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Abstract. In this paper, the power quality in a wind power generation system is studied.
It is shown that adding a Series Grid-Side Converter (SGSC) to the Doubly Fed Induction
Generator (DFIG) structure and applying a suitable control algorithm will make the system
able to compensate for the adverse effects of the voltage unbalance and, consequently, it
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can improve the power quality. In order to decrease design complexity and implement

VRc;l;czges,ide Converter the control algorithms in the stationary reference frame, a Sliding-Mode Control (SMC)
(RSC); method for controlling the DFIG system with SGSC is proposed. One of the advantages
Grid—S’ide Converter of the proposed method in this paper is its robustness to parameter variations both in
(GSC); the DFIG and the connected network. Moreover, the designed controller leads to a fast

dynamic response. It should be mentioned that a coordinated control is carried out between
SGSC and the other DFIG converters. The simulation results approve the validity of the
mentioned advantages and the effectiveness of the proposed method.

Series Grid-Side
Converter (SGSC);
Sliding-Mode Control

(SMC). (© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Nowadays, there is a high demand for the electrical
energy. This kind of energy is traditionally generated
in electrical power plants, which use fossil fuel sources
or natural gas. However, a limited amount of the
above energy sources for power plants can be found
in nature. Moreover, the prices of these sources
increase rapidly. More importantly, these sources are
not environmentally friendly. Therefore, the need to
generate clean electrical energy has been one of the
most challenging engineering problems in recent years.
Among different renewable energy sources, the need for
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the wind energy is growing fast. In modern wind power
generation systems, one of the generators extended
and frequently employed is the Doubly Fed Induction
Generator (DFIG).

The DFIG structure is based on applying 2 dif-
ferent converters. The first converter is the Grid-Side
Converter (GSC) and the other one is the Rotor-Side
Converter (RSC). Wind farms are mainly located in
rural areas where nonlinear, asymmetric loads, and grid
faults can lead to frequent disturbances [1-3]. As a con-
sequence, unbalanced and harmonic disturbances are
inevitable in the wind power systems. If DFIG is not
controlled by unbalanced voltage, it may cause oscilla-
tions with double frequency in electromagnetic torque,
active and reactive powers injected to the grid, and
mechanical components fatigue [4]. Different methods
have been introduced to control the DFIG structure.
In some results, the conventional control scheme of
grid-connected DFIGs is generally based on vector
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control with Stator Voltage Orientation (SVO) [5,6]
or Stator Flux Orientation (SFO) [7,8]. The main
drawback of these methods is the burden of adjusting
PI parameter. In addition, these control methods are
not robust against parameters variations. In [9], a dual
PI controller has been employed for adjusting both
positive and negative components from rotor current.
In [10], an auxiliary PI controller has been added to
the dual PI one to adjust rotor compensator current.
A proportional-integral-resonance controller is used
in order to prevent positive and negative sequences
extractions from rotor current [11,12]. Direct Torque
Control (DTC) technique, which is robust against
changes in machine parameters, has been used for
induction machine [13,14]. Similar to DTC, Direct
Power Control (DPC) has been used for controlling
wind power generation systems based on DFIG [15-
18]. However, applying these methods leads to variable
switching frequency, large electromagnetic torque, and
output power ripple due to hysteresis blocks, see [13-
18]. Besides, the complexity of designing in these
methods increases. In [18-20], Sliding-Mode Control
(SMC) method has been introduced for DFIG control
because of its easy implementation and robustness.
SMC has recently been introduced for DFIG control
connected to the ideal grid voltage because of its easy
implementation and robustness [21-24]. In [25-27],
SMC has been used to cancel the fluctuation in the
electromagnetic torque and output power, but the final
performances of applying these control methods are not
still satisfactory. It seems that it is not possible to
cancel the relatively large stator and rotor current un-
balances, electromagnetic torque, and power pulsations
simultaneously in the DFIG by using only 2 converters
because of the negative-sequence voltage. Therefore, a
new DFIG configuration with an additional grid-side
converter in series with the generator’s stator windings
is proposed in order to eliminate the negative-sequence
voltage and its adverse effects on the DFIG, see [28-30].
In these results, the proposed method for controlling
the SGSC is to apply a PI control law. However, the
complexity of adjusting the PI controller coefficients
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still remains. In [31], the PI plus resonant (PI + R)
controllers are used for the SGSC voltage control (tun-
ing) and PGSC current control (tuning), respectively,
under harmonically distorted voltage conditions in the
rotating positive (dg)T reference frame.

