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Abstract: The main problem of the Doubly-Fed Induction Generator (DFIG) is its sensitivity to network disturbances
especially voltage dip due to its stator windings being directly linked to the network. A voltage dip in the network
results from high current peaks in the stator windings, since the stator and rotor are electromagnetically coupled, so
these peaks provoke inrush current hard at the delicate back-to-back converters and an overcharge of the DC-LINK
capacitor. In this perspective, several researchers are realized a linear and nonlinear controller with a passive protection
method (PPM). The objective of this paper is to develop modelling and control models based on a true DFIG model
considering the effect of all the parameters of a stator winding. The Second- Order Sliding Mode controller (SOSMC)
is the non-linear control strategy used to control the dynamics of the DFIG through the rotor-side and network-side
power converters under normal network conditions. When a voltage dip is detected, the Kalman observer (KO)
contributes to a non-linear controller and the latter is coupled to a passive protection method that contains crowbar and
DC-chopper circuits to improve the dynamics of the DFIG system to cross the network fault. Also, a comparative study
is carried out between the developed controller and other linear ,non-linear approaches exist in the literature. The
results obtained, under a maximum voltage dip (100%) on the 60 kV network, confirm its robustness and superiority
in terms of limiting the DFIG graders at the beginning and on termination of a fault. In terms of Ir and Vdc values
during a voltage dip, our control strategy does not exceed 1.45p.u and 1.2p.u, on the contrary, the ABC with HGO
which is developed recently reaches 2.2p.u and 0.4p.u.

Keywords: Crowbar, DC-Chopper, (DFIG), Kalman observer (KO), Network voltage dip fault , Passive protection

method (PPM), Second-order sliding mode controller (SOSMC).

1. Introduction

The world electricity production is rapidly
changing towards renewable energies: photovoltaics,
wind, biomass, hydropower, tides, due to the
negative effects of fossil fuels on the natural
environment. Renewable energy produced from the
wind by a wind turbine is the most cost-effective due
to its all-day availability [1, 2].

Wind turbines used in all wind farms, based on
the doubly fed induction generator (DFIG)
technology are practically the most commonly used
[3]. Compared to wind turbines using fixed-speed
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asynchronous generators, DFIG-based wind turbines
provide three main advantages. First, the rotor
converters can be rated to support only 25 - 30% of
the total nominal power of the generator, thereby
reducing the cost. Second, its capacity to provide
variable speed operation means that energy can
always be extracted even at low wind speeds and that
DFIG rotates at the optimal rotational speed for each
wind speed, which minimizes mechanical stress,
improves energy quality, and compensates for torque
and power pulsations. Finally, the rotor-side
converter (RSC) can be controlled to place the
turbine system at an operating point where energy
extraction is maximal through a technique called
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‘Maximum Power Point Tracking (MPPT)’ [4-7].
There are several approaches to the transformation
of DFIG in the literature to successfully achieve
control of the wind system, we find like Stator
Voltage Orientation (SVO) [8] and Stator Flux
Orientation (SFO) [9], in many cases, these
approaches have been successfully combined with
linear and non-linear controls like proportional-
integral controller (P1C) [10, 11],Classic Sliding Mode
Controller (CSMC) [11] and Adaptadtive
Backstepping controller(ABC) [12] with High Gain
Observer (HGO) [13] to control the DFIG effectively
but under stable network conditions. However, most
wind farms are located in remote or rural areas. The
electricity network in these areas is characterized by
different disturbances in the form of voltage dips. In
the DFIG configuration, the stator side is directly
connected to the network, which makes the DFIG
sensitive to network disturbances and the occurrence
of network fault such as voltage dip leads to stator
current increasing, pulsations in stator active and
reactive power and electromagnetic torque [14, 15].
In addition, due to the magnetic coupling between
the stator and the rotor, this increase in stator current
also flows through the rotor circuit and the electronic
power converter; this can lead to destroying the
converter and the Power control of the DFIG is lost
even after the fault is cleared. The innovative
strategy to avoid the destruction of the converter
during network fault was to disconnect the DFIG
from the network. Because of the massive
introduction of the wind turbine into the electricity
network today, this practice compromises the
recovery of the network voltage. Network operators
have therefore developed strict during network fault
and, in some cases, provide network codes that
require wind turbines to remain connected reactive
energy to the network to facilitate its voltage
recovery. Therefore, it is necessary to integrate
strategies in the wind system to remain connected to
the network during the fault, and therefore to cross
the fault. Therefore, it is necessary to integrate
strategies in the wind system to remain connected to
the network during the fault, and therefore to cross
the fault . To help DFIG tolerate network faults,
many techniques have been proposed in the literature,
which can be classified into three groups: (1)
integration of additional protection device [16], (2)
installation of reactive power supplying devices like
STATCOM and DVR [17], and (3) use of advanced
control approach [18]. The most commonly used
protection devices are resistors crowbar and DC-
chopper. A crowbar is a three-phase resistor coupled
in parallel with the winding of the rotor via the IGBT
switches. During a fault, the IGBT switches are
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closed and the three-phase resistors connected to the
rotor to limit the current and therefore the protection
of the rotor-side converter, and the DC-chopper
device is a braking resistor whose role is to limit the
overvoltage at the DC-LINK terminals, thus
protecting the connection capacitor [19] . These
techniques are often combined with a Pl type linear
control.

