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This paper analyzes the unbalance problem of a stand-alone doubly-fed induction generator (DFIG) under
unbalanced loads and proposes a compensation method to balance the stator output voltage. The pro-
posed compensation method is developed based on a predictive current control (PCC) method imple-
mented in the rotor current controller. The development of the PCC is based on the discrete model of
the DFIG to predict an appropriate average rotor voltage vector to eliminate the rotor current error in
the following switching period. The identified rotor voltage vector is then applied to the rotor-side con-
verter (RSC) by using space-vector modulation (SVM) with constant switching frequency. To improve the
control performance, a compensation method for time delay based on the prediction of the future rotor
current at the end of current sampling period also is investigated. The proposed control scheme was
tested by experiments with 2.2 kW DFIG to demonstrate its excellent steady-state performance as well
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Introduction

Doubly fed induction generators (DFIGs) have been commonly
used in variable-speed wind turbines [1-25] due to its advantages
such as converters with slip rating, ease of implementation, and
four-quadrant active and reactive power control. The control and
operation of the DFIG have been focused on generator modeling
[1-3], direct power control [3-10], fault ride-through capability
[11-14], unbalanced grid voltage [6-10,15-16], and unbalanced
load in case of stand-alone mode [17-25]. In these studies, the
majority of current control systems for DFIG systems have been
mainly developed based on the traditional vector control scheme
using a conventional proportional-integral (PI) controller to regu-
late the current. However, it has major disadvantages such as
steady-state errors, difficult tuning process of control parameters,
and sensitivity to system parameters when reference control vari-
ables are not dc components. Consequently, this considerably
reduces the control bandwidth and seriously causes oscillations
on the control system in either the steady state or the transient
behavior. Especially, the DFIG-based wind turbines working under
unbalanced grid or unbalanced load conditions requires more
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accurate control due to the effect of the negative sequence compo-
nent. Under such condition, control quantities are composed of the
negative component with twice synchronous frequency that a con-
ventional PI controller cannot regulate precisely. In order to
increase the control accuracy, the analysis and operation of grid-
connected DFIG systems under unbalanced network [6-10] or
unbalanced stand-alone systems [17-25] have been widely inves-
tigated based on a dual rotating reference frame, called positive
and negative frames. In this control approach, the positive and neg-
ative sequence components of the current are controlled in the
positive and negative reference frames, respectively. However,
these control schemes are too complicated to implement due to
decomposition processes and frame transformations, which signif-
icantly increase the control time delay. To tackle this problem, an
improved control approach for an unbalanced stand-alone DFIG
system, implemented in a single positive reference frame with a
PI plus a resonant controller (PIR), was introduced in [23,38]. The
complexity in calculations of the control algorithm was greatly
reduced, but the design of controller parameters was not a
straightforward task. Furthermore, the transient performance of
the proposed method was not taken into account in that research.
As such, it is necessary to offer an optimal controller that gives
faster transient response than PI and PIR controllers under
unbalanced operating conditions for the DFIG system.
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Nomenclature
Us, Ur stator and rotor voltages g error values
vp voltage at the point of common stator (PCS)
is, Iy, Ims stator current, rotor current and stator magnetizing Superscripts

current + — synchronous positive and negative reference frames
Ar rotor ﬂl{X A* predicted and reference values
L mutual inductance
R, L, L rotor resistance, rotor inductance and stator induc- Subscripts

tance . . + = positive and negative sequence component
ws, 0y, g Synchronous, rotational rotor, and slip speeds S stator. rotor
0s, 0y, O synchronous, rotational rotor, and slip angles d'q synch'ronous dg axes
o total leakage factor
d/dt, A differential operators in time domain and discrete