This method avoids sequential decomposition of
currents and voltages, which in turn avoids the slight
errors caused by the decomposition procedure. How-
ever, this solution is not robust against parameter
variations, because the nonlinear cross-coupling be-
tween the direct and the quadrature components is
compensated for by the feed forward terms, which are
dependent on the parameters of DFIG, SGSC, and
grid.

In this paper, by applying a suitable SMC control
law for a DFIG system with SGSC, the inherent
complexity of designing of the controller is removed.
Moreover, this control law is robust against the pa-
rameter variations in the system. More importantly,
a coordinated control is carried out among the 3
converters.

This paper is organized as follows: in Section 2,
the DFIG plus SGSC configuration is introduced.
Section 3 is devoted to the modeling of SGSC and
application of the SMC law to the above system. In
Sections 4 and 5, an SMC for both RSC and GSC
is proposed. Section 6 represents the schematics of
the control system in the DFIG system with SGSC.
In Section 7, a simulation is provided, which shows
effectiveness of the obtained results in this paper.
The robustness properties of the proposed control law
together with the response of the system are examined
under the unbalanced voltage conditions. Section 8 is
the conclusion of the paper.

2. Configuration of a DFIG system with SGSC

Figure 1 shows a DFIG system accompanied by the
SGSC. In this structure, SGSC is in series with the
network and the DFIG stator-side through three wind-
ing transformers. The DC-link is shared among GSC,
RSC, and SGSC.
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Figure 1. A DFIG system accompanied by SGSC.
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With proper injection of voltage by SGSC, the
voltage of the stator can be suitably controlled. Ac-
cording to the figure, the voltage of the stator can be
written as:

Vi=en— (1)
where e, is the grid voltage, Useries 18 the injected
voltage by the third converter, and V; is the stator
voltage. In the following, the DFIG structure, as shown
in Figure 1, in the unbalanced voltage criteria will be
investigated and modeled.

Useries7

3. Behaviors of the DFIG system with SGSC
during grid voltage unbalance

Under unbalanced grid voltage, the grid voltage with
respect to the stationary reference frame can be ex-
pressed as [32]:

(2)

In order to balance the stator voltage, the negative
sequence of grid voltage and voltage drop on the
impedance of the series transformer due to the positive
sequence can be compensated for by using SGSC. This
compensation also keeps the DFIG stator voltage in
line with the positive-sequence grid voltage. Hence,
the series injected voltage of SGSC can be expressed
as:

€apfn = €apn+ t €apn—

(3)

where e,gn— is the negative sequence grid voltage
caused by the unbalanced voltage and U.opm+ is the
error of the positive sequence voltage due to the voltage
drop on the impedance of the series transformer, which
needs to be compensated for. In the next subsection,
the modeling of the SGSC with respect to its structure
will be discussed.

Useriesaﬁ = €afn— — Ucom-i—v

3.1. Modeling of SGSC
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electrical equations describing the behavior of SGSC
referred to as the stationary reference frame are:

. disa,@
Usgozﬁn = Rgzsaﬁ + Lg dt - Useriesaﬁv (4)
3 . .
Pseries = i(UseriesaZsa + Useriesﬂlsﬁ)7 (5)
3 . .
Qseries = i(Useriesﬁlsa - Useriesalsﬁ)v (6>

where Us,gqn is the space vector relating to the voltage
between the middle points of the converter legs and the
node n in the stationary reference frame. Usgon, Usgon,
and Ugg,y are the voltages between the middle points
of the converter legs and the node N.

The relationship between U,gan, Usgpn, and the
voltage signals Usgan, Usgan, and Usgen represented
in Figure 2 is:

U UsgaN
|: sgan:| - M2M1 Usng
sghn [UschJ (7)

Usga,@n = MQMlUsgN

where:
T
Usgaﬁn = [Usgan Usg,@’n]
(8)
UsgN = [UsgaN Usng Usch]T
1 2 -1 -1
My=-1|-1 2 -1
Sl-1 -1 2
(9)
21 =05 -0.5
w=3l, & —44

and M; is the transformation matrix between Usyapn
and Usyy and M, is the Clarke’s transformation
Matrix. Beneficially, no zero sequence term appears
in the expression of this Clarke’s transformation. In
the next subsection, the control algorithm is designed

