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Abstract: This paper presents a new method for control of the grid-side converter (GSC) of a doubly fed induction
generator (DFIG) system under unbalanced and harmonic grid voltage conditions. The proposed controller is designed
based on the sliding-mode control (SMC) method, and operates better than the current ones as the power quality of
the DFIG is improved. The fluctuations in electromagnetic torque and stator reactive power are removed by control of
the rotor-side converter (RSC). In addition, the GSC keeps the DC-link voltage at a reference value and mitigates not
only fluctuations but also oscillations in steady injected active power to the network. Therefore, the output power of
the system is free from any fluctuation and distortion. The control algorithm is implemented in the stationary reference
frame and it is not necessary to extract voltage or current sequences in either of the converters. The proposed control
algorithms are also robust against parameter variations and the resulting dynamic response is fast. The simulation

results confirm the validity of the mentioned advantages and the effectiveness of the proposed method.

Key words: Doubly fed induction generator, unbalanced and harmonic voltage, rotor-side converter, grid-side converter,
sliding-mode control

1. Introduction
A decreasing trend in fossil fuel sources and natural gases and the increase in energy prices have heightened the
need for renewable energy technology. Among the different renewable energy types, wind energy is probably the
most popular one. Due to the advantages of the doubly fed induction generator (DFIG), it is used extensively
in wind power systems. Nonlinear and unbalanced loads as well as the grid faults cause some disturbances
in the DFIG [1-3]. Unbalanced voltages at the DFIG terminals cause double line-frequency oscillations in the
electromagnetic torque, and injected active and reactive powers to the grid [4]. The conventional control schemes
of grid-connected DFIGs are generally based on a vector control algorithm with stator voltage orientation (SVO)
[5,6] or stator flux orientation (SFO) [7,8]. In these methods, active and reactive powers are controlled through
adjusting components of rotor current by proportional-integral (PI) controllers. The main drawback of these
methods is that adjusting PI parameters is cumbersome. In addition, these controllers are sensitive to parameter
variation, unbalanced condition, and harmonic disturbances.

In [9], a dual PI controller has been employed for adjusting both positive and negative components of
the rotor current. In [10], an auxiliary PI controller has been added to the dual PI one, to adjust the rotor

compensator current. A resonance PI controller is used to prevent positive and negative sequence extractions
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of rotor current [11-14]. Although the dynamic response is improved in [11-13], it is necessary to transfer the
variables to the synchronous reference frame. As well as the complex procedure in [11-14], the methods are
not robust enough against the parameter variations. In [15], a series GSC is used to eliminate the unbalanced
voltage. Besides SVO control algorithms, a direct torque control (DTC) is proposed for induction machines
[13,16]. DTC is a robust algorithm against changes in the machine parameters. A direct power control (DPC)
algorithm is used in [17-20] to control DFIGs in wind power generation systems. In [17-20], the switching
pattern of the DPC algorithm is directly selected from an optimal switching table according to the estimated
rotor and stator data. Due to the hysteresis blocks used in DPC, the switching frequency is variable and the
electromagnetic torque contains significant ripple. In addition, the output power includes some oscillations. To
provide a fixed switching frequency in DPC, a direct power controlled space vector modulated (DPC-SVM) with
complex design procedure is proposed in [21,22]. However, there are still some fluctuations in the electromagnetic
torque and active and reactive powers. A sliding-mode controller (SMC) was recently introduced to control
DFIGs connected to the ideal grid voltage [23-26]. Simple implementation and good robustness are the main
merits of the proposed SMC. A grid with an unbalanced voltage is considered in [27], where the rotor current
is decomposed to positive and negative sequences. Therefore, in [27], there is some error in the values of the
tracked signals phase and amplitude. SMC is also used to design controllers of the rotor-side converter (RSC)
and the grid-side converter (GSC) to control the electromagnetic torque and the system output power by under
unbalanced and harmonic grid voltages in [28]. The technique used in [28] does not need to separate the positive
and negative sequences of voltage or current. However, because of the PI controller in [28], some ripples in the
DC-link voltage and the injected power to the grid are included, which decrease the output power quality. The
presented paper removes the fluctuations and distortions in the DC-link voltage and the injected power to the
grid.

The method presented in this paper is based on the SMC and controls the DC-link voltage, which
overcomes the aforementioned problems. Simulation results show the effectiveness and superiority of the
presented method for both transient and steady states. In addition, robustness with respect to parameter
variations is the other advantage of the proposed algorithm. In section 2, modeling of DFIG, RSC, and GSC
is discussed. The SMC for the both RSC and GSC are presented in section 3. In section 4, simulation results
using MATLAB/Simulink software are presented. Finally, in Section 5, a discussion and conclusions of the work

are provided to highlight the advantages of the proposed method.