time domain, respectively

Many developments of predictive current control (PCC)
approach in the literature have shown very good performance for
control of power converters and motor drives, offering the poten-
tial for obtaining fast transient response, null steady state errors,
high control bandwidth, and accurate control. An overview of basic
concepts, operating principles, and control diagrams of model pre-
dictive control for the traditional 3-phase voltage-source inverter
was presented in [26]. For current controllers, the authors in [27]
proposed a PCC method in which the future current values in the
stationary reference frame were predicted with all possible switch-
ing states and then an optimal one that gave the minimum current
error was chosen. The advantage of this PCC was no coupling
effects between current responses when one of these reference
currents was changed. However, the method to choose an optimal
quality function utilizing constraints is difficult and sensitive. In
[28], an enhanced predictive current control technique with fixed
switching frequency was developed for an asymmetrical dual
three-phase ac drive in which fast torque and current responses
were achieved. The predictive control scheme helps avoid the use
of PI controllers and pulse width modulation (PWM) schemes
which are not easy to regulate controller gains in multiphase
drives. A discrete-time PCC for a PMSM was proposed in [29],
where a delay compensation method was employed by adopting
a predictive observer for the current. However, the control algo-
rithm is sensitive to machine parameters. In [30], a robust PCC
method combining two-sample deadbeat control with a Luen-
berger observer was developed to estimate the future value of
the grid current. However, the control algorithm requires more
computational complexity. One of important characteristics of
PCC method is the accuracy of estimated parameters of system
models that significantly improve control performances. In [31],
an online parameter estimation method with respect to PCC
approach for a phase-controlled rectifier was outlined. A robust
high bandwidth discrete-time PCC scheme for voltage-source
PWM converters was developed in [32], where the time delay com-
pensation method utilized a predictive current observer with an
adaptive internal model for system uncertainties and disturbances.
In addition, the PCC strategy has been proposed for microgrid
applications [33], induction motor drives [34], inverters of uninter-
ruptible power supply applications [35], active power filters [36],
etc. However, it has been rare to see the PCC approach in DFIG
applications.

The purpose of this paper is to develop an improved predictive
rotor current control scheme for a stand-alone DFIG system
connected to an unbalanced three-phase load. Under this working
condition, the stator output voltage will be unbalanced due to the
load effect and can be compensated by generating a proper refer-
ence rotor current for the rotor current controller. Due to the

requirement for controlling the ac terms of both positive and nega-
tive sequence components in the reference rotor current during
voltage unbalance, the proposed predictive rotor current control
scheme was developed to improve the current control accuracy
and to increase the control bandwidth and system stability. The
principle of the proposed PCC method is to predict the appropriate
average rotor voltage vector in the next sampling period in order
to remove the rotor current error in the next sampling period. To
enhance the control accuracy and improve control performance, a
conceptual analysis of PCC with the control time delay compensa-
tion for such a DFIG system is clearly analyzed and effectively
implemented. The control time delay compensation method in
which the sampling frequency is set as two times of PWM switching
frequency is developed to accurately predict the actual instanta-
neous values of the rotor current, which greatly enhance the control
performance. The whole control scheme is based on the positive ref-
erence frame where there is no need sequential decomposition of
the measured rotor current. The paper is organized as follows. Sec-
tion ‘Unbalance problem in an unbalanced stand-alone DFIG’ ana-
lyzes the unbalance problems in an unbalanced stand-alone DFIG
system. The proposed PCC algorithm under unbalanced operation
conditions is discussed in Section ‘The proposed PCC algorithm of
DFIG control scheme’. Next, Section ‘Experimental results’ will show
experimental results to demonstrate the advanced features of the
proposed PCC control scheme. The conclusions are drawn in
Section ‘Conclusions’.