The structure of SGSC is shown in Figure 2. The for the SGSC.
Uo o
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Figure 2. Structure of the SGSC.
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3.2. Applying the SMC for SGSC

As it is stated, the injected series voltage of SGSC
(Useries) must be adjusted in such a way that the stator
voltage DFIG becomes balanced to keep the DFIG
stator voltage in line with the positive-sequence grid
voltage. Considering Eq. (4), without taking time
derivative of the switching variables into account, the
control inputs will be achieved and the relative degree
of the system becomes 0. Thus, the order of the SMC
to be designed must be at least equal to the relative
degree of the system. As a result, the sliding surfaces
or switching variables are designed as:

SUseriesoc = /eUseriesadt

SUseries/B = /eUseriesﬂdt

where:

E3
€Useriesaa — Useriesa - Useriesa

(11)

*
€Useries = Useries,@ - Useriesﬁ

* * PR .
Useriesa a0d U ;o5 are the injected reference series

voltage values by SGSC, which can be extracted from
Eq. (3). The dynamics of the switching variables can
be derived from Eq. (10) as:

SUseriesa = €Useriesa

(12)
SUseries,B = €Useries

By substituting Eqs. (4) and (11) into Eq. (12), the
result will be:

SUseriesoz _ FUseriesa _ -1 0 Usgom,
SUseriesﬁ FUseriesﬁ 0 -1 Usgﬁn

. (13)
SUseriesaﬁ = FUseriesocﬁ - JUseriesaﬂ
where:
( - . . T
SUseriesaﬁ = [SUseriesa SUseries,B]
T
FUseriesaﬂ = [FUseriesa FUseriesﬂ] (14)
-1 0
=[]
and:
FUseriesa - hl(US’?ériesaaiasv Uozs)
(15)

FUseries,()’ = hQ(Us*erieS,()’a 7;,357 U,@s)

SUeries o

U* . —bsqn‘cglysinﬁv{/‘i
series « __>€ —
U Sliding Gating
series o mode signals > Swsg2, Swsgs
surface | g, builder
Usrelies B
Useries p

Figure 3. Control scheme of series grid-side power

series [3

> Swsg3, Swago

converter.

hy and ho are functions of the state variables. Regard-
ing the sliding-mode control method [33], the control
inputs are:

{USQN = UOSgn(Ssgabc)a (16)

where Sigape = [Sega Ssgp Sege] . Finally, by
replacing Eqs. (7) and (16) in Eq. (13), we have:

. 108gNn(Ssga)
SUseriesaﬂ = FUseriesozB - JMZMI UOSgH(Ssgb)
uosgn(Ssgc)
(17)
E= JMQMl

To satisfy the sliding condition, one proper choice of
Ssgabe Can be:

{ Ssgabc = E+SUseriesoz[3 ) (18)

where ET is the Moore-Penrose pseudo-inverse matrix,
which is specified as [34]:

Et = ET (EE") ' = E% —Ooséé%es} (19)

The desired control signals are achieved by substituting
Eq. (18) in Eq. (16). In the control rule of Eq. (16),
changing the parameter has no effects in determining
the sign of Ssgqpc; thus, the proposed control algorithm
is robust to the parameter changing as will be shown
by simulations. Finally, the control scheme for SGSC
is shown in Figure 3. Susg1, Swsg2,- "+, and Sysg6 are
the transistors’ ON-OFF gating signals, which can be
obtained from Eq. (20) as follows:

Swsgl 205(1+UsgaN/u0)a
Swsg? 20.5(1+Usng/’LL0);
Swsg3:o-5(1+Usch/u0); SwngZ]-_SwsgB; (20)

S’wsg4 =1- Swsgl;

SwsgS =1- Swsg2;

where ug = Vde/2.

4. SMC of the GSC

As it is expressed in [26], the GSC must control the
active and the reactive power of the grid-side by the
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Figure 4. Structure of the GSC.

sliding-mode control and the DC-link voltage must be
set to the reference value using a PI controller. This
method is not robust against initial transient state
and parameter variations (specially changing of the
capacitor of the DC link), simultaneously. In addition,
the fluctuations of the injected power to the network
increase, which decrease the quality of the output
power of the system. Therefore, in this paper, to solve
these problems, the DC-link is controlled by the sliding-
mode control method of [32], but with the difference
that V2 is controlled (instead of ﬁ), which has a more
simple control algorithm.

