voltage and current decomposition not only made the model
and algorithm complex, but also introduced delay by band-
trap filters. The control scheme proposed in [58] is with the
similar structure as that in [57], although it is based on the
dual synchronous rotating frames. In [59], an improved VC
has been proposed for the BDFIG under unbalanced grid con-
ditions by introducing proportional-integral-resonant (PIR)
controller in single synchronous reference frame. Compared
to the existed solutions, the algorithm as proposed in [59] is
easy to implement, fast in transient response performance,
and also robust under parameter variations. Furthermore,
no negative-sequence voltage and current decomposition is
required in [59], which would simplify the algorithm and
provide fast dynamic response.

It can be noted that the BDFIG torque ripple caused by
the unbalanced grid has not attracted enough attention, as

few papers have discussed this topic expect [59]. However,
the torque ripple should be the most concerned issue in wind
power system for its degradation in gear box and reduction of
life span. Hence, more studies on the UGRT of BDFIGs are
greatly desirable in the future.

B. LVRT
The LVRT capability indicates that grid-connected wind tur-
bines must remain connected and supply reactive current to
the grid during grid voltage dips. The LVRT is the most
important indicator in many national grid codes [60]–[67].

The LVRTmethods can be divided into two categories, i.e.,
based on the hardware and based on the software, as shown
in Fig. 12. The hardware mainly includes the crowbar and
series dynamic resistor (SDR). The use of a crowbar or SDR
enables the BDFIG to ride through the most serious voltage
dips, However, some unavoidable problems are caused by
these hardware devices, such as increasing system cost and
reactive power consumption [60]–[62].

The software-based methods, i.e. the crowbarless LVRT
control methods, can be implemented in the rotating frame
and the static frame. To date, the crowbarless LVRT control
schemes for BDFIGs developed in [63]–[67] are all essen-
tially implemented in the rotating reference frame.

FIGURE 12. Different kinds of LVRT methods for the grid-connected
BDFIG systems [63]–[67].

The control strategies proposed in [63] and [64] can com-
pensate for the couplings between the two axes of the CW
current, with different compensation terms. The simulation
results in [63] and [64] show that the BDFIG cannot ride
through severe low-voltage dips with the proposed control
strategies. In [65], a crowbarless control strategy has been
proposed to enable the ride-through of the BDFIG under the
100% symmetrical grid voltage dip, and only the forward
sequence has been controlled in the LVRT mode. However,
under the 100% symmetrical grid voltage dip, there is still a
zero-sequence component in the PW flux linkage. The igno-
rance of the zero-sequence component may result in unsatis-
factory LVRT behavior. In [66], the authors have presented
a simple control strategy for riding through asymmetrical
faults. The experimental results in [65] and [66] indicate that
when the BDFIG rotor speed is 96% of the maximum rotor
speed (100% is the most severe), the CW current peak is
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approximately 2.42 p.u. of the BDFIG CW current rating
or 2 p.u. of the transient IGBT current rating. As can be
seen from these experimental results, the LVRT performance
got by the hardware-based methods in [65] and [66] is a bit
worse that that obtained by the software-based method in
[60]. In [67], in order to achieve LVRT under symmetrical
grid voltage dips, the integral part of the CW current PI
controller is removed and the proportional gain is optimized
in the LVRT mode, so that the order of the control system
can be reduced and the d- and q-axis currents of CW and
PW can quickly converge. Consequently, the overcurrent and
oscillation of the CW and PW currents can be avoided during
symmetrical grid voltage dips.

In [68], a crowbarless LVRT control strategy has been
proposed in the static reference frame, which is based on
the flux linkage tracking under symmetrical voltage dips,
as shown in Fig. 13. To both suppress the CW current and
increase PW reactive current, a time-sharing control and CW
current-first control solution have been proposed. In the most
severe case, where the BDFIG rotor speed is 100% of the
maximum rotor speed and under 100% symmetrical voltage
dips, the experimental results have shown that the CW current
peak could be limited to 2 p.u. of the CW current rating and
the torque ripple be small during the fault.

FIGURE 13. Block diagram of the crowbarless LVRT control strategy based
on flux linkage tracking for BDFIG under symmetrical voltage dips
proposed in [68].

IV. STANDALONE AC POWER GENERATION WITH
NORMAL LOADS
The key control loop for the standalone ac BDFG power gen-
eration system is the CW current control loop. The currently
proposed CW current controllers can be divided into three
main categories, i.e., PI controllers without decoupling, PI
controllers with decoupling, and predictive controllers.

A. PI CONTROLLERS FOR CW CURRENT WITHOUT
DECOUPLING
The relationship between CW current and CW voltage can be
expressed as [12]

i2d = (R2 + σ2L2s)u2d + (α1i2q + α2i1d + α3i1q)︸ ︷︷ ︸
Cross-coupling disturbance

(1)

i2q = (R2 + σ2L2s)u2q + (α4i2d + α5i1d + α6i1q)︸ ︷︷ ︸
Cross-coupling disturbance

(2)

where σ2 = 1 − L22r/(L2Lr ) is the leakage constant of the
CW, the coefficients α1, α2, α3, α4, α5 and α6 are related to
machine parameters, PW frequency and rotor speed.

From (1) and (2), ignoring the cross-coupling disturbance,
the structure of the CW current controller can be designed as
a proportional-integral (PI) control loop shown in Fig. 14.