Unbalance problem in an unbalanced stand-alone DFIG
Analysis of unbalanced stator voltage of DFIG
Fig. 1 shows the general configuration of a stand-alone DFIG

supplying an unbalanced three-phase load. The system is com-
posed of a rotor-side converter and a load-side converter (LSC),

DFIG Point of common
stator
l I
s \ 4 Unbalanced
load

v, LSC $ C
{h li‘

| DSP controllers ‘

Fig. 1. Back-to-back converters based DFIG configuration with an unbalanced load.
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and both of them are controlled by the digital DSP controllers. A
capacitor is connected to the stator terminal as a filter. The unbal-
anced loads can be two cases: one phase load impedance unequal
to two remaining ones, and three unequal load impedances. In this
paper, the unbalanced load is modeled as a Y-connected three
phase load. These unbalanced loads regularly cause unbalanced
three-phase voltage at the point of common stator (PCS). If such
voltage unbalance is not taken into account, it seriously reduces
the quality of stator voltage of the DFIG. The main reason to pro-
duce the voltage unbalance at the PCS is the effect of the unbal-
anced load current, drawn by the unbalanced load. Therefore, the
elimination of this voltage unbalance is an essential task to
improve the voltage quality of the stand-alone DFIG generator.
Fig. 2 shows the connection interface between the DFIG and dif-
ferent load types connected to the stator terminals. R; and L are
the stator resistance and inductance of the DFIG and are considered
as the internal impedance of the DFIG. As seen, the presence of the
unbalanced load directly causes unbalance on the stator voltage at
the PCS, which deteriorates the performance of other loads con-
nected at this point of the DFIG. This can be explained that the
unbalanced load current (iy) leads to an unbalanced drop voltage
(7y) on the internal stator impedance including both the positive
and negative sequence components. The voltage at the PCS is
determined as
Up:?/S—UU:US—RSiS—LS% (1)
Taking into account both the positive and negative sequence
components, Eq. (1) yields

B , dis, . di,
Up = (Z/s - Rsls+ - Ls dt ) - (Rslsf + Ls dt ) (2)

where the positive sequence voltage at the PCS is

) di
Riis, =L (3)

Upy = Us —

and the negative sequence voltage is determined as

vp. = —Riis_ — Lsd(;—st’ (4)

Accordingly, despite of balanced stator voltage (), the voltage
at the PCS is an unbalanced waveform due to the unbalanced volt-
age (uy). Generally, a stand-alone DFIG system is controlled by
inverter interfaces in which the inverter can be controlled to pro-
duce a desired output voltage () to balance the voltage at the
PCS. Therefore, this paper deals with unbalance compensation
method for the DFIG under such operation conditions, which is
based on the PCC algorithm in the RSC. The purpose of this
proposed controller is to generate a stator voltage (v;) with the

Point of common stator

v,
\%
1% Balanced
J —_—
I loads
< ) oYY
R, L, i
_ /) U Unbalanced
hd - loads
DFIG Vp

Fig. 2. Connection interface between the DFIG and different load types at the point
of common stator.

negative sequence component in order to cancel the unbalanced
voltage drop (vy). As a result, a balanced voltage waveform can
be produced at the PCS.

Voltage unbalanced factor

The effect of stator voltage unbalance under unbalanced load
conditions can be severe on the generator and power electronic
converters, causing more losses and heating effects. To assess such
adverse effects, the “true” voltage unbalance factor (UF) for three-
phase sinusoidal voltage waveforms is presented in [37]. According
to this, the UF is defined as

UF(%) = v x 100% (5)
v,
where V. and V_ are the modulus of the root mean square (RMS) of
the positive and negative sequence components, respectively. These
components are calculated based on only RMS values of the line
voltages, which are possible to measure with voltage meters. They
are given as follows

A2 4 A2 _
R gL o

2 2 2
_ VitV +Va

Ay = )
A2 =/p(0—Vas) (P — Vo) (p — Vea) 8)
p— w )

The proposed PCC algorithm of DFIG control scheme
Dynamic DFIG model and reference frame