Figure 4 shows the structure of the GSC. The
equations of the GSC, which have been represented
in [26], are expressed here as:

3 . .
Pg = 5(60477.@904 + e,@nlgﬂ)v (21)
3 . .
Qg = i(eﬁnlgoc - eanlgﬁ)v (22)
. diga
€apn = Ugapn + Rglgap + Ly ;t ﬂ’ (23)
Pr:Pe_P37 (24)
P, =w,T,, (25)
Ugom, UgaN
U = MoM; |Ugn
9pn UgeN (26)

Uga,(,’n = M2M1UgN

As shown in Figure 1, the common DC-link voltage can
be obtained as follows:
1, dvi

ZC.
27 dt

:Pg _Pseries _Pr~ (27)

Defining Z, = V2
Eq. (27), we have:

and substituting Eq. (24) in

1 dZs
o eiZP_Pseries_Pe Ps
2 dt . *
(28)
1 d?Z, . . . .
§CGQW :Pg_Pseries_Pe + P

Taking the first time derivative of @4 and the second
order time derivative of Zs, the relative degrees of the
system will be 1 and 2, respectively. Therefore, similar
to the method proposed in [32], the switching variables
are defined as:

Sz = ésa +2cz2e79 + Cho / ezodt
(29)

S = €qQg t ¢qq / eQqdt

where ez> and eqq are the error of Z, and the error of
the reactive power, respectively, which are:

€eyzo = Z; — Z2
(30)
€Qg = QZ —Qq

Czs and Cgy in Eq (29) are positive control gains. The
dynamics of the switching variables can be extracted by
taking the derivatives of Eq. (29) as:

Sus = =25 = 205275 + iy (73 — )
. L (31)
Sqg = Q; —Q4+ ng(Q; —Qy)

Taking the derivations of Egs. (5), (21), (22), and (25),
the active, reactive, and electromagnetic powers instan-
taneous variations can be calculated as:
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Pseries = 5 (Useriesalsa +Useriesa7«sa +Useriesﬂlsﬁ
+Useries,6is,8> )
Qg = 5 (eﬁn?’ga + eﬁnigo‘ - éanigﬁ - eanigﬁ>
(32)

u 3 . . K . . K
P, = 3 (eonga + eanlga + €gnlgs + 65n195>

Pe = TewT + T, w,

Substituting Eqs. (28) and (32) in Eq. (31) results in:

okl
SQg FQ!] 2Lg —€8n €an Ugﬁn
SZ2Qq = FZ2Qg - BUga,Bn
where:
. . R T
Sz204 = [S72 Sqy]
T
Fraqy = [Fz2 Foo (34)
B= 3 [C:iean 5{32(16,871:|
L 2Ly | —egn Can
and:
( Fzy = g1 (éoma éﬂvw Z'gcm ig,@, "/Jsou wsﬂa i'r‘ou ir,()’v
wr7isa7isﬂvvsaavsﬁ7eZ2)
) (35)
Fog =92 (égavégﬁvigavigﬁv €Qg> Q;)

g1 and g, are functions of the state variables. In
accordance with Eq. (33), taking the first derivative
of the switching variables, the control inputs will
be achieved. Following the same plan presented in
Section 3.2, the control inputs are:

Uyn = uosgn(Sgabe), (36)
where Sgape = [Sga Sop Sge]
Substituting Egs. (26) and (36) in Eq. (33) results
in:

) uosgn(Sga)
SZQQQ = FZQQg — BMng ’LLQSgIl(Sgb)
uosgn(Syc) (37)

= BMQMl

The sliding condition will be satisfied while Sgqpc is
selected as:

Sgave = CTSpygy- (38)

z; 2 —— Swg1, Swga
Sliding Gating
Za mode signals [ Swg2; Swgs
surfaces builder
Qg

Figure 5. Control scheme of the grid-side power
converter.

SQ_(]

—— Swg3, Swge

CT is the Moore-Penrose pseudo-inverse matrix, which
is expressed as:

ct=cT(cc™)=!

—Cey
2L, D) €an —€3n

= ﬁ /Zq (ean - \/geﬁn) %(eﬁn +\/§ean)
Catnl | Cea e 4v/Besn)  L(epn—v/3ean)|(39)

Substituting Eqgs. (39) and (38) in Eq. (36), the
desired control signals are achieved. The proposed
control algorithm of GSC is robust against parameter
variations. It is due to this fact that 2L, /(3|eaBn|?) in
C™ has no effect on signs of Syapc. The control scheme
for GSC is shown in Figure 5.