FIGURE 14. The stator-flux-oriented control and the direct voltage control
based on CW current PI controller without decoupling [69], [12].

Both of the stator-flux-oriented control proposed in [69]
and the direct voltage control proposed in [12] are based on
the inner PI control loop for CWcurrent shown in Fig. 14. The
difference between the stator-flux-oriented control and the
direct voltage control is the outer control loop. In the stator-
flux-oriented control, the PW voltage is indirectly regulated
by adjusting the equivalent PW magnetizing current in the
outer control loop, and the PW flux orientation is achieved
by regulating the q-axis CW current proportional to the q-axis
PW current. Consequently, the feedback value of the equiv-
alent PW magnetizing current and the reference value of the
q-axis CW current depend on machine parameters, such as
the mutual- and self- inductances, which would degrade the
robustness of the control system. In order to address this
issue, the direct voltage control is proposed, where the outer
control loop is used to adjust the amplitude of PW voltage
directly. And, the reference value of the q-axis CW current
in the direct voltage control is set to zero, which means that
the direct voltage control method is based on the CW current
orientation.

In [12], the CW current control loop shown in Fig. 14 has
been tested on a 60-kVABDFIGwith the natural synchronous
speed of 500 rpm. The test is carried out at the sub- and super-
synchronous speeds, respectively. The reference value of the
d-axis CW current is around 15% of the rated current, and
that of the q-axis CW current is zero. From the simulated and
experimental results shown in Fig. 15, it can be seen that the
settling time of CW current is 50 and 70 ms at the sub- and
super-synchronous speeds, respectively, with the d-axis CW
current overshoot of around 7.5%.

However, it is difficult to obtain a fast response speed for
CWcurrent with small overshoot based on the control method
shown in Fig. 14. The main reason for this problem is that
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FIGURE 15. Simulated and experimental results of the CW current control
loop shown in Fig. 14 [12]. (a) At the sub-synchronous speed of 400 rpm.
(b) At the super-synchronous speed of 600 rpm.

the d- and q-axis control channels of the CW current loop is
severely coupled as shown in (1) and (2), which cannot be
ignored for obtaining fast response.

B. PI CONTROLLERS FOR CW CURRENT WITH
DECOUPLING
In order to improve the dynamic performance of the CW
current controller, the CW current control loop with cross
feedforward compensation is proposed in [70], as shown in
Fig. 16. Besides, the d- and q-axis PW currents are also the
inputs of the feedforward compensation terms, which can get
further benefits from the proposed feedforward compensation
method, i.e., suppression over load disturbances, and so on.

FIGURE 16. The CW current control loop with cross feedforward
compensation proposed in [70].

The CW current control loop with cross feedforward com-
pensation proposed in [70] has been tested on a 30 kVA
BDFIG under the sub-synchronous speed of 600 rpm and the
super-synchronous speed of 1200 rpm, respectively. Similar
to the test shown in Fig. 15, the reference value of the d-axis
CW current is also around 15% of the rated current, and that
of the q-axis CW current is zero. As can be seen from Fig. 17,
with cross feedforward compensation, the settling time of
CW current can be reduced to 26 and 38 ms under the similar
overshoot of d-axis CW current (around 7.5%) at the sub-
and super-synchronous speeds, respectively. Hence, the con-
trol method proposed in [70] can significantly enhance the
dynamic performance of the CW current control loop in
comparison with that proposed in [12]. Also, the similar
feedforward compensationmethod has been proposed in [71].

FIGURE 17. Simulated and experimental results of the CW current control
loop shown in Fig. 16 [70]. (a) At the sub-synchronous speed of 600 rpm.
(b) At the super-synchronous speed of 1200 rpm.

FIGURE 18. The CW current control loop with decoupling network
proposed in [72].

Besides, in [72], a decoupling network is developed to
eliminate the influence of the cross-coupling disturbance in
the CW current control loop, as shown in Fig. 18. The models
of the BDFIG and the load are integrated to a dual-input-dual-
output system, in which the inputs are u2d and u2q, and the
outputs are i2d and i2q. And then, by selecting appropriate
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FIGURE 19. Experimental results of the CW current control loop shown in
Fig. 12, where DN and FF indicate decoupling network and feedforward,
respectively. (t = 50ms/div). (a) At the sub-synchronous speed of 350
rpm. (b) At the super-synchronous speed of 650 rpm.

transfer functions L1(s) and L2(s), the d- and q-axis control
channels of the CW current loop can be completely decou-
pled. In general, L1(s) and L2(s) can be designed as the fifth-
order transfer functions.

The control method proposed in in [72] has been verified
on a 32 kW BDFIG with the natural synchronous speed of
500 rpm, in comparison with the feedforward compensation
method proposed in [71] and the method without feedforward
compensation. From some of typical experimental results
depicted in Fig. 19, it can be seen that the CW current control
loop with the decoupling network possesses the best dynamic
performance among the three methods. However, the depen-
dence of the decoupling network design on the load model
may make this method difficult for industrial applications.

C. PREDICTIVE CONTROLLERS FOR CW CURRENT
In order to improve current tracking accuracy, the model
predictive current control (MPCC) method has been devel-
oped for standalone BDFIG [73]. The predicted CW current
expressions can be expressed as

i2d (k + 1) =
(
1−

R2
σ2
Ts

)
i2d (k)+

Ts
σ2
U2d (k)−

Ts
σ2
D2d (3)

i2q(k + 1) =

1− R2 +
RrL22rω1

L2r (ω1−p2ωr )

σ 2
Ts

 i2q(k)
+
Ts
σ2
U2q(k)−

Ts
σ2
D2q (4)

where σ2 = L2 − L22r
/
Lr , Ts is the sampling time, and D2d

and D2q are the cross-coupling disturbance between d- and
q-axis current.