2. System modeling

Figure 1 shows the considered grid-connected DFIG system, which is composed of RSC and GSC connected
together through a DC-link. In the following, the models used of DFIG, GSC and RSC are presented.
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Figure 1. Configuration of the considered DFIG system.
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2.1. DFIG modeling
The DFIG equivalent circuit in the stationary reference frame is shown in Figure 2, where R/, and L /4, are

the stator /rotor resistance and leakage inductances and L, stands for the magnetizing inductance. The stator

and rotor voltage components in the stator reference frame are as (1),

isaB RS %va;g Lo-r R, iﬁ!ﬁ
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Figure 2. Equivalent circuit of DFIG.

. dsa
‘/saﬁ = Rszsoz,ﬁ’ + %
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where i,48/rqp is the stator and rotor current and the stator/rotor flux linkages are expressed in (2).

wsaﬁ = Lsisaﬁ + Lmiraﬁ
¢ro¢6 = Lriraﬁ + Lmisaﬁ ’

2)

The electromagnetic torque (7) and the stator reactive power are selected as the desired control variables, and

they are obtained as (1).

T, = 312:’[%:7, (im%ﬂ — i7-5¢3(x)
Qs = 37 (Vuavss = Pspvsa) + 552 (Vsatrs — Vsira)

3)

2.2. Modeling of GSC
The structure of the GSC used is shown in Figure 3. The voltage equation of the GSC in the stationary reference

frame is as (4)

. di af
€apfn = Ugaﬁn + Rgzgaﬁ + Lg ;t ) (4)

where ey, is the grid side voltage in the stationary frame; U 408, is the voltage between the middle point of

the convertor DC-link and the grid phase terminals and expressed as functions of Ugen, Ugn, and Ugey in

(5)-

U UgaN
gan
Ugapn = Uypn = M>M; Zng
gcN
. ) 1 —-05 -0
M]_ - g 7]. 2 7]. 7M2 - g 0 ﬁ 7@
-1 -1 2 2 2

where M is the 3-phase/2-phase transformation matrix and My is the Clarke transformation matrix.
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Figure 3. Structure of the used GSC (a) and RSC (b).
The state equation of the DC-link capacitor is as (6).
dVie
Cequc d —Pg_Pe+P87 (6)
dt
where P, P,, and P are expressed in (7).
P, =w,T,
Py = 3(eaniga + €pnigp) (7

PS = %(‘/saisa + Vsﬁisﬁ)

According to Figure 1, the total active power and the GSC reactive power are defined in (8) and (9), respectively.

P =P, +P, (8)
3 . .
Qq = i(eb’nlga — €anigp) 9)

2.3. Modeling of RSC

The structure of the rotor side convertor is shown in Figure 3(b). U,on, Uy, and U, are voltages between
the middle point of the convertor “N”, and the rotor terminals and expressed as functions of the RSC switches
state, Swr1, Swr2, «-., and Sype, in (10).

Swrl
Uran 100 -1 0 0 ?”
U=| U [=Y10 10 0 -1 0 S“”?’ (10)
Uren 21001 0 0 -1 wrd
S1m"5
Swrﬁ
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The rotor voltage components in the stationary reference frame are obtained by (11).

U”'a/
Ure N
U = MzMoM;y | Univ ||
r3
UTCN (]_]_)

cosf, —sind,
Ms = sinf, cos6,

where M3 is the matrix that transfers the rotor reference frame into the stationary reference frame.

3. Proposed control strategy
3.1. RSC control algorithm

In Figure 4(a), the control scheme for the RSC is shown. The considered sliding surfaces are as (2) [28].

(12)

STe = ere + Cte f eTedt
SQS =eQs T CQs ferdt

where er. and eqs are error signals of the electromagnetic torque and the stator reactive power, respectively,

and cr. and cgs are the control gains.

Te STe > wrl Swr4 ZI* 5 SZ, F—>wugl s Swg4
Sliding gating 5 T Sliding gating
1

signals ——Owr2, Shors signals ——9wz2, Shugs
Surfaces builder Surfaces SQg builder

. Sos .
Qs )?‘ g’ > wr3y Swr6 Qg "?— > wg3» Swg6
0; 0

g
(a) (b)
Figure 4. Proposed control scheme for RSC (a) and GSC (b) controllers.

