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Enhanced Proportional-Resonant Current Controller for Unbalanced
Stand-alone DFIG-based Wind Turbines

Van-Tung Phan* and Hong-Hee Lee'

Abstract - An enhanced control strategy for variable-speed unbalanced stand-alone doubly-fed induc-
tion generator-based wind energy conversion systems is proposed in this paper. The control scheme is
applied to the rotor-side converter to eliminate stator voltage imbalance. The proposed current control-
ler is developed based on the proportional-resonant regulator, which is implemented in the stator sta-
tionary reference frame. The resonant controller is tuned at the stator synchronous frequency to
achieve zero steady-state errors in rotor currents without decomposing the positive and negative se-
quence components. The computational complexity of the proposed control algorithm is greatly sim-
plified, and control performance is significantly improved. Finally, simulations and experimental re-
sults are presented to verify the feasibility and the robustness of the proposed control scheme.

Keywords: Doubly fed induction generator (DFIG), Resonant controller, Unbalanced load, Stand-

alone wind system

1. Introduction

In recent years, many variable-speed wind turbines for
both grid-connected and stand-alone wind power genera-
tion systems have been intensively developed based on a
doubly-fed induction generator (DFIG) [1]-[4], which of-
fers several advantages compared with other generator sys-
tems. The advantages include ease of speed control, de-
coupled active and reactive power capability, and reduced
rate of inverter up to approximately 20%-30% of total sys-
tem power.

Majority of DFIG studies have focused on symmetrical
network voltage or balance connected loads. However, for
practical cases, unexpected conditions exist, including
network disturbances, unbalanced grid voltages, and un-
balanced load conditions. For DFIG systems, if the voltage
imbalance condition is not taken into account by the con-
trol system, the stator voltage could become highly unbal-
anced. Such a scenario creates heat on the stator windings
and reduces the lifetime of the generator.

The control and operation of a grid-connected DFIG sys-
tem under an unbalanced grid voltage has been widely in-
vestigated in the literature [5]-[8]. To eliminate torque pul-
sation due to the presence of negative sequence current,
one control method based on a rotor-side converter (RSC)
has been outlined in [5]. In the study, the torque pulsation
at twice the supply frequency has been reduced by generat-
ing the required compensating rotor currents. In [6], a de-
tailed investigation of the impact of an unbalanced stator
voltage on the pulsations of DFIG stator and rotor currents,
torque, and stator active and reactive power has been pre-
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sented. The proposed control method has also been per-
formed on an RSC controller with an inadequate capability
for reducing both torque and active power oscillations. To
overcome this problem, the coordinated control for both
the rotor-side and grid-side converters within a DFIG was
proposed in [7]-[8]. Based on this improvement, dynamic
performance of DFIG systems can be significantly im-
proved.

Apart from taking into account a grid-connected DFIG
system, the control and operation of a stand-alone or iso-
lated DFIG-based wind energy system (Fig. 1) have been
presented in [2]. For stand-alone DFIG applications, the
system itself must regulate both the output voltage and the
frequency in a stable manner. One proposed compensation
method is briefly introduced in [9], in which a stand-alone
DFIG supplying an unbalanced load is considered. How-
ever, in [9], no detailed explanation on the design of the
current controller or the unbalanced voltage compensation
method has been shown to exist. In another paper by the
same authors [10], modeling and controlling of a DFIG
based on a grid-side converter (GSC) for unbalanced operation
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Fig. 1. Typical configuration of a stand-alone DFIG-based
wind generator feeding to unbalanced loads.
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have been investigated for both grid-connected and stand-
alone applications. In [9] and [10], dual synchronous rotat-
ing reference frames, called positive and negative rotating
reference frames, have been used for decomposing the
positive and negative sequence components of the current
values. The main drawback of this approach is the consid-
erable time delay due to complicated calculations, such as
multiple frame transformations and decompositions that, in
turn, led to errors with respect to the command values. Fur-
thermore, a control scheme for a current controller requires
a wide bandwidth to make it suitable for controlling the
separate sequences.

Among previously proposed current control strategies,
proportional-integral (PI) controllers have been widely
used in current controllers to compensate errors because of
their simplicity and effectiveness. The PI controller has
certain limitations and drawbacks in regulating accurately
the AC reference currents due to the limited bandwidth. To
remove these shortcomings, a resonant controller has been
introduced in [11] and [12] as an improved solution in
terms of the AC reference tracking performance in grid-
connected converters. Due to the infinite gain at a selected
resonant frequency, this controller is capable of completely
eliminating the steady-state control error at the said fre-
quency.

