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Abstract- Conventional direct power control methods in unbalanced grid voltage conditions have undesirable effects on the
performance and power quality of wind power plants based on DFIG. In this paper, a control algorithm based on direct power
control for DFIG in unbalanced grid voltage conditions is presented with the aim of reducing the output power oscillations and
current THD of back-to-back converters. For this purpose, the oscillatory component of DC link power in unbalanced
condition at the grid voltage is identified from its fixed value and is added as a compensator to the reference value of input
power of the hysteresis controller as part of the grid side converter controller. In addition to reducing the power oscillations of
grid side convertor and its current THD, the proposed method decreases the current THD from DFIG and does not impose any
additional oscillation in different parts of DFIG. The proposed control algorithm is simply implemented on conventional direct
power control methods in unbalanced grid voltage conditions to improve its performance. Also, the results show that, using the
proposed method, in addition to controlling the output power of DFIG and back-to-back converter, the output power
oscillations and current THD of back-to-back converters are reduced simultaneously, and the output current become more
sinusoidal.

Keywords Doubly fed induction generator, unbalance grid voltage, direct power control, active and reactive power
oscillations, power quality.

Nomenclature
Vs, Vi Stator, rotor voltage vectors P Qs m Three ph;sz/g;zt:vrg?ﬁi?(;;ss?zt;v;;rﬁ reactive
I, I Stator, rotor current vectors s Slip
B, Qq Grid active and reactive power superscripts
P.,P, Rotor and electromagnetic active power +, - Positive, negative reference frame
L, L, Stator, rotor self-inductance * Reference value for controller or mixed conjugate
Ly, Mutual inductance subscripts
Tom Electromagnetic torque +, - Positive, negative sequence component
R, R, Stator, rotor resistance d q Synchronous d, q axis
Wg, Wy Synchronous, rotor angular frequency ~ Oscillating term of variable
P .Qs » Stator active and reactive power which operator want DC Constant term of power
By Qg r GSC active and reactive power which operator want abc abc reference frame
p 0 Three-phase instantaneous active and reactive powers
gsc_m» ¥ gsc

which exist on GSC
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1. Introduction

In recent years, doubly-fed induction generator (DFIG)
wind power plants have been increasingly used. This type of
generators can transmit about 30% of their nominal power
from rotor to grid through connected back-to-back converters
(see Fig.1). Accordingly, power losses and final price of
converters are reduced significantly, compared to generators
with converter in their stator circuit. Many wind turbines are
installed in remote areas where there are multiple sources of
voltage unbalancing; including heavy non-symmetric loads
(single- phase loads), non-symmetric impedances of
transmission lines and voltage dips.

If little voltage oscillations resulted from mentioned
factors in a grid with DFIGs are not avoided, serious
consequences may follow in electrical and mechanical parts
of wind power plants, such as severe oscillation in active and
reactive powers, torque oscillation in generator’s shaft, high
current in rotor, increased DC link voltage, harmonic stator
current and turbine speed up [1]. These consequences can
also affect generator’s operation and result in increased
temperature of windings, increased losses and considerable
life loss of expensive power plant equipment [2-4].

Therefore, connection of this type of wind power
plants with DFIG to grid, with no proper control, to eliminate
destructive effects of unbalanced voltage, can result in their
disconnection from the grid under such conditions [5].
While, according to the above criteria, around 2% voltage
unbalancing in grid is permissible and grid systems are
supposed to have a reasonable performance in such
conditions [6].

To relieve the mentioned destructive effects
mentioned above, an appropriate model is required to
analyze DFIGs as well as their converters in unbalanced
voltage conditions of grid [7-9]. Many studies focused on
voltage unbalancing and performance of control systems
based on different DFIG models in such conditions [10, 11].

In [12, 13], analyzing the components of positive and
negative sequences of rotor current as well as negative
sequence current control loop, various goals are pursued in
unbalancing conditions based on vector control method,
including the reduction of oscillations in torque and stator
output power. One of the disadvantages of vector control
method is the high sensitivity of control system to system
parameters as well as the regulation of coefficients of its PI
controllers [14, 15]. On the other hand, compared to vector
control method, direct power control (DPC) for controlling
back-to-back convertors in DFIGs has advantages that lead to
more use of this method [16]. The advantages include rapid
dynamic response, resistance to generator parameters and its
system and their changes over time, and simple
implementation [17, 18].