Since the MPCC is designed to enhance the current track-
ing accuracy, the cost function of MPCC can be expressed
as

g = [i2dref − i2d (k + 1)]2 + [i2qref − i2q(k + 1)]2. (5)

However, as can be seen from (3) and (4), the MPCC
method heavily depends on machine parameters. When the
BDFIG temperature rises or magnetic saturation occurs,
the machine parameters will change, which would degrade
the performance of the MPCC.

In order to address this issue, the nonparametric predictive
current control (NPCC) method for standalone BDFIG is
proposed in [74]. With NPCC, the predicted currents at the
(k + 2)th instant with delay compensation can be derived as

i2d (k + 2) = i2d (k)+ X2dU2d (k)+ X2dU2d (k + 1)

+ 2[1i2d (k − 1)− X2dU2d (k − 1)] (6)

i2q(k + 2) = i2q(k)+ X2qU2q(k)+ X2qU2q(k + 1)

+ 2[1i2q(k − 1)− X2qU2q(k − 1)] (7)

where

X2d =
1i2d (k − 1)−1i2d (k − 2)
U2d (k − 1)− U2d (k − 2)

,

X2q =
1i2q(k − 1)−1i2q(k − 2)
U2q(k − 1)− U2q(k − 2)

.

Actually, the coefficients X2d and X2q can approximately
represent the parameter (Ts/σ2), which frequently appears in
the current prediction expressions of MPCC. In other words,
the NPCC can use the sampled BDFIG signals rather than
machine parameters to predict the future current. Besides, the
cost function of NPCC is the same as that of MPCC.

Simulation ofMPCC andNPCC is carried out on a 30-kVA
BDFIG under the sub-synchronous speed of 600 rpm, whose
results are shown in Fig. 20 and Fig. 21 [74]. The inductances
of PW and CW are changed from 100% to 80% at 0.4 s,
respectively. With MPCC, a significant steady-state error
in the d-axis CW current is generated by the varying PW
and CW inductances. Fortunately, the NPCC can avoid this
problem under the same operation condition.

V. STANDALONE AC POWER GENERATION WITH
SPECIAL LOADS
Generally, standalone generation systems are susceptible to
special loads, e.g., unbalanced loads and nonlinear loads.
The unbalanced loads would generate negative-sequence PW
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FIGURE 20. Simulation results of MPCC and NPCC with the PW
inductance change from 100% to 80% [74]. (a) CW three-phase current
with MPCC. (b) d - and q-axis components of CW current with MPCC. (c)
CW three-phase current with NPCC. (d) d - and q-axis components of CW
current with NPCC.

voltage, and the nonlinear loads can introduce low-order har-
monic voltages into PW. These control strategies mentioned
above do not take into account the stable operation under

FIGURE 21. Simulation results of MPCC and NPCC with the CW
inductance change from 100% to 80% [74]. (a) CW three-phase current
with MPCC. (b) d - and q-axis CW current with MPCC. (c) CW three-phase
current with NPCC. (d) d - and q-axis CW current with NPCC.

these special loads. To solve this problem, some compensa-
tion methods have been developed, which can be divided into
twomain categories, i.e., the compensation methods based on
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the single power converter and those based on the dual power
converters.

A. COMPENSATION BASED ON SINGLE POWER
CONVERTER
The voltage at the PCC of the standalone BDFIG system can
be expressed as

uPCC = E1 − R1i1 − L1si1
= E1− (R1i1f +L1si1f )︸ ︷︷ ︸

Fundamental voltage drop

−(R1
∑

i1h+L1
∑

si1h)︸ ︷︷ ︸
Harmonic voltage drop

(8)

where E1 is the inductive electromotive force (EMF) of
PW, i1f the PW fundamental current, and i1h the negative-
sequence and harmonic currents.

As can be seen from (8), the negative-sequence and hor-
monic components of the PW voltage can be eliminated by
producing an additional compensation EMF E1h to compen-
sate the harmonic voltage drop in the PW. The E1h can be
obtained by MSC injecting compensation current to CW.
Also, the negative-sequence and hormonic components of
PW voltage can be suppressed by removing the negative-
sequence and harmonic currents i1h, which can be achieved
by LSC injecting compensation current to unbalanced and
nonlinear loads. Hence, the compensation methods based on
the single power converter can be classified as two types, i.e.,
the method based on MSC and the one based on LSC.

According the calculation mode of CW voltage compensa-
tion components, the compensation methods based on MSC
can be divided into two main categories, as illustrated in
Fig. 22. Fig. 22(a) and (b) present the compensation method
with indirect calculation of CW voltage compensation com-
ponents, and Fig. 22(c) shows the one with direct calculation
of CW voltage compensation components.