Similar to Eq. (20), Swg1,Swg2, -, and Syge are
the transistors’ ON-OFF gating signals, which can be
expressed as:

Q

Q

Su)gl = 05(1 + UgaN/UO); Swg4 =1- Swgl;
Swgg = 05(1 -+ Ung/lLO); Swg5 =1- Swgg;
Suwgs = 0.5(1 + Ugen /t0);  Swgs = 1 — Sugs; (40)

5. SMC of the RSC

The sliding-mode control of the RSC is similar to that
of [26]. Based on the sliding-mode control, the RSC
is used for control of the electromagnetic torque and
for the stator reactive power. In the next section, the
proposed method is simulated.

6. Control block diagram of DFIG with SGSC

The general block diagram for the control of a DFIG
system with SGSC, which has been discussed in Sec-
tions 3 to 5, is shown in Figure 6.

7. Simulations of the DFIG system
accompanied by SGSC

In order to test the proposed control strategy and
further explain and evaluate it, simulations of a 2MW
DFIG wind turbine and a 5 kW DFIG wind tur-
bine with SGSC have been performed by using Mat-
lab/Simulink with the time constant of 25 us. Details
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Figure 6. The control signals in the DFIG system with SGSC.

of the simulated 2 MW DFIG system with parameters
were adapted from [32] and are given in Appendices A
and D; moreover, practical parameters of 5 kW DFIG
system with experimental parameters were adapted
from [26,30] and are given in Appendices B and C. In
accordance with [26], the set point of the stator active
power is calculated from the rotor speed-optimal power
curve and the set point of the stator reactive power
is achieved with respect to the required 0.95 leading
power factor.

The simulation results are divided into 4 parts and
the corresponding results are compared with [26,32]
to assess the proposed controller and evaluate its
effectiveness.

Sections 7.1 and 7.2 show the desirable perfor-
mance of the DFIG system accompanied by SGSC
under unbalanced grid voltage conditions and Sec-
tion 7.3 discusses the robustness of the proposed control
strategy.

7.1. Simulation results of the 2MW DFIG
system under unbalanced voltage
conditions

As it is shown in Figure 7(a), at the initial time, a

15% drop in the voltage over the two phases effect

unbalanced voltage source is considered. Also, after

the second 5.5, the load is changed. Considering

Figure 7(b)-(d), despite unbalanced voltage, the RSC

(with the help of GSC) can control the electromagnetic

torque as well as the reactive and the active power of

the stator, as investigated in [26,32]. However, the
oscillations with the frequency of 100 Hz still exist.

Applying the SGSC by the proposed control algorithm,

the amplitudes and ripples of these oscillations are

considerably reduced. This in turn improves the

operation of the DFIG system and the output power
quality. The operation of RSC represented in [26] is
similar to [32]. This implies that SMC of the RSC for
both methods is the same.

In Figure 8, the DFIG structure of [32] is com-
pared to that of [26]. It can be inferred from the
figure that the DFIG structure of [32] has better
performance than that of [26] in improving the quality
of the active and the reactive output power. This is
because of the proper control of GSC applied in [32].
But, as it is mentioned, the 100 Hz oscillations still
exist, which reduce the output power quality. On the
other hand, as it is seen from Figure 5, when the
proposed control method is applied to the system, the
oscillations in the DC-link voltage, the oscillations in
the active and reactive power of the grid-side, and the
oscillations in the reactive and active output power are
reduced and the output power quality is considerably
improved. Furthermore, the speed of dynamic response
of the system is increased by using the proposed
method.

The switching frequency spectrum of one of the
switches is extracted and shown in Figure 8(d). It can
be inferred from the figure that the frequencies which
have large amplitudes are around 0-1500 Hz and higher
order harmonics are negligible. Consequently, no filters
are needed.

Also, for the three phase system, 15% drop in the
voltage over the one phases effect unbalanced voltage
source has been considered. The same analyses similar
to the two phase unbalances have been done. The
simulation results are depicted in Figures 9 and 10.
By comparison between 2-phase and 1-phase unbalance
simulation results, it can be inferred that the SMC
method is independent of type disturbance.
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Figure 7. Simulation results under unbalanced voltage conditions (2-phase): (a) The grid voltage, (b) electro-magnetic
torque, (c) stator active power, and (d) stator reactive power.