In this paper, a new control strategy using the PR con-
troller for variable-speed unbalanced stand-alone DFIG
systems is proposed to enhance the compensation capabil-
ity and improve dynamic performance. The proposed PR
current controller was constructed in the stator stationary
reference frame instead of the dual frames used in [6]-[8].
The resonant regulator was tuned at the synchronous stator
frequency. As a result, the proposed current controller can
directly regulate both positive and negative sequence com-
ponents without the need for sequential decomposition of
the measured rotor currents, as shown in [9]-[10]. The
complexity in calculations of the proposed control algo-
rithm was greatly simplified and the control performance
was significantly improved. The proposed control method
was investigated solely with respect to the RSC of a DFIG
control system to compensate the generated stator voltage
imbalances caused by the unbalanced loads. In addition,
simulations and experimental setup were implemented un-
der different unbalanced load conditions to verify the fea-
sibility and robustness of the compensation method with
the proposed control scheme.

2. The Proposed Control Scheme

The control and operation of balanced stand-alone DFIG
systems are described in [2]. In this section, an analysis is
performed on a vector-controlled DFIG-based variable-
speed wind energy system, which supplies electrical energy
to an unbalanced stand-alone load or an isolated grid. Un-
der this load condition, the stator voltage, current, torque,
flux, and power include both positive and negative se-
quence components that cause fluctuations in the synchro-

nous frequency in the stator stationary reference frame.
The following subsection will describe the control strategy
implemented in the RSC to compensate for unbalanced
stator voltages. A method of calculating the reference rotor
currents for the proposed current controllers is also outlined.

2.1 Control of an Unbalanced DFIG

The main purpose of the RSC is to control the stator
voltage magnitude and frequency. In stand-alone opera-
tions, a DFIG-based wind energy system has to supply
constant voltage and frequency to the stator terminals, re-
gardless of variations in the rotor speed. In this work, the
control system for a DFIG under an unbalanced load was
developed based on a stator flux-oriented vector control
strategy. Fig. 2 shows a vector diagram, which represents
the relationship between a stator stationary frame (&, f; ), a

rotor frame ( @, f3, ) rotating with an angular speed (@, ), a
positive frame (dg™ ), rotating with an angular speed ( @, ),

and a negative frame (dg~ ) rotating with an angular speed
(—ay). The superscripts “+” and “-” represent positive and

negative synchronous reference frames, respectively. The
vector F' denotes the value of the voltage, current, or flux
in the stator’s flux-oriented reference frame.

Under an unbalanced load condition, the most conven-
ient method to analyze the DFIG model is to use a positive
reference frame rotating at a speed of @, and a negative

reference frame rotating at a speed of —@,. According to

Fig. 2, the relationship of a vector F between different
frames is illustrated as follows:

Fap, = iy = Fiy 1 0

+ _ - —J2ot
qu —que

The stator and rotor current, voltage, and flux vectors
F can be expressed in the stator’s stationary reference
frame with their respective positive and negative sequences as:

jo,t

Fop =FupitFyp =Fi e +Fy e (2)

s

=
|

T

Fig. 2. Vector diagram representing the relationship be-
tween different reference frames.
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where the subscripts + and - represent the positive and
negative sequence components, respectively.

According to (2), the quantities in the stator’s stationary
reference frame are the sum of the ac components with the
frequencies of w,. The control target is developed based

on the stationary reference frame. Therefore, the dynamic
DFIG equations are described as follows:

dAp

Vgaﬂ = Rsigaﬁ + a 3)

N
Viap = Reiyap + JO A @)
ﬂigaﬁ = le"faﬁ + Lmifaﬂ ,and (5)
Arap = Lriyap + Lfsap (©6)

From (3)-(6), the rotor voltages in the stationary refer-
ence frame can be expressed as:

Al Lyl oo
e L A e

R.i
V}"a dt LS

S
Vl‘a

(L i ﬁ+Lmlsﬂ)
(7)
and
-5
dlrtﬁ' +i_m(vgﬂ _Rsigﬂ)_

@y (Lr brg +Lmlsa) >

®)

V;ﬂ = R’lfﬂ + UL’,

s

where R is the stator resistance, L, is the stator induc-

tance, R, is the rotor resistance, L. is the rotor induc-

tance, L, is the mutual inductance, 0':1—L2 /(L.Ly)

represents the total leakage factor, A,z is the stator flux,
and 4.,5 is the rotor flux in the stationary reference

frame. The superscript “s” denotes the
ence frame.