3.2. GSC control algorithm
In this section, a new SMC scheme for GSC is designed. The structure of the used GSC is shown in Figure 4(b).

As stated before, to have a robust controller against changes in the system parameters, especially against the
DC-link voltage, SMCs are applied instead of the traditional PI controllers. Using SMCs the DC-link voltage
is directly controlled and based on (6) and (7) the active power and the electromagnetic torque fluctuations
are decreased. In addition, applying SMCs, the end line filters and compensator equipment could be removed,
which results in a more economic design. These aspects are not found in the previous literature. The accuracy
and effectiveness of the used controller for the GSC are confirmed by extensive dynamic simulations.

There is a direct relationship between the stator active power and the electromagnetic torque. At a
constant DC-link voltage, if RSC eliminates electromagnetic torque fluctuations, based on (6) and (7), it is

inferred that P;remains free of fluctuations. According to (6), the first and second order derivations of DC-link
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voltage are expressed as (13)

dVae _ (Pg—Pe+Ps)

dt CoaVae .
PVge _ (Py=PotP) _ (Py=PetP.)? (13)
= T CugVae 2, V3
Defining 7y = ﬁ, the sliding surfaces yield as (14):
Sz1=éz1 4 2cz1e21 + %, [ ezidt, 14
, 14

Sqg = €qQg + cqq f eQqdt

where ez and eq, are errors of Z; and reactive power, respectively, and presented in (15), and cz; and cqq

are positive control gains.
_ *
ez1 =2y — 7,

€Qg = Q; —Qq (15)

The dynamic performance of the switching variables is improved by deriving the sliding surfaces according to
(16).
SZl = —Zl — 2CZ121 + 0221 (Zik — Zl) ,

R . . 16
Sag = Qf — Oy + 4 (@2 — Q) (16)

Using (13), and the derivation of (7), the variation in the active, reactive, and instantaneous electromagnetic

powers can be calculated as (17).

Py = 3 (€aniga + Canlga + €pnigs + eanigs),
Qg = %(éﬁniga + eﬁniga - éom,igﬁ - eanigﬁ)? (17)

P, = Tow, + T.,
Substituting (6), (13), and (17) into (16) yields (18).

SZl FZl Ugan

Ugﬁn

: (18)

SQg Foq

where B is as (19), eqsn are the components of the grid voltage in the stator reference frame, and g, and go

are functions of state variables as (20).

3 3
3 e -ep
B=_2 | Cea " Coa™P (19)
2Lg —€Bn €an
Fz = gl(éan»éﬁnaigavigﬁawsavwsﬁairouirﬁvwr; isomisﬂ)vsozavsﬁv eZl)v ( )
. 20

Fog = 92(€ga, €48, igas igs, €Qgs QZ)
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The sliding mode controller inputs are represented in (21) [29].

UgaN Sga
Yo | = Vz sgn | Sav |, (21)
Uch Sgc
where S gqp Will be defined later.
Replacing (5) and (21) into (18), (22) is obtained.
s F S
Z1 Z1 Vi
. - — “°BM,M Sgb 22
SQg FQg 2 21 8gn Sg ( )
gc
It is suitable to select Sgqpcas (23).
N Sz1
Sgabc =C SQg 3 (23)

where the C* matrix is a pseudo-reverse one, which is expressed in (24).

Ce
Zf’q €an —€pn
— —C.
Ct = CT (CCT) ™ = g2y | gt (ean = V3esn)  3(eon + V3ean)

(24)

1

2
7ZCi“seq (eom. + \/ge[ﬁn) %(€ﬁn - \/gean)
C = BMsM,

Replacing (23) and (24) into (21), the input controller signals are obtained. Finally, the control scheme for
the GSC is shown in Figure 4, where Syg1, Swg2, ..., and Syge are the GSC switches state. Since the term
2L4/(3je, |?) in CT has no effect on the signs of Syqp., the proposed GSC control algorithm is robust against

parameter variations.

4. Simulation results

According to the developed model and the proposed control algorithm, some dynamic simulations have been
carried out on the DFIG. The general block diagram for the proposed controller of the DFIG system is shown in
Figure 5. To provide a thorough comparison of both previous and presented methods, the simulation parameters
are adopted from [28]. These parameters are given in the Table. The performances of the both methods
are compared with each other at different operating conditions to evaluate the effectiveness of the proposed
controller. Simulations are carried out by MATLAB/Simulink. The simulations include the behavior of the
DFIG in the network with unbalanced and harmonic voltages. In addition, the robustness of the proposed
controller is investigated in the presented simulation results.