In Fig. 22(a), both the obtained CW current compensa-
tion components and the basic CW current reference are
in the same rotating frame, so that the fundamental and
compensation components of CW voltage can be calculated
at the same time. The control schemes proposed in [75]
and [76] can be classified into the control method shown
in Fig. 22(a). A negative-sequence voltage compensation
scheme for unbalanced standalone BDFIGs has been pro-
posed in [75], which is implemented in the machine side con-
verter (MSC). The negative-sequence PW voltage is extract
by the dual second-order generalized integrators (DSOGI)
and then regulated by the PI controller to obtain the com-
pensation current of CW. Consequently, the reference value
of the CW current in the positive-sequence frame is with
both the dc and ac components, which causes that the PIR
controllers must be utilized in the CW current control loop.
Another control scheme based the similar control concept
has also been developed in [76], which can handle both the
unbalanced and nonlinear loads. The multiple second-order
generalized integrators (MSOGI) is adopted to obtain the
negative-sequence and 5th and 7th harmonic components of

FIGURE 22. Different compensation methods based on MSC for
standalone BDFIG under special loads. (a) Indirect calculation
of CW voltage compensation components-Type I. (b) Indirect calculation
of CW voltage compensation components-Type II. (c) Direct calculation of
CW voltage compensation components.

PW voltage, and the dual frequency resonance (DFR) con-
troller has to be employed in the CW current control loop.

The control structure shown in Fig. 22(b) is a little different
from that shown in Fig. 22(a). In Fig. 22(b), the CW voltage
fundamental component and the compensation components
are obtained separately, and the latter ones have to be trans-
formed to the fundamental frame. The negative-sequence
voltage compensation scheme proposed in [77] belongs to the
method depicted in Fig. 22(b). In [77], the amplitudes of the
positive-and negative-sequence PW voltages can be regulated
separately with a robust rotor speed observer.

The common feature of the compensation methods shown
in Fig. 22(a) and (b) is that the CW current compensation
components have to be obtained before calculating the CW
voltage compensation components. Therefore, in essence,
the two compensation methods are the same. However, the
indirect obtaining of CW voltage compensation components
results that too many PI or resonant controllers have to be
employed, which causes that the control algorithm is too
complicated for actual industry applications.

In order to address this issue, the compensation method
shown in Fig. 22(c) is developed, which employs only one
compensator to calculate the CW voltage compensation com-
ponents directly. Hence, it can be significantly simplified in
comparison to the methods depicted in Fig. 22(a) and (b). A
typical case of the method shown in Fig. 22(c) has been intro-
duced in [78], where an improved control strategy based on
the dual-resonant controller (DRC) is proposed to minimize
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both the unbalance and nonlinear effects of PW voltage at
the same time. The CW current controller is just a simple
PI controller. The DRC composes of two parts: unbalance
resonant controller with the resonant frequency of 2-times
PW frequency and the harmonics resonant controller with the
resonant frequency of 6-times PW frequency. The unbalance
resonant controller is used to compensate the unbalanced
and 3rd harmonic components in the PW voltage. And, the
harmonics resonant controller is adopted to eliminate the 5th
and 7th harmonics of PW voltage. It is not necessary to
extract the negative-sequence and harmonic components of
PW voltage.

The compensation method based on LSC for standalone
BDFIG under special loads can be briefly described as
Fig. 23. It utilizes LSC to inject compensation current
to unbalanced and nonlinear loads, so that the negative-
sequence and hormonic components of the loads can be no
longer supplied by PW. Ref. [79] employs this method to
successfully eliminate the harmonic voltages of PW caused
by nonlinear loads. Generally, when using this kind of com-
pensation method, the distorted components of PW voltage
are extracted by the MSOGI.

FIGURE 23. Compensation method based on LSC for standalone BDFIG
under special loads.

FIGURE 24. Compensation method based on the collaborative control of
MSC and LSC for standalone BDFIG under special loads.

B. COMPENSATION BASED ON DUAL POWER
CONVERTERS
Although these single power converter-based methods intro-
duced in the last section can achieve voltage distortion com-
pensation under special loads, they require a higher power
converter capacity. However, in practical applications, the
converter capacity is limited to some extent. In order to
eliminate voltage distortion as much as possible under the
limited converter capacity, the collaborative control of MSC
and LSC has been developed to optimize the system perfor-
mance, whose basic principle can be seen in Fig. 24. This
method can dynamically distribute the distorted PW voltage

to be compensated between MSC and LSC according to the
limitations of the capacities, voltages, currents and IGBT
junction temperatures of the two power converters. And then,
the MSC and LSC still adopt the compensation methods
shown in Fig. 22 and Fig. 23, respectively.

In [80], considering the limitation of the rated voltage of
the power converters, the MSC is responsible to eliminate
the 7th harmonic components of PW voltage, and the LSC
is used to suppress the negative-sequence and 5th harmonic
components of PW voltage, when the standalone BDFIG
supplying unbalanced and nonlinear loads.

In [81], a real-time and flexible assignment method of PW
harmonic voltage elimination tasks between MSC and LSC
has been developed. A weight factor is proposed to dynami-
cally adjust the contribution of the two power converters on
harmonics elimination, according to one or more constraint
conditions, e.g., overheat, overcurrent, overvoltage, and so
on. Hence, on the premise of ensuring safety, the capacity
of each inverter is expected to be fully utilized to mitigate
harmonics. If the weight factor is set to 1, all harmonics would
be compensated by MSC. And, if the weigh factor is equal to
0, all harmonics would be compensated by LSC. Otherwise,
both MSC and LSC would be utilized to suppress all the
harmonics. The typical experimental results, carried out a
30 kVABDFIG under nonlinear loads, can be seen in Fig. 25.
The weight factor is reduced from 1 to 0.2 step by step to test
the system characteristics.