1260 - T T T v
1240 -
1220 -
70 72 74 7.6

1200

1180 -

1160

1140 ¢ : : r : -
5 6 7 8 9 10

— Q¢ [26]
— Q: [32]

— Q¢ proposed

[Swrl(jw)|%

0.0

-0.5

-1.0 ¢

-1.5}

x10°

— P, [32]
Py [26]

—— Piproposed

2.0}
-2.5 I 1 . L
5 6 7 8 9 10
(b)
150 r= T T T T
100 H B
10
5
50 B
O 3
/ 800 1000 1200 1400
0 . . .
0 4000 8000 12000 16000 20000
Frequency (Hz)
(d)
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torque, (c) stator active power, and (d) stator reactive power.

1240

1230 |- [32] ]
[26]

1220 = Proposed

1210

1200

Ve

1190 1205
1180 - 1200\ [\ ] 1
1170 - 1195 7

9.
1160 3
4 5 6 7 8 9 10

Time (sec)
(2)

x10°
0.0 ¢

(32]
[26]

= Proposed

——-—
20 A

A0l
9.75 9.80

2.5 . . .

4 5 6 7 8 9 10
Time (sec)
(b)
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power.

7.2. Simulation results of the 5kW DFIG
system under unbalanced voltage
conditions

In this case, 10% voltage drop in 2 phases has been

examined. The corresponding simulation results are

depicted in Figure 11.

Figure 11 shows that by applying the proposed
control method in this paper, the 100 HZ oscillations
in active and reactive power, electromagnetic torque,
and DC-Link voltage are considerably decreased. This
fact improves the output power quality together with
satisfactory performance of the DFIG system.

7.3. Simulation results for the robustness of
the proposed method using the 2MW
DFIG system

In order to find out the effects of parameter changing

on the robustness of the proposed method, 2 cases are

considered. In case I, DFIG parameters including sta-
tor and rotor resistances, and leakage inductance and

magnetic inductance are changed by +20%. In case II,

converter parameters including capacitance, resistance,

and leakage inductances are changed by —20%. The
results were calculated for the 2 cases independently

and they are depicted in Figures 12(a) and 12(b);
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Figure 11. Simulation results under unbalanced voltage conditions (2-phase) with experimental system parameters: (a)

electromagnetic torque, (b) DC-link voltage, (c) total active power, and (d) total reactive power.
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Figure 12(a). Simulation results under unbalanced voltage conditions (1-phase) with parameter variations: (a)

Electromagnetic torque, (b) DC-link voltage, (c) total active power, and (d) total reactive power.
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Figure 12(b). Simulation results under unbalanced voltage conditions (2-phase) with parameter variations: (a)
Electromagnetic torque, (b) DC-link voltage, (c) total active power, and (d) total reactive power.

moreover, they are compared with the results of the
system with nominal parameters. It can be inferred
from the results that for the proposed method, the
controlled variables (electromagnetic torque, active and
reactive power, and DC-link voltage) are not changed
practically with changing the parameters.

Also, the same process is done using the method
presented in [32]. The simulation results are depicted
and compared in Figures 13(a) to 13(d). Comparison
between the results shows that changing the parameter
by £10% in the method presented in [32] would change
the results noticeably in comparison with the SMC
method.

Besides, compared with the simulation results of
the previous section, the parameter variations of the
system have negligible impact on the amplitude of
the oscillations and performance of the control system.
which is acceptable.

8. Conclusions

In this paper, the enhanced coordinated control of
a DFIG-Based Wind-Power Generation System with
SGSC under Unbalanced Grid Voltage Conditions in-
cluding 1-phase and 2-phase unbalances was investi-
gated. The proposed control scheme was based on SMC
for the SGSC and GSC; it was simply implemented
and it improved the operation of the DFIG system in

both transient and steady states for unbalanced grid
voltage. Additionally, the proposed method was able
to cancel the oscillations of electromagnetic torque, and
active and reactive power, which led to improvement of
output power system.

The effect of parameter changing on the robust-
ness of the proposed method was independently studied
in two cases of DFIG parameter changing and converter
parameter changing. The simulation results showed
that the proposed method, compared with the existing
methods in the literature, was significantly robust
against parameter variations in the whole DFIG system
and the connected network. Furthermore, the speed of
dynamic response in the proposed method was highly
improved compared to the methods presented in the
literature. In addition, simulation results confirmed
the proficiency of the proposed model with practical
inputs and data.