Under the unbalanced load condition in stand-alone DFIG sys-
tems, the most popular method to analyze the DFIG model is to
use the positive reference frame rotating at the speed ws and the
negative reference frame rotating at the speed —w;. Fig. 3 shows
a vector diagram that represents the relationship between the
stationary frame osf;, the rotor frame o, rotating with an angular
speed w,, the positive frame dq* rotating with an angular speed w;,
and the negative frame dq~ rotating with an angular speed —; is
used. The superscripts + and — represent the positive and negative
synchronous reference frames, respectively. The vector F denotes
the values of the voltage, current, or flux in the stator voltage-
oriented reference frame. The relationship of vector F between
different frames is illustrated as follows

AN

Fig. 3. Vector diagram of various reference frames used in the PCC control scheme.
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+ —jast
qu - Fas/fs e

- Jjost
qu - F“sﬁs e

_ F— pj2wst
=Fg e’

_ F;qu ej2wst (] O)

Taking into account the control system in the single positive
reference frame only, the vector F can be expressed by

ng:F:;w*F;q— :F§q++F;qfeij2wSt an

where the subscripts + and — represent the positive and negative
sequence components, respectively.

Since the PCC method is developed based on the analysis of
rotor voltages and stator, rotor fluxes, it is important to show the
relation of these components. The rotor fluxes ., and the rotor
voltages v}, in the positive synchronous reference frame rotating
at angular speed w; are given by

2

. L L. .
v =Ly + Linigg = fzms + oLy (12)
Ay = Leiyg + Ly = oLy, (13)
d g
vy =Ry + oL — gl — @ oL, (14)
Lo d. (L. "
vy = Reipy + GLraqu + wy L—Slms + 0Ly (15)

where R,, Ly, L, L, 0, ip,s are the nominal values of rotor resistance,
mutual inductance, rotor inductance, stator inductance, total leak-
age factor, and stator magnetizing current of the generator, respec-
tively. w; = ws — w; is the slip speed of generator in the positive
rotating reference frame. In addition, i, i,;, iz, and i;, are the dq axis

rotor and stator currents in the positive reference frame as well,
respectively.

Compensation of unbalanced stator voltage and generation of
reference rotor current

As analyzed in Section ‘Unbalance problem in an unbalanced
stand-alone DFIG’, the control scheme is responsible for producing
a proper stator voltage (vs) with the negative sequence component
in order to cancel the unbalanced voltage drop (uy). In order to do
this task, the negative sequence components of the stator voltage
at the PCS must be detected and compensated. First, notch filters
are adopted to extract the negative sequence of the voltage, i.e.,
Up and vy, . Next, to eliminate these components completely,
two PI voltage controllers are used in which the reference values
are set zero, as seen in Fig. 4. The outputs of these controllers are
the reference negative sequence components of rotor currents, i.
e, iy and i, . Therefore, the reference rotor current for the PCC
algorithm is the sum of both ac and dc components, calculated
by (16) and (17). It should be noted that the frequency of the ac

Fig. 4. Four PI controllers based voltage control loop to eliminate the negative
sequence voltage components.

component in the reference rotor current is twice synchronous
frequency.

—j20.
lrd - lrd+ + lrd - lrd+ + lrd € : (16)

sk

* j20.
fy =gy Tl = el (17)

rq+ + qu

Once these reference rotor currents are regulated adequately by
the proposed rotor current controller, a corresponding induced
stator voltage with the negative sequence will be generated to
satisfy the desired control target.

PCC algorithm for an unbalanced stand-alone DFIG

The main objective of the PCC method in a DFIG system is to
force the rotor output current follow the reference rotor current
in (16) and (17). In this work, the reference rotor current is gener-
ated by an outer voltage control loop and a negative sequence
component, added to compensate for stator voltage unbalances.
Therefore, the dynamic rotor current under unbalanced operating
conditions that consists of both the positive and negative sequence
components, can be represented by the following equations

diy R

—rd * 7fd

at = oL oLt Ol (18)
di; R .. U . 2
gL, gL, T @i~ g 19)

For digital implementation of the PCC, the equations in (18) and
(19) can be transformed into discrete time domain with a relatively
small sampling time period T;. As seen in (20) and (21), the deriva-
tive of the rotor current in the following sampling period can be
estimated based on the current values and the system model.