FIGURE 25. Experimental results of the compensation method based on
the collaborative control of MSC and LSC with the weight factor reduction
from 1 to 0.2 [81]. (a) Weight factor. (b) CW current. (c) PW line voltage.
(d) Amplitude of CW current. (e) LSC current. (f) Electromagnetic torque.

As illustrated in Fig. 25, with the decrease of the weight
factor, both the harmonics and amplitude of the CW current
are reduced, while those of the LSC current are with the
opposite trend. In addition, the electromagnetic torque ripple
goes down along with the reduction of the weight factor. In
the future, it is necessary to develop optimization algorithms
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FIGURE 26. The actual and reference PW voltage vectors in the rotating
dq reference frame [82].

FIGURE 27. The structure of the linearized control loop for tracking the
PW voltage phase in [82].

FIGURE 28. Flowchart of the direct calculation approach for BDFIG rotor
position as developed in [86] and [87].

for automatically searching the optimal weight factor under
different constraint conditions.

Table 5 shows the attribute comparison of the differ-
ent compensation methods based on single power converter
(MSC or LSC) and dual power converters. From Table 5, it
can be concluded that the compensation method based on
dual power converters is one of the most promising meth-
ods for BDFG-based standalone ac power generation under
unbalanced and nonlinear loads

VI. SENSORLESS CONTROL
Lots of control techniques for BDFGs are based on the infor-
mation of the generator rotor speed/position. However, the
existence of the rotor speed/position sensor in the control

TABLE 5. Comparison among compensation methods based on MSC, LSC,
and dual power converters.

system is becoming undesirable, due to its associated prob-
lems such as the additional maintenance cost, and the reli-
ability reduction. Therefore, the control methods without
any rotor speed/position sensors are very essential for high-
performance BDFG systems to improve the reliability and
reduce the overall cost. The current research works on this
topic mainly focus on the control methods without speed
observer and the ones with speed observer.

A. WITHOUT SPEED OBSERVER
In [82], a sensorless direct voltage control (DVC) method
without the speed observer has been developed for standalone
BDFIGs, which utilizes the principle of the dq-frame phase-
locked loop (PLL) proposed in [83]. It achieves the sensorless
control function by adjusting the CW current frequency to
track the PW voltage phase, so that it is not necessary to
estimate the rotor speed or position. The principle of this
method can be introduced as follows.

In the control method proposed in [82], the d-axis of the
rotating dq reference frame is aligned with the reference PW
voltage vector, as shown in Fig. 26. Hence, the q-axis PW
voltage can be expressed as

u1q = U1 sin(θ1 − θ∗1 ) (9)

where U1 and U∗1 are the amplitudes of the actual and refer-
ence PW voltage vectors, θ1 and θ∗1 are the phase angles of
the actual and reference PW voltage vectors, respectively.

Around the equilibrium point, (9) can be simplified as

u1q ≈ U1(θ1 − θ∗1 ) = −U11θ1 (10)

where 1θ1 is the difference between the reference phase
angle and actual phase of the PW voltage.

If the u1q is equal to zero, the actual and reference PW
voltage vectors would be with the same phase angle. Besides,
for the BDFIG, the CW current frequency can regulate the
PW voltage frequency, thus adjusting the PW voltage phase.
Hence, a PI controller can be employed to control u1q, and the
output of the PI controller is the reference value of the CW
current frequency. The linearized control loop for regulating
the PW voltage phase can be seen in Fig. 27, which is similar
to the dq-frame PLL.

The advantages of the sensorless DVC method presented
in [82] are that the implementation process is simple and
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the machine parameters are not required. However, from the
experimental results, it can be seen that the PW voltage phase
is with a steady-state error during the rapid change of the
rotor speed. The sensorless DVC method has been success-
fully used in the sensorless phase control of PW voltage for
standalone BDFIGs under unbalanced loads [84].

B. WITH SPEED OBSERVER
The estimation approaches of the current BDFG speed
observers mainly include the direct calculation approaches
and the closed-loop estimation approaches, which will be
introduced in detail as follows.

1) DIRECT CALCULATION APPROACHES
The direct calculation approaches for BDFIG rotor position
have been investigated in [85]–[87]. Generally, no PI con-
trollers are required in these direct calculation approaches,
and consequently a good starting performance can be
obtained. Besides, there are no control parameters to be tuned
so that the algorithm implementation is easy. However, the
dependence on machine parameters will degrade the robust-
ness of these approaches.

In [85], the CW back-EMF is integrated to obtain the CW
flux in αβ frame at first, and then the position angle of the
CW flux can be obtained by

θ2_flux = tan−1
(
ψ2β

/
ψ2α

)
. (11)

And then, the PW flux in αβ frame also can be derived by
the similar method. Afterwards, using a rotational transfor-
mation to the fixed rotor frame, the estimated rotor position
can be obtained by

θ̂r =
6
(
e−jθ2_fluxψ1αβ

)
p1 + p2

(12)

Due to the usage of PW and CW flux, the accurate 3-phase
voltages and currents of PW and CW need to be measured,
and the PW and CW resistances should be known. Besides,
the pure integrators are not directly suitable for experimen-
tal implementation of the PW and CW flux calculation,
because of unavoidable dc-offsets in the measured voltages
and currents.