Several studies were conducted on improvement of
DPC in unbalanced voltage conditions, including [19], in
which, by decomposing positive and negative sequence
components, the reduction of electromagnetic torque
oscillations and the sinusoid stator current in DPC were
considered separately. In [20], decomposing the positive and
negative sequence components, Zandzadeh and Vahedi

sought reduced oscillations of electromagnetic torque and
stator output power. In [21], combining vector control and
DPC, goals similar to previous references were achieved. In
[22], the advantages of DPC and vector control were used
simultaneously, but only DFIG outputs improved under
different control strategies, and the performance of back-to-
back convertors did not change.

In [23], resonance controller was used at main
frequency and twice the grid frequency in control loop of
DPC. For example, in [23], use of a current control loop
based on PI controller, and resonance controller in rotor side
converter controller is proposed. The experimental results of
this study show the optimal performance of DFIG in
unbalanced conditions at grid voltage. In this method,

reference values of negative sequence current from
components  decomposition  should be calculated
continuously.

Reference [24] provides a PI controller based on
current control loop with a single-side resonance controller
for solving the problem of [23]. In the proposed method of
this reference, power and torque are proposed as reference
values for the resonance controller, which eliminates current
balance strategy and improves the stator Current THD.
Refrence [25] used the generalized theory of DPC, in which,
in order to apply estimated reactive power to rotor side
converter, a method was considered to reduce stator current
oscillations for estimation of available reactive power of the
system. By applying the method proposed by this reference,
some oscillations are imposed on DFIG's reactive power, but
there is no need to decompose positive and negative
sequence components.

In [26, 27], slip mode control strategy in DPC, without
decomposing it into positive and negative components, as
well as zero-order DFIG model were applied. In this method,
which is based on DPC, high current THD from back-to-
back converters, as well as the distinction of each of control
objectives, are clearly seen.

In [28-31], a dynamic review of grid side converter
(GSC) was carried out to eliminate oscillating stator output
power. In these references, modeling DFIG and back-to-back
converters in synchronous reference frame, with negative
sequence current injected through the controller of rotor-side
convertor (RSC), the stator output power improved, but the
oscillations of torque and back-to-back convertors did not
changed.

Transformer
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Fig. 1. DFIG with back-to-back converters

In all the references, the proposed control methods in
unbalanced grid voltage were only able to improve power
outputs and current from stator and electromagnetic torque as
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different control strategies. But when meeting any of the
control objectives mentioned above, the power and current
from back-to-back converters are in an unpleasant state
including high output current THD and high power
oscillation, and in each of these strategies, the oscillation
level also varies.

In this paper, a method is presented for reducing the
current THD from back-to-back converters, and the output
power oscillation. The proposed method can be implemented
on all control strategies. The proposed method contains less
power oscillation and lower THD in the output current of
back-to-back converters in all control strategies. The
proposed method meets the above mentioned objectives as it
does not impose new oscillations to converters or other parts
of the system. Therefore, the proposed method is compared
with the previous methods at unbalanced grid voltage, which
confirms the effectiveness and efficiency of the proposed
method.

In the proposed method, to obtain lower current THD
and to reduce output power oscillation of back-to-back
converters, the oscillations occurred in DC link voltage at
unbalanced grid voltage for calculating the oscillation power
in this part and compensating it through the controller of
GSC is used. It is worth noting that the proposed method
well responses in all control strategies with no additional
oscillations imposed on the system.