3204



ABAZARI et al./Turk J Elec Eng & Comp Sci

Table. Parameters of the simulated DFIG system.

Amount Quantity Symbol
2 MW Nominal power P,
690 V/50 Hz | Rated r.m.s. stator voltage/frequency | V/f
2.6 m2 Stator resistance R,
77.306 mu H | Stator leakage inductance Lys
2.5 mH Magnetizing inductance L.,
2.9 mQ Rotor resistance R,
83.369 mu H | Rotor leakage inductance Ly
0.333 Stator/rotor turns ratio ny/na
2 Number of pole pairs P
1200 V DC-link rated voltage Vie
38 mF DC-link equivalent capacitance Ceq
0.25 mH Grid-side line inductance L,
0.0 Q Grid-side line resistance R,

\
|
I ——— B¢ Ve Gsc |
}RSC Controller Cs(jzlf;glgsﬁziegy — AN > 3~ :; (21E)?1(1.23) Szie | garc
L. MY :
iome |
}/;lg"’”—:—> 3s/2s CUA Equ.
[ e ©

Cgave

Network

()

. Transformer

Grid

Figure 5. The control block diagram of the DFIG system.

4.1. Unbalanced voltage conditions

In the first simulation, the proposed controller is simulated and compared with the control method in [28] under
unbalanced grid voltages with load variations. According to Figure 6(a), a 15% voltage drop is considered in
two phases (A and C). The load changes at t = 5.5 (s) from T, = 4 kN.m to T, = 12 kN.m. In this simulation
the rotor speed is 150 rpm. Figures 1(b)-1(d) show that, despite unbalanced voltage, the RSC controller is
able to trace the reference values of the electromagnetic torque (Figure 6(b)) and stator active and reactive
powers (Figure 6(c) and 6(d)). In addition, there are some fluctuations in the electromagnetic torque and stator

reactive power in both control schemes. Therefore, SMC of the RSC for the proposed control method and the
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control method in [28] has the same performance in the load variations. The other variables in the simulation
are shown in Figure 7. To remove the fluctuations of the grid and the total active and reactive powers in [28],
a proper control of the GSC is used in this paper. In the proposed method, by using the SMC in the GSC, the
DC-link voltage and grid-side active and reactive powers do not have any fluctuation or distortion, as shown in
Figure 7. This figure confirms that the proposed control method has a better performance in controlling system

output power, and consequently it leads to more effective performance of the DFIG under voltage disturbance.

—4000
6000 — proposed
£ - ref
z reference
< 8000
H
—10000
—12000
x10° .
of — " l
) —proposed N propose
§ - 55 § ---reference Nax 10°
E —.6 > —5F b
1.5} 6.5 | <
c -7
972 974 976 -lord 77 7705 771 |
2 . " ’ \ . . . . . X
5 6 7 8 9 10 5 9 10

6 7
t (s) t(s)
Figure 6. Simulation results under unbalanced voltage conditions: unbalanced three-phase voltage (a), electromagnetic
torque (7Te) (b), active (Ps) (c), and reactive (Qs) power (d).

4.2. Robustness test

In order to investigate the robustness of the system, it is supposed that the rotor and stator resistance (R, R)
are increased up to 40% of their nominal values, while the magnetizing inductance (L,,), the grid-side line
inductance (L), and the DC-link capacitance (Ceq) are decreased by the same rate. In addition, the unbalanced
voltages are applied at the beginning of the simulation. Figure 8 shows that the method presented in [28] is not
robust against parameter variation and become unstable in the mentioned parameter changing condition. The
proposed control method is a robust procedure with very short transient time. The simulation results of the
proposed control algorithm with and without the mentioned parameter variation are shown in Figure 9. The
results with and without the parameter variations are marked by “B” and “A”, respectively. The simulation
results confirm that the proposed control method is robust against parameter variations. However, compared
to the simulation results of the previous section, the amplitude of controlled variable oscillations is increased a
little more.

4.3. Simulation results under harmonically distorted grid voltage conditions

In Figure 10, the simulation results of the proposed controller in a grid with unbalanced and harmonically
distorted voltage are shown. The grid voltages include 6% of the fifth and 5% of the seventh order harmonics,

which are dominant harmonics in the girds (Figure 10(a)). In this figure, despite harmonic distortions of voltage
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—Qg[28] 0 —[28]
— 0.
20 _
= z
02} :/—1-
&1t 1z
ndud] ||
_2- '
AL
) -3 . 9.55 9.56, 9.57 9.5
- 10 5 6 7 8 9 10
t(s) t(s)
,x10°
|*Qtpr0posed
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Figure 7. Simulation results under unbalanced voltage conditions: DC-link voltage (Vy.) (a), grid-side active power

(Py) (b), grid-side reactive power (Qg4) (c), total active power (P;) (d), and total reactive power (Q:) (e).