. T SRy . T .

Aigy(k) = =7 : i (k) + Zfd + Twq (k)i (k) (20)
o TR Tsvf, L2

Al (k) ~ oL, iy (k) + oL, — Tsgq(k) | iy (k) + =" oL L ims(Kk)

(21)

The proposed PCC for an unbalanced DFIG system is constructed
based on the model of the DFIG generator. In order to regulate the
output rotor current to follow its reference at the end of the next
switching period, the average required output rotor voltages
Djdq(k) should be precisely predicted in the next switching period;
and they are shown in the discrete platform as (22) and (23). These
predicted rotor voltages are then applied into the RSC to force the
rotor current error to zero. To increase the control performance in
terms of low distortion and low current ripple, the required rotor
voltage is then controlled using SVPWM technique.

— Rty (k) + ZE A (k) —

(k) .

wq0Li, (k) (22)

~ . ol . L. :
v (k) = Reiy (k) + T_sAl:‘l(k) + g (k) (L—Szms(k) + GLrl:d(k)> (23)

From equations above, it can be seen that the derivative of the
rotor current is determined from two successive sampling instant
values, given as

Aty (k) = it (k4 1) — i%, (k) (24)

According to (22)-(24), the control rotor voltages can be calcu-
lated with the measured quantities of the rotor current at kth and
the predicted quantities at (k+1)th switching period. As
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PWM PWM PWM
update (k1) i — update (k) x update
A rdq( ) \w idq( ) k+1) v
n/ \n/ \A
[l Ly TN Ly TN
i-2) -1y i Tf;+1) (i+2)t
i Sampling | H | 1
i point PWM_| K Towu X
iy | = | T |
o o | d i
i, (=2 \ it (i—1 /‘ e >
rdq ( ) rdg ( ) Control delay
Actual current s
for (k,k+1) L (k)= 'dq (Z) ZIrdq (i-D- rdq (i-2)

Fig. 5. Proposed sampling method and PWM update in the proposed PCC.

i

rdg

Fig. 6. Block diagram of the proposed current controller in the RSC.

addressed, the purpose of the PCC is to eliminate the rotor current
error sir*dq(k + 1) at the end of the next switching period (k + 1)th. It
means that the control algorithm has to satisfy the following
control target

iy (k 1) = i (k1) — il (k + 1) = 0 (25)

Hence, the derivative of the rotor current in (22) and (23) can be
expressed as

Alrdq (k) rdq(k +1 ) rdq(k) (26)

The superscript ‘+’ denotes the reference value. The predicted
reference rotor current at (k + 1)th can be linearly calculated using
previous values by the simple extrapolation method. Conse-
quently, the reference value at (k+ 1)th can be easily calculated
as (27) by using first order sample

iy (k1) = 20, (k) — iy (k= 1) (27)
Thus, (26) results
rdq(k) - 2lrdq (k) rdq(k 1) rdq(k) (28)

Substituting (28) into (22) and (23), the average rotor control
voltages can be calculated. However, these rotor voltages do not
take into account the effect of the control time delay due to the
sampling and calculation processes. Therefore, if such rotor volt-
ages are directly adopted in the controller, the control algorithm
can result in large overshoot and oscillations in the rotor current.
To overcome this problem, a compensation method for such time
delay should be employed.