When the electrical network is subjected to a
fault in the form of a voltage dip, the behaviour of
the DFIG becomes non-linear, this justifies that the
Pl linear control cannot efficiently handle the
current peaks at the instant of fault occurrence and
fault clearance [1] . To remedy this problem a non-
linear control is necessary, we find CSMC is a
nonlinear control technique derived from variable
structure control system theory used in [11] is robust
but its performance is marred by high frequency low
oscillations called chattering. An advanced version
of the CSMC is the SOSMC using the super-twisting
algorithm for its design, which has been proven in [6,
20] to be robust against internal disturbances such as
parameter variations and system uncertainties.

In our work, unlike previous work on DFIG,
where researchers always neglect stator resistance to
facilitate its control, this resistance was taken into
account in the study so that the studied system is
close to reality. In this paper, the SOSMC is tested
in terms of external perturbations in the form of a
voltage dip in the network. The second-order sliding
mode controller is constructed to control the stator's
active and reactive power through the RSC. The DC-
LINK voltage and the reactive power of the filter are
controlled using the second-order sliding mode
controller through the NSC. A KO is designed to
estimate the power generated on the rotor side of the
DFIG, the power losses in the RSC, NSC converters,
and the DC-LINK capacitor to make the control
strategy more efficient and without the influence of
the measurement noise introduced by the sensors.
The SOSMC is combined with a PPM containing the
crowbar and DC-chopper to improve the DFIG's
ability to penetrate the network fault. After correctly
selecting the controller parameters to ensure
optimum performance, the controller is first
examined without activation of the PPM under a
voltage dip in the network.

Secondly, the capability of the DFIG is improved
by adding the activation of the PPM to the SOSMC
as shown in fig.1 so that the global system passes the
network fault. In the results of the simulations
performed, the SOSMC with PPM is analyzed and
compared with the existing strategies in the literature
[10-13] and shows that the first strategy has a better
performance of the dynamics and robustness
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Figure. 1 An overall diagram of a wind power system
connected to the electricity network

of the DFIG during a voltage dip at the limitation of
the parameters influenced by this fault.The next
sections of the paper is organized as shown below.
In section 2, we start with the definition and
representation of the different zones of the specific
network code in which the wind power system is
connected. Section 3 deals with the description and
equations of the system. In section 4, the SOSMC
strategy and the KO are represented, synthesized and
applied on the wind system. The results of the
MATLAB/Simulink simulation using a DFIG-2MW
wind turbine with the addition of the PPM
components are presented in the last section; these
results are compared and discussed with the existing
strategies in the literature [10, 11-13].

2. Specific network code

Wind farms are kept connected and sustain the
network during and after a fault by following a
required network code. The network code to be
respected in this paper is given in Fig. 1. Zone 1
indicates the region where there is no tripping and
the wind farm remains connected to the network,
even the voltage of the common network coupling
point has dropped to zero. Zone 2 indicates the
tripping of the wind farm.
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Figure. 2 Voltage dip requirement
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3. Description and equations of the system
3.1 System description

Fig.1. Shows the overall schematic of the
proposed electrical installation of a wind system
connected to the electrical network. It is divided into
two parts: the first mechanical part contains wind
turbine, gearbox, and the second electrical part
contains DFIG, electrical converters, DC-LINK, and
grid side filter. For the electrical part, DFIG is
connected to the utility network directly via
its stator and indirectly through its rotor with the
intermediary of converters, DC-LINK, and grid side
filter.