2. Identifying and Calculating Power in Unbalanced
Grid Voltage Conditions

In unbalanced grid voltage conditions, three-phase
system is decomposed into three symmetric positive,
negative and zero components. Given that machine terminals
usually have a Y/A connection with no ground transformer,
zero component can be ignored. In order to calculate the
constant and oscillating power in the two-phase environment
according to [2] and [10]:

P] [PDC] [P1~ + PZN]

= + 1

lol =losel + Lot ¥ o M
Where Qpc and Ppc are constant terms of active and

reactive powers, P and P,. are oscillating components of

active power in unbalanced grid voltage conditions and Q,-

and Q. are oscillated components of reactive power in such
conditions. Equation (1) is explained as:

Ppc = —(Vd+ld+ F VAL + VLI + V1)

1a+
2

3 Ig-
Py =5Vd+ +][d]

3
Pl = E Vd~

Vi + Vo Ig + Vi I7)
1
Vd ] [ d+] (3)

0 =2IVis V4] ["“]

= 2(Valds -

Qi =2Vt

where, in (2) and (3), Vi, “ldg+ “lag- Vag- are
constant values and I, <V, are oscillating values which
oscillate in voltage unbalancing conditions with frequency
of 2w,. The above equations display a power model in non-
symmetric grid voltage conditions and this unbalancing
results in oscillation components with twice as much as the
synchronous frequency in active, reactive and current in grid.

3. DPC Method in Balanced Condition

In the proposed method, DPC method is divided into
two parts. In the first part, power reference values are
produced to meet each control strategy, displayed in Fig. 1.
Following relations are observed in balanced condition:

4
lol=1o7] @
o= (o] )
Qg Qg,r

where P, and @Q; are stator power references as RSC

references and P and Qg are rotor power references as GSC

references. The second part is the most commonly used
technique for direct control of active and reactive powers of
stator, displayed in Fig. 2.
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A

(b)
Fig. 2. DPC strategy for: (a) RSC, (b) GSC

The active and reactive powers of stator are first
determined by wind and then according to demand. Two
hysteresis controllers are responsible for specifying Sp and
Sq. Regarding Sp and Sq values and the position of stator
flux, using optimal switching table, appropriate voltage
vector for rotor circuit is selected. Similarly, the same
process is used to determine optimal voltage vector of GSC,
with the difference that reference power is determined by DC
link voltage.

4. Modeling and Studying DFIG’s Behavior in
Unbalanced Grid Voltage Conditions

To model and study DFIG’s behavior in unbalanced
grid voltage conditions, equations and models are
investigated first for doubly fed induction machine (DFIM)
and then for GSCs and RSCs.

4.1. Modeling DFIM in Unbalanced Grid Voltage
Conditions

Figure (3) displays DFIM’s model in synchronous
reference frame [32] according to which, basic equations in
positive frame can be written as follows [2]:

V= Rf + S5+ jo (©)
V= R +E0 4 j(wg — w,) W 7
T r'r + dt +_](w5 wT) S ( )
ll's+] _ [Ls Lm] [I;“] ®)
lpr+ Lm LT I:—

With unbalanced grid voltage and following
unbalanced stator voltage (according to Fig. 1, DFIG’s stator
is connected directly to grid), oscillation components in
power equations, mentioned in (1), are included in machine
equations, as follows:

Ps] [PSDC] [Psl~+Psz~]

= + 9

[Qs QsDC Qsl~ + Qsz~ ( )
Where P and Q, respectively, are active and reactive

powers from stator, each of which contains a constant and
oscillating terms in unbalanced grid voltage condition.
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Fig. 3. Equivalent circuit of DFIG in synchronous
reference frame

Given the unbalanced grid voltage, positive and
negative sequence range is proved to be constant [33],
therefore according to [2, 5- 6] electromagnetic torque is:

P P,
Tem _w_(PTDC_P51~+Psz~) = o (10)
S S

Therefore, in unbalanced grid voltage condition, the
electromagnetic torque will also contain constant and
oscillating terms.

4.2. Investigating GSC and RSC Model and
Behaviour

Due to the fact that RSC controls rotor circuit and
therefore stator output of DFIG, GSC is also responsible for
stabilizing DC link voltage and output power from
converters. Hence, it is very important to determine constant
and oscillating components of back to back converters in
order to meet control strategies. Equations for stator power
are similar for converters, as is displayed in Fig. 4:

Iy

vl on Fhadn

Fig. 4. Equivalent circuit for converters to analyze power
By = Pypc + Pyro + Pype + Pype + By (11)

According to power direction (11) and Fig. 1, rotor
power can be calculated through following equation:
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P.=P,— P, = ((1 = s)Prpc — Pspc) —

SPsy = Prpc + P

2- S)Psl~ -
(12)

To calculate GSC output power, regarding Fig. 4.
Following equation is obtained:

C%'Vdc =bPpc=F—P = (PQDC PTDC) + (PQN
p.) 9

Therefore, in unbalanced grid voltage condition, DC
link oscillations are proportional to P.. ¢« P, each of which
will be twice as much as the frequency of grid, according to
(1),(2) and (3). So, in such condition, DC link contains an
offset value equal to reference value of GSC voltage in DPC
method and an oscillating value with a frequency twice as
much as grid frequency. Therefore, following oscillation
powers are presented for the oscillating term of capacitor in
DC link:

PE(E) = VA1) = V;* coswst) . 1. * cos (2wt —

g) At IC =< sin(Qwgt)

(14)

RSC

DC Link

Vet t
2

Qe = — (15)
5. Control Strategies in Unbalanced Grid Voltage
Condition

The main objective of this section is to design different
control strategies to eliminate the oscillations of different
parts of DFIG and back-to-back converters, as well as to
improve the output power of wind power plants through the
proposed method and to select correct power reference
values at the input of grid side and rotor side controllers.

5.1. Proposed Method to Reducing the Output Power
Oscillations

According to (11), (13), (14) and (15) in grid voltage
unbalancing with oscillated DC link power, the output power
of GSC is oscillated and its current also has many harmonics
that can change the sinusoid current, with each of the
oscillations listed, changing corresponding to each control
strategy (mentioned in this section).
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Fig. 5. Scheme diagram of proposed method

In order to improve the performance of GSC in grid
voltage unbalancing, in conventional methods in [2, 5], DC
link power oscillation components are calculated using DC
link oscillation components obtained from (13) and (14), and
are calculated as equation (15) of the oscillation components
of DC link power and added to the reference value of power
in DC link controller. To calculate the oscillating power of
DC link, the technique displayed in block diagram of Fig. 5
is used. Also Fig. 6 show conventional DPC method in
unbalance grid voltage.

+lge]+ [QZ]

In order to mitigate the GSC voltage output power
oscillation and reduce resulted current THD, oscillatory
power compensator is used which is displayed in the block
diagram of Fig. 5 The proposed method for removing power
oscillations and reducing current THD of GSC does not
require the use of oscillatory components decomposition and,
using a low-pass filter, set on 2ws, directly calculates DC

gsc] [ PDC
Qgsc QGSC T

(16)
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link oscillatory power and compensates for the DC power
through input reference.

Figure 5 reports on the method for calculating the DC
link oscillator power and its compensator. The proposed
method does not undergo any change when meeting other
control goals and it is very effective in reducing the THD of
output current of GSC and its power oscillations. The
proposed method was implemented in all of the control
strategies mentioned in this section on GSC controller and its
results were compared with conventional method in [2].

*

NG N
Power £ Bie >
Reference * R b ) GSC
Generation Qs ey AN
- J - J 7
A A
| B
= -
[&]
+
~ Vgt gse m
Seoi n
Oscillation Ps- ¢ Ldg+_gse m
Power 2 . Power estimation Vg s m
KRR 5~
L ot estimation ) Lot o m
| SR

Psm
Qsm

P N B N
Power DPC Sar
Qs Reference o el b RSC
oL Generation : sey. S
- J A J

Fig. 6. DPC method in [2] on unbalance grid voltage
block diagram

5.2. Elimination of Active and Reactive Powers of Stator

In (9), P;;.. and P, should be removed to eliminate
the oscillations of active power and Q.. and Q,,.. should be
limited to eliminate the oscillations of reactive power.
Changing power references, the strategy is implemented as
followed:

= loz2] = Loz

(17

gﬁ:] [gzzss:] - 0
(18)

It should be noted that, due to dependency on both
positive and negative sequence of stator current, there is no
possibility for P, and P,... as well as Q;5.and Q,. to be
simultaneously zero. According to (17), (18) and (10) as well
as the relations mentioned above, electromagnetic torque is
described using following equation:

Tem = w%(PTDC -
(19)

2Psl~) = w%(PTDC + 2P52~)

Accordingly, the electromagnetic torque is oscillated
twice as much as synchronous frequency to stabilize the
output power of stator.