In [86] and [87], the proposed approach needs the knowl-
edge of the PWflux, and the PW and CW currents. In order to
eliminate the integration process for calculating the PW flux,
the dq-axis PWflux is calculated at first and then transformed
to the αβ-axis quantities. Finally, the estimated rotor position
can be obtained by

θ̂r = tan−1
(
ψ1α − Api1α

)
i2β +

(
ψ1β − Api1β

)
i1α(

ψ1α − Api1α
)
i2α −

(
ψ1β − Api1β

)
i2β

(13)

where Ap = L1 − L21r/Lr .
It can be found that the calculation process shown in Fig. 28

is easy to implement in the digital signal processor. Further-
more, no integrators are required, which would significantly
reduce the cumulative error of the estimated rotor position.

2) CLOSED-LOOP ESTIMATION APPROACHES
The closed-loop estimation means that the estimated rotor
speed/position needs to be feedbacked to the speed observer
for improving the estimation accuracy. Generally, this kind of
approaches are with the higher estimation accuracy than the
direct calculation approaches. However, the starting perfor-
mance of the closed-loop estimation approaches are worse
than that of the direct calculation approaches. Since some
control parameters have to be tuned, the algorithm imple-
mentation of the closed-loop estimation approaches is more
difficult than of the direct calculation approaches.
• Speed Observers Dependent on Machine Parameters
In [88] and [89], a quasi-closed-loop estimation approach

is proposed for the BDFRG, which is the combination of the
direct calculation and the closed-loop estimation. At first,
the raw value of the rotor position is derived by the direct
calculation approach. And then, the raw rotor position is sent
to a Luenberger type closed-loop PI observer for filtering out
erroneous signals and it can obtain the accurate rotor speed.
The sensorless control methods with the principle of model
reference adaptive system (MRAS) have attracted great atten-
tion from researchers for its high-performance operation.

The MRAS speed observers have been applied to DFIGs
[90]–[95] and also been extended to the applications of
BDFGs with different control state variables [96]–[102].
According to the control state variables, these MRAS speed
observers presented in [96]–[102] can be divided to three
groups, i.e., the observers based on CW current, the ones
based on CW flux, and the ones based on CW power.

In [96] and [97], the MRAS speed observers have
been developed with the CW current served as the con-
trol state variable. And, the stator flux is also required
in these observers, so that the integration process has to
be used. However, the integration process is susceptible
to the dc-offsets in the sampled PW and CW back-EMFs,
and would slow down the response speed at the system
startup.

In order to avoid the integration process for the flux esti-
mation, the MRAS speed observers employing the dq-axis
CW flux as the control state variable have been proposed for
sensorless control of BDFRG and BDFIG in [98] and [99],
respectively.

Without the integration operation for the flux estimation,
some other improved MRAS speed observers based on the
CW active/reactive/fictitious power (CW-P/Q/X MRAS)
as the control state variables, as shown in Fig. 29, have
been investigated for standalone BDFIGs in [100]–[102].
The main innovation of these MRAS observers presented in
[100]–[102] is to eliminate the integration process for the flux
estimation and reduce the voltage sensors used to detect the
CW dq-axis components. Moreover, the presented simulation
and experimental results have ensured the functionality of
the adopted MRAS method to effectively estimate the rotor
position with a good tracking under various operating states
of both speed and load changes.
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FIGURE 29. Structure of the proposed CW-P/Q/X MRAS speed observers
for standalone BDFIGs [100]–[102].

• Machine-Parameter-Free Speed Observers
All the closed-loop estimation approaches mentioned

above are severely dependent on the machine parameters,
which would degrade the system robustness against the
machine parameter mismatch. In order to address this issue,
some typical machine-parameter-free speed observers have
been developed for standalone BDFIG [103]–[105].

The basic machine-parameter-free speed observer
(MPFSO), as shown in Fig. 30(a), has been proposed in [103]
according to the following principle.

FIGURE 30. Structures of the machine-parameter-free speed observers
(MPFSOs). (a) Structure of the basic MPFSO [103]. (b) Structure of the
improved MPFSO [103]–[105].

It is well known that the mechanical rotor speed of BDFIG
can be decided by

(p1 + p2)ωr = ω1 + ω2. (14)

If one integrates (14), with ignoring the initial value of the
integral operation, the following expression can be obtained:

(p1 + p2)θrv = θ1 + θ2 (15)

where θ1 and θ2 are the phase angles of PW voltage and CW
current, respectively, and θrv can be regarded as the virtual
rotor position, i.e., an intermediate variable for calculating the
rotor speed.

Based on the small signal analysis method, the difference
between the actual and estimated virtual rotor positions,1θrv,
can be expressed as

(p1 + p2)1θrv = (p1 + p2)(θrv − θ̂rv)

= (θ1 + θ2)− (p1 + p2)θ̂rv
≈ sin[(θ1 + θ2)− (p1 + p2)θ̂rv]. (16)

According to the principle of the αβ-frame PLL presented
in [106], 1θrv can converge to zero by using a PI controller,
and the output of the PI controller would be the accurately
estimated rotor speed.

However, under unbalanced and nonlinear loads, the stan-
dalone BDFIG suffers from the distorted PW voltage and
CW current, which results in the inaccurate rotor speed esti-
mation. To solve this problem, the improved MPFSOs have
been proposed in [103]–[105], with using appropriate filters
to eliminate the distorted components in PW voltage and CW
current generated by unbalanced and nonlinear loads.