Nomenclature

Vs, €n Stator and grid voltage vectors

Useries Series injected voltage vector of series
grid-side converter referred to as
stator-side

lg,Up Stator and rotor current vectors

g Grid-side converter current vectors
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Figure 13(a). Simulation results under unbalanced voltage conditions (1-phase) with parameter variations at DFIG
(comparing [32] with the proposed method): (a) Electromagnetic torque, (b) DC-link voltage, (c) total active power, and

(d) total reactive power.
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Figure 13(b). Simulation results under unbalanced voltage conditions (2-phase) with parameter variations at converter
(comparing [32] with the proposed method: (a) Electromagnetic torque, (b) DC-link voltage, (c) total active power, and

(d) total reactive power.
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(comparing [32] with the proposed method): (a) Electromagnetic torque, (b) DC-link voltage, (c) total active power, and

(d) total reactive power.
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Figure 13(d). Simulation results under unbalanced voltage conditions (2-phase) with parameter variations at converter
(comparing [32] with the proposed method): (a) electromagnetic torque, (b) DC-link voltage, (c) total active power, and

(d) total reactive power.
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L, Grid-side line inductance

L,,L,. L, Magnetizing, rotor, and stator
inductances

Lys,Lor Rotor and stator leakage inductances

P Number of pole pairs

P, Electromagnetic power

P Q Stator output active and reactive
power.

P..Q, Rotor output active and reactive power

Py, Qq Grid-side converter output active and

Pserie57 Qseries

reactive power

Active and reactive power through
series grid-side converter

P, 0, Active and reactive power of the
overall system

Ceq DC-link equivalent capacitance

R, Grid-side line resistance

R, R; Rotor and stator resistances

Ve DC-link voltage

6, Rotor electrical position

Wy Rotor electrical speed
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Appendix A

This section explains the subtitle mentioned in the

equations.

Subscripts:

af Stationary af-axis;
s, r Stator and rotor;

g Grid;

g, series GSC and SGSC
Superscripts

* Reference value

Appendix B

Simulation system parameters

A

B.

. Machine parameters:

Ratings: S, = 2 MW, f, = 50 Hz, U, = 690 V
(Line-to-Line rms);

Pole pairs: 2, winding connection (stator/rotor):

Y/Y;
Stator resistance: 2.6 m();
Stator leakage inductance: 77.306 pH;
Rotor resistance: 2.9 m();
Rotor leakage inductance: 83.369 pH;
Magnetizing inductance: 2.5 mH;
Ns/Nr: 0.333;
Lumped Inertia J: 30 kg.m?.
Network transformer parameters:
Ratings: S, = 2.5 MW, f,, = 50 Hz;
Primary windings: 20 kV-Yg;
Secondary windings: 690 V-A;
Short circuit impedance: Zp = 0.0098 + ;0.09241
pu.

C. Grid-side converter parameters:

L,=025mH, R, =0.0
DC-link equivalent capacitor: 38,000 uF;
DC-link voltage reference value: 1200 V.
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D. Series transformer parameters:
- Ratings: S, = 200 kW, f,, = 50 Hz;

- Stator to SGSC side transformer turn ratio: 1:7;
- Sum of transformer and choke resistances: 0.006 pu;

- Sum of transformer and choke inductances: 0.03 pu.

Appendix C

Simulation system parameters

A. Machine parameters:

- Ratings: S, = 5 kW, f, = 50 Hz, U, = 690 V
(Line-to-Line rms);

- Pole pairs: 2, winding connection (stator/rotor):
Y/Y;

- Stator resistance: 0.39 2;

- Stator leakage reactance: 6.53 (Q;

- Rotor resistance: 6.27 €;

- Rotor leakage reactance: 16.67 €);

- Magnetizing reactance: 296.99 ;

- Ns/Nr: 0.517.

B. GSC and RSC parameters:

- Ly=TmH, R; =01

- DC-link equivalent capacitor: 2200 ukF;
- DC-link voltage reference value: 1000 V.

C. Series transformer parameters:
- Ratings: S, =2 kVA, f,, = 50 Hz;

- Primary windings: 400 V -V,
- Secondary windings: 400 V - Y.

Appendix D

Control parameters
- Proportional and integral gains: Kp = 2800 and
K1 =100920;

- Positive gains: ¢ie =1, cqs = 1, ¢z2 = 50, ¢gg = 1.
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