The proposed block diagram of a stand-alone DFIG with
the stator voltage compensation method is presented in Fig.
3. The magnitude of the stator voltage is directly controlled

stationary refer-

with a given specific command value v: by adding an
external voltage control loop. The specific magnitude of
the stator voltage is obtained from the positive sequence

components of the measured voltage signals and is ex-

pressed by:
Vs T4V sd+ +V3q+ )

The stator voltage control loop is implemented using a
PI controller to regulate the stator voltages in a stable man-
ner. This control loop mainly aims to reject voltage varia-
tions due to the effect of electric loads or speed changes.

2.2 Calculation of Reference «f Rotor Currents

The proposed PR controller is used to precisely track the
reference rotor currents that are determined based on four

+*

. 4E . R L
rotor current components, Le., Ly, qu+ s g and qu_

The desired control target is to eliminate the negative se-

quence components, i.e., vy and v in generated

sq— >
stator voltages. Therefore, four controllable rotor current
components was implemented in the RSC to effectively
satisfy the system operation. As shown in Fig. 3, the refer-
ence negative sequence components of rotor currents, i.e.,

d andi

i, are the outputs of the two PI controllers. In

rq—>
this work, these controllers were used to drive the negative
sequence components of the stator voltage to zero in the

negative rotating reference frame. To obtain v, and
Vgg— » two notch filters were used to extract the values from
their respective components in the negative rotating refer-
ence frame.

To apply the PR current controller in the stationary ref-
erence frame, four previously determined reference rotor
current values were transformed into coordinates «/f;

using the synchronous angles 6, . This was calculated using:

s as* s* o AR O | —F O,

brap = bap+ + Lrap— = ldg+ € + Lrdg— € (10)
For comparison with the performance of the proposed

current controller, a conventional PI regulator was imple-

mented in the positive synchronous reference frame. In this

frame, the reference rotor currents were determined as:

i:;q = irt:q+ + lrdq— 2 (1 1)
These reference rotor currents consisted of both dc and
ac components at twice the synchronous frequency. Even
using PI regulator in the synchronous rotating frame, satis-
factory control performance still cannot be achieved be-
cause of the finite gain when regulating the ac components.
Therefore, the proposed PR current controller in stator sta-
tionary frame is the superior approach in accurately and
effectively regulating rotor current.

3. The Proposed PR Current Controller

3.1 Advantageous Characteristics of the PR Regulator

Upon obtaining the reference rotor currents in the sta-
tionary reference frame in (10), these were controlled to
achieve the control target, i.e., eliminating stator voltage
imbalance. The use of a notch filter for decomposing the
positive and negative sequence components of the control
variables causes more time delay due to computational
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Fig. 3. Proposed current control scheme for the RSC of a DFIG under an unbalanced load using a PR con-

troller in the stationary reference frame

complexity, thereby degrading the control system. The de-
composition process of measured rotor currents can be
practically implemented by digital notch or low-pass filters.
Under an unbalanced load condition, the control system for
a DFIG must be controlled precisely during the transient
process and in the steady-state. Decomposing control sig-
nals in inner current control loops significantly degrades
system stability and overall efficiency.

The PR controller applied to the RSC of a DFIG was
employed in this study to improve the accuracy of the con-
trol system. One of the most important features of the reso-
nant controller is that it is capable of sufficiently tracking
the AC reference current, and therefore, can eliminate
steady-state control variable errors at the chosen (resonant)
frequencies. The s-domain open-loop transfer function of
the proposed PR current controller is defined as:

K,s
2 2

G,(s)=K, +
ST+ g

(12)

where K, is the proportional gain that has the same func-

tion in the PI controller; K, denotes the resonant gain,
which provides the infinite gain for AC component track-
ing; and @, is the resonant frequency equal to the syn-
chronous frequency of the stator voltage outputs.