In [103] and [104], the improved MPFSO utilizes
the second-order generalized integrators (SOGIs) to filter the
harmonics in PW voltage and CW current, and employs the
positive-sequence calculator (PSC) to eliminate the negative-
sequence components in PW voltage, as shown in Fig. 30(b).
Afterwards, the filtered PW voltage and CW current are sent
to the basic MPFSO for deriving the accurate rotor speed.

It can be noted that when the BDFIG operates at its nat-
ural synchronous speed, the CW frequency should be set
to zero to keep constant PW frequency. Hence, the filtering
performance of the low-pass filter (LPF) would be better
that that of the SOGI for CW current around the natural
synchronous speed. Consequently, the improved MPFSO
presented in [105] employs LPFs to eliminate the impact
of unbalanced and nonlinear loads on the CW current. In
addition, the parameter tunning guideline for the improved
MPFSO has been designed for various operation conditions.
As can be seen from Fig. 31, under the most severe load
condition (the unbalanced nonlinear load), the ripple in the
rotor speed obtained by the improved MPFSO can be signif-
icantly reduced, with almost the same response speed as the
basic MPFSO. The defect of the improved MPFSO is that the
parameter tunning requires the knowledge of the speed range.

TABLE 6 shows the attribute comparison of different sen-
sorless control methods, in terms of starting performance,
transient performance, estimation accuracy, robustness to
machine parameters and ease of implementation. From this
table, it can be concluded that the sensorless control methods
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based on closed-loop speed/position estimation have the best
overall drive performance.

FIGURE 31. Comparison of the experimental results between the basic
and improved MPFSOs under the unbalanced nonlinear load [105].

TABLE 6. Comparison of different sensorless control methods.

VII. DC POWER GENERATION
The BDFG-based dc power generation system is originated
from the corresponding DFIG system. In the last ten years,
the research work on the DFIG-based dc power generation
has been carried out, including coordinated control [107],
[108], sensorless control [109], efficiency optimization con-
trol [110], direct torque control [111], torque ripple rejection
[112], stator frequency regulation [113], [114], and power
control [115], [116].

Recently, the BDFG-based dc power generation system has
also attracted much attention [14], [117], [118]. Compared

to the conventional BDFG ac system, the BDFG dc system
can offer a novel solution to integrate the BDFG into the
dc transmission system with the simpler topology, the better
performance and the lower cost.

FIGURE 32. The basic control topology of the BDFG-based dc power
generation system [14].

The basic control topology of the BDFIG-based dc power
generation system is shown in Fig. 32 [14]. The PW can
charge the dc bus capacitors through the rectifier, while the
CW is controlled by the power converter to regulate the
PW voltage and frequency. The speed encoder is used to
achieve the rotor speed. Combining the reference value of the
PW frequency, the angle of the frame transformation for the
CW voltage and current can be derived. With the additional
control freedom, the PW frequency is not limited to its rated
value and can be regulated to achieve other purposes, e.g.
efficiency optimization.

In [14], in order to improve the efficiency of the BDFIG-
based dc power generation system, the PW frequency is
no longer constant in the entire speed range. At the super-
synchronous speed, the PW frequency is kept at its rated
value ω1N. At the sub-synchronous speed, the PW frequency
is related to the rotor speed and can be set to (p1 + p2)ωr .
Hence, the reference value of the CW frequency can be set as

ω2 = ωr (p1 + p2)− ω1N if ωr ≥ ωrN
ω2 = 0 if ωr ≤ ωrN (17)

where ωrN is the natural synchronous speed of the BDFIG.
From (17), it can be noted that the CW frequency would

be not less than zero, so that the CW hardly absorbs power in
the full speed range. Consequently, the system efficiency can
be improved.

In [117], based on the improved steady-state equivalent
circuit considering the iron loss, the relationship between the
efficiency and PW frequency is analyzed. From the obtained
relationship, the optimal PW frequency for maximum effi-
ciency can be achieved. This means that the operation mode
of BDFIG can be changed from the constant-frequency-
constant-voltage (CFCV) mode to the variable-frequency-
constant-voltage (VFCV) mode in order to obtain the
maximum efficiency. The efficiency optimization method
based on the VFCV mode can be applied to BDFIG DC
systems for the ship-shaft and wind power generation, since
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the PW frequency of the dc power generation system is with
the additional freedom of control.

From [117], the efficiency of the BDFIG can be depicted
as

η =
UdcIloadUdcIload+

(
k1
ω2
1
+

k2
ω1

)
U2
dc+

(
k3
ω1
+k4

)
UdcI2

+ (k5 + k6ω1) I22

 (18)

where Udc is the dc bus voltage, Iload and I2 are the phase
current RMS values of the load and the CW, respectively. The
coefficients, k1, k2, k3, k4, k5 and k6, are related to themachine
parameters.

From (18), the optimal PW angular frequency ω1_opt can
be obtained by solving the following equation

k6I22ω
3
1_opt −

(
k2U2

dc+k3UdcI2
)
ω1_opt−2k1U2

dc=0. (19)

FIGURE 33. The experimental results of the BDFIG efficiency under
different PW frequencies [117]. (a) The results with the load of 190 W at
the sub-synchronous speed of 720 rpm. (b) The results with the load of
550 W at the super-synchronous speed of 780 rpm.