5.3. Balanced Stator Current

For a balanced stator current, negative sequence
component should be eliminated from stator current.
Therefore, as negative sequence components in form of dg
positive reference, Ij;. and IJ,. should be zero.
Accordingly, based on (9), P;s. and Q. are the only
oscillation terms for active and reactive output powers of
stator. Therefore, for a balanced stator current, power

references are defined as follows:

PAR P

(20)

It should be noted that, according to (9) and (10),
constant terms for active and reactive powers of stator form
with positive sequence of current as well as the stator voltage
with no negative sequence. In such case, while Py, is zero,
the electromagnetic torque oscillates and following equation
is obtained:

—P 51~)

Tem =

2n

4
o, Proc

5.4. The strategy to eliminate electromagnetic torque
oscillation

As was mentioned earlier, Pjg. and P,;. are never
simultaneously zero, therefore, according to (10), following
is the only way to stabilize electromagnetic torque:

Pig.. = Py
(22)

Which is obtained as follows, regarding stator power:

P = s_required T 2P
(23)

Therefore, in such conditions, the electromagnetic
torque remains constant but stator power including
oscillation 2P, ¢ and stator current will be non-sinusoidal.

6. Simulation Results

The control method proposed here was investigated in
MATLAB simulation environment. The nominal power of
DFIG is 2 MW and its various parameters are reported in
table.1 hysteresis controller with a bandwidth of 4% nominal
power was used in the stabilizations conducted in RSC and
GSC. The applied method was the DPC based on optimal
switching table in unbalanced voltage conditions with
various control strategies such as eliminating the output
power oscillations resulted from the GSC and reducing the
current THD from it, elimination of electromagnetic torque
oscillations, elimination of oscillations in output powers of
stator, stator current balancing and elimination of oscillations
in output and input power of GSC.

In this simulation, the rotor speed was considered 1.2
per unit. The first strategy was to have constant active and
reactive powers of stator and minimize its torque oscillations
at t=0.5-0.6s. The second strategy was to balance stator and
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rotor current and reduce its THD so that sinusoidal current
was obtained. The objective was achieved within t=0.6-0.7s.
The third strategy was to limit electromagnetic torque,
achieved within t=0.7-0.8s. Reduced DC link oscillations and
active power of GSC and eliminated reactive power
oscillations of GSC in all control strategies were achieved
within t=0.5-0.8s, by GSC controller.

Figure 7 shows the power from GSC in all control
purposes by applying the proposed method. As is clear, the
amplitude of power oscillations in all strategies is
significantly lower than usual, and the overall amplitude of
the oscillations is proportional to 2w,. According to Fig. 7,
the range of power oscillations in the proposed method is
constant for all control strategies, that is about 100 kW, but
in conventional methods [2, 14, 16], it is about 300 kW. In
different control strategies, the range of oscillations changed.

Sterategy | Stera(‘egy Il

Sterategy Il
i

8.5 0.55 0.6 0.65 0.7 0.75 0.8
Time(s)

Fig. 7. Active power of the GSC with the proposed and
conventional method in all control strategies

Also, with fixed wind speed of 1.2 pu, the power
received from grid side converter is about 30% of nominal
power of the stator, which should be about 600 kW, given
the 2 MW nominal power of the studied generator. As shown
in Fig. 7, the DC of the power received from GSC is about
600 kW. With regard to selected zero reference value for
reactive power in the controller of grid-side convertor, the
DC of received reactive power is fixed to zero without any
osillations, according to Fig.8.

5
2
2 oy s
g
O
[e]

Sterategy | Sterategy Il Sterategy Il

-6,5 0.55 0.6 0.65 0.7 0.75 0.8
Time(s)

Fig. 8. Shows the reactive power generated by GSC.

The proposed method did not impose any additional
oscillations on the converter in any of the control strategies
compared with methods in [2, 14, 16]. Figures (9) and (10)
represent the current of GSC. As shown in Fig. 9, at
unbalanced voltage, in all control strategies, the current is no
longer sinusoidal and this results in a high harmonic
contamination.