Fig. 4 describes the magnitude and phase characteristics
of the open loop transfer functions for both the PI and PR
controllers with respect to different values of the resonant
gain K, . The large gain produced at the resonant frequency
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Fig. 4. Bode diagrams of open loop PI and PR controllers.

ensures that the steady-state errors in the rotor currents can
be completely eliminated. Furthermore, the selection of
resonant gain values determines the cross-over frequency
and dynamic response of the control system. As illustrated
in Fig. 4, a low K, gives a very narrow bandwidth,

whereas a high K, leads to larger bandwidth. Fig. 5

shows the bode-diagram of the closed-loop transfer func-
tions of the PR current controller compared with the con-
ventional PI controller. The gains used in both bode-
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diagrams were determined based on the Naslin polynomial
technique, which was introduced in [13]. As shown in Fig.
5, the proposed controller with the resonant controller pro-
vided more accurate control with the characteristic of unity
gain (0 dB) and minimum phase error at the resonant fre-
quency, i.e., the synchronous frequency f, =60Hz . In

contrast, the control bandwidth of the PI controller is not
sufficient to regulate at the same resonant frequency.
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Fig. 5. Bode diagrams of closed-loop PI and PR controllers.

3.2 Stability Analysis

A closed-loop current control scheme in the RSC is de-
scribed in Fig. 6. An analytical investigation regarding its
frequency response when operating in a closed-loop system
was conducted in order to determine if the proposed con-
troller could achieve zero steady-state control error. The
closed-loop transfer function of the control scheme is given
by:

G (S)Z i;faﬂ — Go(s)
c i,f;ﬂ (oL.s+R.)+G,(s) 13)
. 1

Kp(s2 +a)S2)+Kis

- (s* +a)32)(0'Lrs+RS)+Kp(s2 +a)S2)+Kl~s

Decoupling
5* P controller | voltages )
rap eifaﬁ Viep ¥ 4 1 i
+ ’ ; + oL, s+R,

K,s

2 2

N )

S 1 Rcontroller

Fig. 6. The proposed PR current controller

Substituting s ==+ j, into (12), the frequency response
of the closed-loop transfer function at the *w, synchro-
nous frequency is equal to 1, as computed in (14). This

indicates that good control system performance can be ob-
tained with unity gains and zero phases.

=1, £G.(s)| =0 (14)

s== jw,

Ge(s)

s=+jo,

Based on the results, the proposed controller can pre-
cisely track the current control variables with zero steady-
state error at a specific resonant frequency *a,, regardless

of the effect of the generator parameters R, and oL, .

3.3 Implementation of the Control Scheme

The errors between the reference and measured rotor
currents are the inputs of the PR controller. The required
control voltages that have been applied to the converters
are the outputs of the proposed current controller. The out-
put rotor voltages are determined by:

viaﬂ =G, (s) (i;vaﬂ - i}faﬂ )

K. s g% R .
= [Kp +m](l;aﬂ - l;aﬂ)

(15)

To improve decoupling between the ff components of

the rotor currents, the decoupling voltage components
shown in Fig. 3 were added to (15), after which the refer-
ence voltages for ¢ff components became (16) and (17),

respectively. These parameters compensate for unknown
quantities equivalent to disturbances caused by the rotor
back-electromagnetic force (EMF).

5% s’ Lm s -5
Vig =Vig T (Vsa - Rslsa )+
Ls

o, (L,irsﬁ +Lmi§ﬂ) (16)
* L . . .
viﬂ = V;S[)’ +L—m(V§ﬂ _Rslgﬂ)_wr (Lrl;fa +Lmlsga) (17)

S

The modulation index of the doubly-fed induction ma-
chine must be performed in a rotor-oriented frame; thus,
the outputs of the rotor current controller have to be trans-
formed from the stator stationary reference frame to the
rotor reference frame, which is identified as:

Vieg =Viege . (18)

4. Simulations and Experimental Results

Simulations and experiments were carried out to verify
the dynamic behavior of the proposed control method. The
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simulation process was performed using PSIM software.
The experimental platform was set up in a laboratory so as
to implement the DFIG system and verify the proposed
control scheme. Fig. 7 shows the experimental setup. The
system consisted of a 2.2 kW DFIG, rotated by a DC motor,
which was emulated as a prime mover with torque and
speed control. The RSC was fed by an insulated-gate-
bipolar-transistor (IGBT)-based PWM inverter with a
switching frequency of 10 kHz. The system was developed
with a high performance DSP TMS320F28335 (Texas In-
struments). The generator was operated under unbalanced
loads to test the dynamic performance of the proposed con-
troller. The line to the neutral stator voltage was controlled
at about 145 V. The unbalanced loads for the tests were one
phase imbalance 300,500,500 for each phase. Each

load subset was connected to one of the three-phase stator
terminals, namely, A, B, and C.