Te (Nm)

Vdc (V)

x 10
—[28]
x10
10
5
a 0
s s L9244 1 9246 19248
5 6 7 8 9 10

t(s)

d

7 3 9 10 -
t(s)

3 7 8 9 10
t(s)

Figure 8. Simulation results of control methods of [28] against parameter variations: electromagnetic torque (7%.)

(a), stator reactive power (Qs) (b), DC-link voltage (Vi) (c), grid-side active power (Py) (d) under unbalanced grid

voltages.
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in both methods, the controllers are capable of controlling the electromagnetic torque and active and reactive
powers (Figures 10(b)-10(f)). Moreover, in comparison with the method presented in [28], the ripple of DC-link
voltage and the fluctuations of the injected active and reactive powers into the network are reduced considerably
by using the suggested control method. All of the merits of the proposed control algorithm are because of the

proper control for the GSC.

—-2000 5
x 10 . .
—-4000 —proposed (A)
--- reference
3 -6000 or — proposed (B) 1
Sl | e LA 5
= -8000 S -1.9 1
[_‘ o
~10000 946 948 951 O of-
---Temref —-10f 1
—-12000F —Temproposed (A b -2l
—T d (B
~14000 . . . . emproposed ( _15 . . . 968 972
5 6 7 8 9 10 5 6 7 8 10
t(s) t(s)
1400
—proposed (A)
— proposed (B)
—proposed (A)
—proposed (B)
2
3
= 1350 <
1100 1300 1205
1250 1200
1200 1195
1000+ ¢
_ T rerres e
5 6 7 8 9
t(s)
x 10

0 —proposed (A)
™~
<
2 -5
o
-10
e -2.5
~15 L L L 9.76 978 + 98
5 6 7 8 9 10
t(s)

Figure 9. Simulation results of the proposed control method under unbalanced voltage conditions with (A) and without
(B) parameter variations: electromagnetic torque (Te) (a), stator reactive power (Qs) (b), DC-link voltage (Vgc) (c),

total active power (P;) (d), and total reactive power (Q:) (e).

5. Conclusions

In this paper a SMC-based algorithm is proposed for the DFIG. The novelty of the proposed controller over
the previous algorithms is in the appropriate control of the GSC. It is shown that a desired performance is
obtained for the DFIG under different conditions of unbalanced and harmonic distortion of grid voltage. A
good performance is observed in transient and steady-state conditions. Since there is no need for extracting
positive and negative sequences of voltage or current, the proposed method has a simple structure. In the
proposed control method, the DC-link voltage is controlled by SMC. Therefore, there is a very small error in
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Figure 10. Simulation results under harmonically distorted grid voltage conditions: the grid voltages (a), electromag-

netic torque (

the total reactive power (Q:

Te) (b), the stator reactive power (Qs) (c), DC-link voltage (Vg.) (d), total active power (P:) (e), and
) ().

the DC-link voltage with negligible voltage ripple. In addition, in comparison with PI control methods, the

proposed control algorithm is more robust under system transient and steady-state conditions. Moreover, the

difficulties of adjusting PI controller coefficients are eliminated. According to the simulation results, the system

is also robust against parameter variations and has a fast dynamic response.
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A. Appendix

Nomenclature

Vs, €n Stator and grid voltage vectors

ls, U Stator and rotor current vectors

ig Grid-side converter current vectors

L, Grid-side line inductance

L., L., Ly Magnetizing, rotor, and stator inductances
Los, Loy Rotor and stator leakage inductances

P Number of pole pairs

P, Electromagnetic power

Py, Qs Stator output active and reactive powers
P., Q. Rotor output active and reactive powers
Py, Qq Grid-side converter output active and reactive powers
P, Q Active and reactive powers from the overall system
Ceq DC-link equivalent capacitance

Ry Grid-side line resistance

R,., R, Rotor and stator resistances

Ve DC-link voltage

0, Rotor electrical position

Wy Rotor electrical speed

Subscripts

aff  Stationary af-axis
s, r Stator and rotor
g Grid

Superscripts

*  Reference value

B. Appendix Control parameters.
Proportional and Integral gains, Kp = 2800 and K; = 100,920
Positive gains, ¢t = 1 and c¢gs = 1

Positive gains, cz; = 120 and cqy = 1
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