Proposed prediction method of actual rotor current

As mentioned before, the proposed compensation method in
PCC for the time delay issue is developed based on the fact that
the sampling frequency is set as two times of PWM switching fre-
quency. As seen in Fig. 5, the sampling process is synchronized
with the beginning and midpoint of the space vector modulation
(SVM) carrier waveform. As such, the control time delay is a half
of the switching period. It should be noted that the calculation pro-
cess is done only when the sampled value at sampling instant
(i — 1)T; (midpoint) is completed. The calculation process of the
proposed control algorithm for the switching interval [k, k + 1] is
executed during the previous switching interval [k — 1, k] using
two previous sampled values for the rotor current prediction. The
reason is that the measured rotor current i,*dq(k) at (i — 1)Ts is dif-
ferent from the actual rotor current 1r+dq(k) at iT;, which is achieved
with the required rotor voltage vrdq(k) at kth to be applied to the

inverter to take the effect on the rotor current response. In order
to effectively compensate for such control time delay, it is neces-
sary to predict the actual instantaneous rotor current values

rdq(k) at the end of the current PWM switching interval [k — 1, k],

which will be used for estimating the required rotor voltage vec-
tors in the next sampling period. The measured rotor currents
can be considered linear during each PWM cycle at sampling
instants (i — 2)Ts, (i — 1)Ts, and iT;, where zero voltage vectors are
executed on the inverter. Therefore, using the simple linear extrap-
olation technique, the actual rotor current at the end of the current
PWM period [k — 1, k] can be estimated for the precise measure-
ments of rotor currents, given as

g (k) = Ty (1) = 2i, (1 = 1) — i3y (i = 2)

rdq (29)

trans2f
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Fig. 7. Proposed current control scheme for

Fig. 8. Prototype of the experimental system.
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100V / div

Notch filter

the RSC of a DFIG under an unbalanced load.

Substituting (29) into (22), (23) and (28), the final average rotor
voltages for the switching period [k, k+ 1] can be calculated to
obtain deadbeat predictive current control as follows

o (k) = R (k) + %Ai;(k) ~ g0l (k) (30)
o (k) = Rii* (k) + 2 A (& (500 +oLing) (31

z/rq( )7 Tqu( )+ Ts qu(C) +w51( ) L_Slm5(<) +o Tlrd( ) ( )
where Ai (k) = 2 (k+ 1) — ify (k).

Because the modulation index of a doubly fed induction
machine must be performed in the rotor-oriented reference frame,
these obtained rotor voltages have to be transformed from syn-
chronous frame to the rotor reference frame using an angular slip
angle, given as

+ (k) ej():l(k)

Vo (k) = Dy, (32)

B 10as  0.0000s Ostee & 1/ 187

+*
b L )
A+
NN KL AN

124/ div
i
4 /’\ /“ Fal “\ 7\ Y
.\\J/ vPaﬁJ V \/ \/
100V / div

(b)With time delay compensation

Fig. 9. Experimental results of steady state performance of the PCC: (1) d-axis reference rotor current (i’; ), (2) measured rotor current (i;), (M) rotor current error (&i;), (3-4)

stator voltage at the PCS (2pyy).
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Fig. 10. Comparative experimental results of the steady state performance between PI controller (a) and the proposed PCC (b): (1) d-axis reference rotor current (i,; ), (2)
measured rotor current (i), (M) rotor current error (&), (3) phase stator voltage at the PCS (#p), (4) phase rotor current (i,).
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Fig. 11. Comparison of the dynamic performance between the PCC and the conventional PI controller under a balanced load: (1) d-axis reference rotor current (i} ), (2)
measured rotor current (i), (3) phase stator voltage at the PCS (pyy), (4) phase rotor current (iy).

Proposed control scheme with the DFIG The proposed block diagram of a stand-alone DFIG with the
stator voltage compensation method is presented in Fig. 7. As
The block diagram of the proposed PCC is described in Fig. 6. Ey, can be seen, the stator voltage magnitude is controlled directly

is equivalent to rotor back electromagnetic force acting as a with a given specific commapd value 7}, by adding an exFernal YOlt-
disturbance to the PCC. Therefore, in the controller, this component ~ age control loop. The magnitude of the stator voltage is obtained
is considered as a feed-forward input to cancel the rotor distur-  from the positive sequence components of the measured voltage

bance in the closed-loop. signals, given as
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Fig. 12. Comparison of the dynamic performance between the PCC and the PIR controller [23] under an unbalanced load: (1) d-axis reference rotor current (il; ), (2) measured
rotor current (i), (M) rotor current error (&iy), (3-4) phase stator voltage at the PCS (py;).