06 THD=13.7% THD=13.72% THD=15.229 >
z 0.4
= 0.2h
£
2
5 0
(8]
O -0.2]
3

-0.4

0.6/ Sterategy | - Sterategy Il S(erat‘pgy I

0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time(s)

Fig.9. GSC current before proposed method in all control

strategies

0.6 THD=6.3% THD=8.86% THD=8.99%
. 0.4%
g’ 0.2
=
e
5 0
6]
% -0.2

-0.4

0.6 S gy | Sterategy Il Sterategy Ill |

0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time(s)

Fig. 10. GSC current after proposed method in all control
strategies

Therefore, due to constant unbalanced level in grid
voltage, the power oscillations observed in Fig. 7, influence
the current, remove its sinusoidal form and place a wide
range of harmonics. Figure (10) illustrates the sinusoidal
current and a dramatic reduction of harmonic contamination
in all control strategies in the proposed method.The
sinusoidal current in Fig. 10 shows the effective and
successful deletion of oscillatory components of negative
sequence in the proposed method. As the quality of the
output current of GSC in the proposed method improves, the
total amount of current injected to the grid (total current of
stator and back-to-back converters,Fig. 1) has less THD,
which is shown in Figures 11 and 12.

2 WAV AAWVWVW VAWV
ol LR L EE R R

S o AMAAARARRARRARARRRARRARARARARRARRAAAARRASAS
AR

o AR AR EALEALEA VLAV EALEA LA AR AL LA L

s NYWYWYWYWYW V V V

Time(s)
Fig. 11. DFIG and back to back converter total current before
proposed method in all control strategy

Due to the reduction of current THD of GSC in the
proposed method, in all control strategies, the total current
injected into the grid by DFIG and back-to-back converters
has a lower THD. It is worth noting, however, that total
current THD from GSC and DFIG in different control
strategies varies greatly depending on the stator current.
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Time(s)

Fig. 12. DFIG and back to back converter total current after
proposed method in all control strategy

Considering the fact that the injected current of stator
is greater than the total back-to-back converters, the effect
size of total output current THD will definitely depend on the
state of control strategies. For example, in the second
strategy, where the goal is to reduce the THD from the stator
and to sinusoidize it, the total current generated by DFIG and
back-to-back convertors is very close to sinusoid form and its
THD drops sharply.

Figure (13) show the harmonic range of GSC current
before and after the proposed method. As is seen, with the
proposed method, third harmonic of the current in all control
strategies reduced considerably, which resulted in reduced
and sinusoid current THD from 14.21% to 8.26%.

The reduction of harmonic currents, especially the
third harmonic, is the result of limiting the power oscillations
with the frequency of 2w, in GSC in the proposed method
(see Fig. 5), through which the input negative sequence
currents are limited as much as possible.

Il Proposed method
Il Conventional Method

=

@
T
i

THD of Conventional Method= 14.21%

@
T
i

THD Of Proposed Method=8.26%

(% of Fundamental)
N
;
I

Harmonics Mag

~
i

{

5 10 15 20 25 30 35 40
Harmonic order

Fig. 13. GSC current harmonic spectrum before\after
proposed method in all control strategy

Reduction of GSC current harmonics in all control
strategies, as well as the stator current balance strategies,
reduces the current THD from DFIG and back-to-back
converters (the current from wind power plant, Fig. 14).
Figure 14 show the harmonic range of total current from
DFIG and back-to-back convertors in the second strategy, i.e.
stator current balance. When the stator current is balanced,
adding the oscillatory components Pg; and Qg, the active and
reactive power from stator are oscillated, but the oscillations
of stator current and, consequently, the THD resulted from it,
drop from 4.07% to 2.08%, following the limited input
negative sequences of stator current.

As is seen in Fig. 15, when the controller is set on the
first strategy, active and reactive powers had no oscillations.
However, the electromagnetic torque oscillated at 100Hz and
the stator current was non-sinusoidal.