The typical experimental results, carried out a 5 kVA
BDFIG-WR, can be seen in Fig. 33 [117]. Under the load
power of 190 W and the sub-synchronous speed of 720 rpm,
the efficiency of the BDFIG increases monotonically as
the PW frequency varies from 39 to 69 Hz, as shown in
Fig. 33(a). And, under the load power of 550W and the super-
synchronous speed of 780 rpm, the efficiency increases at first

FIGURE 34. Block diagram of the torque ripple rejection method for the
BDFIG-based dc power generation system proposed in [118].

FIGURE 35. The experimental results of the torque ripple rejection
method proposed in [118]. (a) Without torque ripple rejection. (b) With
torque ripple rejection.

and then decreases as the PW frequency varies from 40 to
70 Hz, as shown in Fig. 33(b).

In the BDFIG-based dc power generation system, the diode
rectifier connected to the PW inevitably produces distorted
PW voltage and current, which results in considerable torque
ripples. In order to address this issue, a torque ripple rejection
method has been investigated in [118]. This method mainly
eliminates the 6th harmonic torque caused by the 5th and
7th harmonic components of PW voltage and current through
injecting harmonic current to CW, as shown in Fig. 34.

The corresponding experimental results is obtained in
10 kW DSBDFIG prototype, as shown in Fig. 35. From
Fig. 35, it is noted that the ratio of the torque ripple can be

123342 VOLUME 9, 2021



Y. Liu et al.: Recent Advances of Control Technologies for BDFGs

reduced from 9.2% to 1.4% with the torque ripple rejection
strategy.

VIII. CONCLUSION AND PROSPECTS
This paper presents recent advances of BDFG control tech-
nologies, especially for grid-connected and standalone ac
power generation, senslorless control and dc power gen-
eration. TABLE 7 summarizes the BDFG types that the
various control methods are investigated against. It can be
noted that few papers deal with the control methods of
the BDFG-HR. To the best knowledge of the authors, the
current research on the BDFG-HR mainly focuses on the
machine design, performance analysis, modelling and loss
estimation [10], [119]–[126].

TABLE 7. The BDFG types that various control methods are investigated
against.

Each section of the control technologies mentioned above
can be summarized below.

1) For grid-connected ac power generation applications,
the recent BDFG control technologies deal with the
operation under both the normal and faulty grids. The
control technologies under the normal grid mainly
include the vector control, direct control and indirect
control, among which the vector control is mostly stud-
ied. However, for the vector control, the dependence
on machine parameters in terms of flux estimation
and cross decoupling of d- and q-axes control loops is
still a great challenge. The control technologies under
the faulty grids are mainly for the UGRT and LVRT

operation. The machine parameter mismatch is one of
themost important causes that degrade the performance
of the control strategies under faulty grids.

2) For standalone ac power generation applications, the
research progress of the BDFG control technologies
under normal and special loads is discussed in this
paper. The CW current controller is one of the key
elements for the standalone BDFG operation under
normal loads, which can be divided into three main
categories, i.e., the PI controller without decoupling,
the PI controller with decoupling, and the predic-
tive controller. The decoupling loop can improve the
dynamic performance of the CW current controller.
However, it depends on the machine parameters or load
model. The predictive control may be a good way to
improve the accuracy of CW current tracking, although
its computational burden increases greatly. The con-
trol technologies under special loads mainly include
the compensation control methods based on the single
power converter and those based on the dual power
converters. In order to eliminate the PW voltage dis-
tortion as much as possible under the limited converter
capacity, the compensation method based on the dual
power converters would be one of the most promising
methods.

3) The currently proposed sensorless control methods
include the ones without speed observer and the
ones with speed observer. The method without speed
observer is based on the principle of the dq-frame PLL
and independent of machine parameters. However, the
performance of this control method is degraded during
the rapid rotor speed change. The developed BDFG
speed observers mainly include the direct calculation
approaches and the closed-loop estimation approaches.
Compared with the direct calculation, the closed-loop
rotor speed/position estimation is with the better overall
performance in terms of starting performance, tran-
sient performance, estimation accuracy, robustness to
machine parameters and ease of implementation.

4) The BDFIG-based dc power generation system has
some inherent advantages, e.g., the relatively low
power converter cost, the simple control target, and
so on. In such system, the frequency of PW voltage
is a free variable, which can be utilized to achieve
more control objectives. Besides, the inherent torque
ripple caused by the system structure is a challenge to
practical applications. The variable PW frequency con-
trol has been studied to improve the system efficiency.
And, the torque ripple rejection method has also been
developed. However, some other important topics have
not been investigated, such as speed range extension,
sensorless control, and so on.

With the ongoing development of BDFG control technolo-
gies during the past ten years and to the best knowledge of the
authors, the following research topics should deserve more
research efforts in the future:
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1) Identification of machine parameters. The accurate
machine parameters can significantly enhance the
dynamic performance of the BDFG control system
and improve the estimation accuracy of the rotor
speed/position observers.

2) Speed range extension and efficiency optimization con-
trol for BDFIG-based dc power generation system. The
topology and control target of the BDFIG-based dc
power generation systemmake the PW frequency a free
variable, which provides possibilities for speed range
extension and efficiency optimization.

3) Applications of BDFG to other promising industrial
applications. BDFGs have been applied to grid-
connected and standalone systems. The correspond-
ing control technologies can be extended to some
other promising industrial applications, such as the
microgrid.
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