vo =\ + Ui,

Under unbalanced load operation, the stator voltages in the pos-
itive rotating reference frame include both the dc and ac values at
the double-frequency due to the presence of negative sequence
components. In order to balance the stator output voltage
imbalance, the negative sequence components must be eliminated
by taking into account an appropriate control algorithm in the RSC.
The proposed compensation method is implemented by adding the
negative reference rotor currents in the current controller. There-
fore, the total reference rotor current is the sum of both the dc
and ac components, which are shown below

(33)

- . o
lrd = lrd+ + lrd—

o (34)
qu - qu+ + qu—

where

= 7

lrd— - lrd— e : 35)
it =i e (
rqg— — rq—

Experimental results

The experiment platform is setup in laboratory so as to imple-
ment the DFIG system and to verify the proposed control scheme.
Experimental configuration is shown in Fig. 8. The system consists
of a 2.2-kW DFIG, rotated by a DC motor that is emulated as a

prime mover with the speed control. The RSC is fed by an
IGBT-based PWM inverter in which the PWM switching frequency
is 5 kHz and the sampling frequency is 10 kHz. The system is con-
trolled with a high performance DSP TMS320F2812 of Texas
Instrument. To test improved performance of the proposed PCC,
the generator is tested under different operating conditions. The
line to neutral voltage is controlled about 145 V. The synchronous
frequency of the stator output voltage is controlled at 60 Hz. The
unbalanced loads for the tests are approximately 10% in case of
300, 400, 50Q. Each load subset is connected to one of the
three-phase stator terminals A, B, or C.

Firstly, comparative results of the control scheme with and
without control time delay compensation are presented. The
steady state performance of the proposed PCC in the RSC for the
unbalanced DFIG system is obtained with the rotor speed main-
tained constant at 1000 rpm whereas the synchronous speed of
the generator is 1200 rpm. Fig. 9 shows the results of d-axis rotor
current in the positive reference frame and the balanced stator
voltages that are obtained with the proposed controller.

As can be seen, the d-axis rotor current consists of both the pos-
itive and negative sequence components with twice synchronous
frequency (120 Hz). The role of the negative sequence rotor current
is to induce an unbalanced stator voltage zs. As a result, the stator
voltage waveforms at the PCS are balanced well. For the PCC with-
out time delay compensation shown in Fig. 9(a), the steady state
tracking performance of the rotor current is significantly degraded
due to the reduced control loop bandwidth. In contrast, Fig. 9(b)
shows better results of the proposed PCC method in terms of zero
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Fig. 13. Dynamic performance of the rotor current with varying rotor speed.

steady state error in rotor current and improved balanced stator
voltage.

In addition, in order to approve more satisfactory performance
of the proposed control scheme, Fig. 10 shows the experimental
results to compare the steady state performance between the pro-
posed PCC and the PI controller under the same conditions. Taking
into account the error of the rotor current, Fig. 10 indicates that
adequate and precise control of the current controller can be
achieved with the proposed PCC approach in the positive
synchronous reference frame. In contrast, the conventional PI

Osto @ 1/ 1837

controller results imprecise control with non-zero steady state
error due to its insufficient control bandwidth.

Next, to verify the dynamic performance of the proposed PCC
method, the tests are performed with the rotor current step
changes, which are also done with a conventional PI controller in
case of a balanced load and the PI-R controller in case of an unbal-
anced load. From Fig. 11, it can be seen with balanced loads that
the proposed PCC method gives faster transient response and more
robust performance when compared to the conventional PI current
controller during the step changes of the d-axis rotor current. More
clearly, Fig. 11(a) shows very low dynamic response of the PI con-
troller with the raising time and falling time about 50 ms, whereas
the proposed PCC method provides very fast transient behavior
within a few milliseconds, no overshoot and oscillations, as seen
in Fig. 11(b). The corresponding dynamic waveforms of the stator
phase voltage and the rotor phase current with respect to step
changes of d-axis rotor current are also shown in Fig. 11. It is
observed that the PCC method offers more excellent transient
performance than the PI controller under the same operating
condition.