~

i Before stator current balance
Il After stator current balance

W

THD Of Stator Current Before Balance=4.07%

THD Of Stator Current After Balance=2.08%

Harmonics Mag
(% of Fundamental)
~

=)

5 10 15 20 25 30 35 40
Harmonic order

Fig. 14. Total current harmonic spectrum from DFIG and
back-to-back converters before\after stator balanced current

It is worth noting that in the conventional DPC
method, based on switching table, reference power of stator
was constant and the generator produced constant power.
Therefore, DFIG behavior with typical DPC would be
similar. The currents induced into rotor by positive and
negative sequence flux had slip frequencies of f; — f;
andf; + f;, respectively. f; and f, are synchronous and rotor
frequencies, respectively. As is seen in Fig. 16, the three-
phase rotor currents had positive and negative oscillation
components of (60 —50=)10Hz and (60 + 50=) 110Hz,
respectively.
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Fig. 15. Output active and reactive powers of stator in
various control strategies

When the controller is set on the second strategy,
active and reactive powers will oscillate in order to add Py,
and Q.. to the reference value. However, the stator current
is balanced and harmonic pollution of rotor current is
minimized. According to Fig. 17, applying the second
strategy to balanced stator current within 0.6 to 0.7 seconds,
the stator current was sinusoidal and as a result, THD current
(Fig. 18) declined from 4.27%, before control strategies (Fig.
18), to 1.97%, with the proposed method. Neglecting
magnetization current, it can be said that N/, = NI, where
N, and N, are the number of stator and rotor winding.
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Fig. 16. Rotor current in various control strategies

Therefore, rotor current is proportional to stator
current. So, it is concluded that, limiting negative sequence
component of stator current, negative sequence current of
rotor (higher harmonic order) is eliminated and the wave
form is milder.
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Table 1. Generator parameters used in simulation

Rated power 2MW
Stator voltage 690V
Stator/rotor turn ratio 0.3
R 0.0108pu
DFIG parameters ]Ij n: 03;?316221;?
L 0.102pu
L 0.11pu
H 0.5s
Pole pair. No 2
DC link voltage 1200V
AC/DC/AC parameters DC link capacitor 16mF
GSC inductance 0.4mH
In such conditions, the electromagnetic torque

oscillations decrease but not eliminated. At t= 0.7, the
controller is set on the third goal and the electromagnetic
torque is stabilized soon, however, 100Hz oscillation
frequency is added to active and reactive powers with 2P, ..
added to the reference power values (Fig. 19).
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Fig. 19. Electromagnetic torque in various control strategies

Figures 20 and 21 show the stator flux before and
after all control strategies are applied to GSC and RSC
where, as is shown, deviation from flux references (1 per
unit) decreased considerably after control strategies were
applied.
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Fig. 20. Stator flux in dq axes in various control strategies
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Fig. 21. Stator flux in desired perpendicular axes in various
control strategies

Regarding Figures 20 and 21, in constant conditions,
if there is no effective control on DFIG controllers, with
gradual increase in the flux from voltage and frequency, the
oscillations will be instable twice the grid frequency of
DFIG, causing the shutdown of generator. Applying the
proposed method, the steady-state stabilization of DFIG and
back-to-back converters results in the stabilization of the
ratio of voltage to frequency (proportional to the flux ratio in
electric machines), which indicates the stable performance of
machine in unbalanced conditions at grid voltage.

7. Conclusion

In this paper, a method was proposed for improving
the performance of DFIG based on DPC method. In the
proposed method, the DC link oscillator power in GSC
controller was first estimated using the technique presented
and then added to the reference power in the GSC controller
as a compensator. The proposed method had a satisfactory
performance in the remaining control strategies and its
performance was analyzed with conventional methods in
unbalanced grid voltage. The results show that the proposed
method in all control strategies is able to reduce the output
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power oscillation of GSC and also reduce the current THD.
The proposed method does not require the decomposition of
the components.  Also, eliminating the output power
oscillation and improving the current THD in GSC, our
proposed method does not impose any additional oscillations
on other parts of the system. RSC was also used to eliminate
the oscillations of electromagnetic torque as well as output
powers of stator and balance stator current in unbalanced
grid voltage conditions. The improved method enables the
control system to operate in various parts of the system in
unbalanced conditions and allows simultaneous elimination
or reduction of oscillations in different parts of DFIG by
controlling GSC or RSC, as a result of which, the
functionality of DFIG in unbalanced grid voltage conditions
increases considerably. According to the proposed method,
with reduced torque oscillations and harmonic pollutions of
stator current, the quality of output power of wind power
plants with DFIG as well as lifetime of equipment of power
plants, converters and DC link increased considerably as a
result of reduced oscillations of connected parts.
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