The dynamic performances of the proposed PR current
controller in the RSC were investigated with the constant
rotor speed at 1100 rpm. Fig. 8 shows the results of rotor
current waveforms in the stationary and rotor reference
frames. As previously analyzed, the purpose of the control
scheme is to eliminate the negative sequence components
included in stator voltages by controlling the rotor current
in stationary reference frame. In this work, the stator volt-
ages were well-compensated (Fig. 8), achieving the unbal-
ance condition in a stable manner. Likewise, very good
agreement was observed between the simulated and ex-
perimental results with the same conditions.

As for the steady-state performance of the rotor currents
under the unbalanced operation system, the actual rotor

currents in the stationary reference frame, i.e., irsaﬂ were

well tracked according to the reference values to obtain the
balanced stator voltages (Fig. 9). In the stationary reference

frame, the rotor currents, irsaﬂ, became sinusoidal wave-

forms with the synchronous frequency of the stator output.
However, these currents were unbalanced due to the nega-
tive sequence components. Meanwhile, the measured rotor

currents irraﬁ in the rotor reference frame were far from

the sinusoidal waveforms to compensate for the stator volt-
age imbalance. Therefore, the ripples occurred in the rotor

DFIG - RSC
DSP
controller

Wl Power supply

Fig. 7. Configuration of experimental setup.
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Fig. 8. Performance of the rotor currents and compensated
stator voltages; (a) simulated results (b) experimen-
tal results.
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a,p, reference frames; (a) simulated results (b)
experimental results.
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current waveform (Fig. 9). The tested results can be ob-
tained with simulations and experimental implementation.
Experimental tests were also performed under rotor
speed variations to test the effectiveness and robustness of
the proposed controller. The rotor speed varied from 1100-1300
rpm, i.e., from sub-synchronous to super-synchronous speed.
The rotor currents during speed changes were effectively
regulated (Fig. 10). The rotor current frequency decreased

to almost zero at synchronous point of 1200 rpm. After that,

it increased due to variations of the rotor slip so that the
constant stator frequency can be kept. Based on the analy-
sis, it can be concluded that the proposed control strategy
can be applied in variable-speed wind turbine applications.
To prove good performance of the proposed current con-
troller, a conventional PI regulator is used in the synchro-
nous rotating frame for comparison. Fig. 11 shows experi-
mental results of the d-axis rotor current and the stator out-
put voltage with the use of PI regulator. The PI controller
in the synchronous frame did not obtain satisfactory per-
formance when regulating the rotor current including the ac
component, described in (11) (Fig. 11). To easily compare
with the proposed current controller, the rotor currents con-
trolled in the synchronous rotating frame with the PI regu-
lator are transformed to the stator stationary reference
frame. Comparative results between the two methods are
shown in Fig. 12, which shows that PR control strategy
gave more adequate and accurate control than that obtained

[3200ns -340. 00ms Ostop 1/ 1 E3 2%
|
1300rpm |

b Rotor speed
1100rpm

AN :
._ﬁﬁ! ‘r.'i! \\ | %’u p ‘ﬁ

W -‘wf Sna”

Fig. 10. Dynamic response of rotor currents through the
synchronous speed.

[ 10ns  0.0000s Osto @ 1/ 18372
i:;\ 124/ div
M"WW‘
+
Lg o+
elg
[
vsaﬂ
100V Mdiv : |

Fig. 11. The rotor current response in the synchronous ro-
tating frame with the use of the conventional PI
controller and the compensated stator voltage.
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sQ
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Fig. 12. Comparative results in terms of control accuracy
and steady state performance of the rotor current
and corresponding compensated stator voltages

with the PI controller due to its limited control bandwidth
when regulating at the synchronous (resonant) frequency.
Taking into account the steady state error of rotor current in
the stationary reference frame, precise current control can
be achieved with the PR controller. As a result, the unbal-
anced stator voltages were well compensated. In contrast,
the control scheme with the traditional PI controller gave
unsatisfactory results in terms of control correctness and
steady state performance under the unbalanced DFIG system.

5. Conclusions

An enhanced control scheme using the PR controller for
unbalanced stand-alone DFIG systems was investigated in
this paper. The proposed current controller was imple-
mented in the stator stationary reference frame for control-
ling positive and negative sequence components without
the sequential decomposition of the measured rotor cur-
rents. Consequently, the desired control target, i.e., elimi-
nating the negative sequence components in unbalanced
stator voltages, was well achieved with the proposed con-
trol method. Comparative results between the proposed and
the conventional PI controllers indicated the ability of the
former to perform a more precise and adequate control of
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the proposed control strategy. The feasibility and effective-
ness of the proposed method were proven through theoreti-
cal analysis, simulations, and experimental results.
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