To further demonstrate the effectiveness of the proposed PCC,
the same tests above implemented with an unbalanced load are
shown in Fig. 12. This test is also performed with the PIR controller,
as introduced in [23]. Under the unbalanced load condition, the
rotor current contains two positive and negative components as
indicated previously. From these figures, it can be observed that
the transient response of the proposed PCC is also more rapid
and effective than the case using the PIR controller. Taking into
account the dynamic errors of the rotor current, Fig. 12(b) indicate
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Fig. 14. Control performance of the PCC with variations of mutual inductance L,: (a) L, = L, (b) L, = 0.7L;, and (c) L}, = 1.3Lp,.
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that adequate and precise control of the current controller can be
achieved with the proposed PCC approach in the transient
response. In contrast, the PIR controller obtains imprecise control
due to its insufficient control bandwidth, which results very large
current error shown Fig. 12(a). Therefore, the corresponding stator
voltage magnitude that is proportional to the rotor current magni-
tude has similarly low performance. However, due to high control
bandwidth of the proposed PCC, the dynamic performance of the
stator voltage is faster than the method using the PIR current
controller.

In addition, the PCC method is also applicable to variable-speed
wind generators. Fig. 13 shows dynamic response of the three-
phase rotor current when the rotor speed of the DFIG changes from
1100 rpm  (sub-synchronous speed) to 1300rpm (super-
synchronous speed). This result shows that the proposed control
scheme is totally robust to the rotor speed variations even through
the synchronous speed point.

Finally, the proposed PCC method against the parameter varia-
tions is tested. The effect of the generator parameters variation,
especially the mutual inductance due to varying temperature and
saturation issue in the machine, on the performance of the PCC is
tested and shown in Fig. 14. The experimental tests are shown with
the regulation performance of the rotor current and the corre-
sponding induced stator output voltages when the value of mutual
inductance changes in the range by +30%L,. As seen, the influence
of such parameter variation on the control performance is not con-
siderably, which can be observed at the waveform of three rotor
current errors in the steady state. These errors are fully eliminated
and their responses are almost identical under the same operating
condition. It can be concluded that the proposed PCC method is
well controlled with the inductance variation of the DFIG, and
therefore the satisfactory performance can be obtained.

Conclusions

In this paper, an improved PCC method to balance the stator
voltage for an unbalanced stand-alone DFIG system has been pro-
posed. The proposed predictive control algorithm is developed tak-
ing into account the effect of the control time delay. With this
compensation method, the actual rotor current is predicted at
the end of the current switching period so as to enhance the con-
trol performance and accuracy. Based on the discrete DFIG model,
the control algorithm predicts the appropriate average rotor volt-
age vector that eliminates the rotor current error in the next sam-
pling period. The proposed PCC method can precisely regulate both
the positive and negative sequence rotor currents without decom-
posing the measured rotor currents. It is clear from the obtained
results that the proposed PCC strategy provides faster and more
accurate transient performance compared to the PI and PIR current
controllers. Analysis and experimental results have been presented
to demonstrate the effectiveness and robustness of the proposed
control scheme. Although the results were obtained with the small
power scale of 2.2 kW in the lab, the proposed PCC scheme can be
totally adopted in higher power DFIG systems to compensate volt-
age unbalance. High performance DSPs can be used in the current
controller so as to increase the switching frequency for higher cur-
rent control accuracy. However, overall losses in the system due to
the high switching frequency have to be considered and analyzed
carefully. This would be a great motivation for next further
research in high power DFIG based wind turbine systems.
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