3.2 Rotor-side converter equations

The asynchronous rotating d-q reference frame is
used to model the DFIG with the direct -axis oriented
along the stator flux position is given in Egs. (1) to
(5). In this direction, the decoupled control of the
active and reactive powers of the stator is attained.
The reference frame is rotating with angular speedws.
The voltages equations are:

Vgs = Rslgs + Pas — WsPqgs (1)
Vgs = Rslgs + ¢@gs + 0s@qs 2)
Var = Rylgr + Qar — 0r@qr 3)
Vgr = Rylgr + @gr + 0r@ar 4)

Where slip speed w,is the difference between
stator angular speed w, and the product of the
number of pairs of poles p and rotor speed £2,, as
indicated in Eq. (5):

wy = w5 — plhy ()

The flux equations are:

®as = Lsigs + Mig, (6)
@qs = Lsigs + Mig, (7
Qar = Lylgr + Migs )
Pqr = Lyigr + Migs (9)

The instantaneous expressions of the different
powers involved in the new d-q frame are:
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Py = 1.5(vgslgs + Vgsigs) (20)
Qs = 1.5(Wgslas — Vasiqs) (11)
B = 1.5(Wgrlar + Vgrigr) (12)
Qr = L5Wgrlar — Varigr) (13)

The electromagnetic torque equation is given by:
M . .
Tem = 1.5p L_s ((pqsldr - (pdslqr) (14)
The orientation of the stator flux vector along the
d-axis is to help control the electrical output of the
wind power system. This orientation will be done

with a real DFIG model; taking into consideration
the stator resistance.

Pas = PsPqs = 0 (15)

And the stator voltages are reduced to:
Vas = Rslgs + @s (16)
Vgs = Rslgs + 0505 an

Suppose that the power supply network is stable,
leading to a constant stator flux and a new stator
voltage value:

Vgs = Rslgs (18)
Vgs = Rsiqs + WsPs (19)

Substitute (15) in Egs. (6), (7) and (14) we get:

. M .
lags = % L Lar (20)
. M .
lgs = _L_Slqr (21)
M .
Tem = _1-5pL_S(pslqr (22)
By replacing stator currents with their

expressions in the Egs. (10) and (11), we find:

WsPsM . Vs2 wslps?
Ps = 15(L—s lqr - R_s + R—s) (23)

wWsPsM .

2
Q=15(—=~=0)  (29)
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From the observation of Egs. (23) and (24), we
arrive at a decoupled power control, where the
component iq- the rotor current controls the active
power. The reactive power is operated by the direct
component ig. By rearranging Egs. (3) and (4), we
can deduce a formula of rotor currents as a function
of rotor voltages in Egs. (25) and (26).

., di ,
Var = Rylgr + 0L, dir — gWwsOlgr (25)

Mog
Lg

(26)

di
_ . qr .
Vgr = Rylgr + aLT? + gwsoig + gws

2
Where, 0 =1 — LM is the leakage factor and,

SLT‘

g=1- % is the slip. So the dynamic of the rotor
currents is expressed in the Egs. (27) and (28):

digy 1 : 1
d—i = U—M(Udr - erdT‘ + ngo_qu) (27)

di 1 . . Mo
dir = U_Lr(vqr — Rylgr — gws0Oigy — gws LSS)
(28)

In established regime, the first terms derived
from both Egs. (25) and (26) are null and we can
write:

Var = Rylgyr — gwsoigy (29)

. . M
Vgr = Rylgr + gws0ig, + gws L(’:s (30)

3.3 Network-side converter equations

In this section, we are interested in modelling the
connection of the NSC to the electricity network via
the R L filter. Fig.3. illustrates the electrical model
of the Rs Lt connection filter.

From Fig. 3, we can write the following
expressions in the three-phase reference frame,
according to Kirchhoff's laws:

. di
Ugl = _Rflfl — Lf% + vfl (31)
= —Ryi e 32
Vg2 = —Rflfz - Lf? + Vf2 ( )
. dlf3
Vg3 = —Rflfg - Lf? + Ur3 (33)

Where vy is the network voltage, is is network-
filter current, and vs is the network filter voltage
supplied from the grid-side converter. By
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Figure. 3 Electric model of the R L filter

applying Park's transformation to the three
previous equations, we obtain:

. di .
de = Rflfd + Lfﬁ - (Ustlfq + Ugd (34)
qu = Rflfq + Lf 7 + wSLflfd + qu (35)
Where vig Vi are the voltages at the output of
GSC and iw ,ig are the corresponding currents

injected into the network. The active and reactive
powers generated by the GSC are defined by:

Pf = 1'5(vgdifd + quifq) (36)

Qf = 1.5(ngifd - vgdifq) (37)

The d-axis of the reference frame is oriented with

the network voltage angular position. Because the

amplitude of the network voltage is constant, vy is
zero and vgq is constant.

1%

ga = VgVgq =0 (38)

The Egs. (34), (35), (36) and (37) become:

dyd _ _ Rz, Ve

ac = 1,k + wsifq L + L (39)
ra — _Rry i 4 U
dac Ly fq wslfd + Ly (40)

From Egs. (41) and (42), we observe that the
flow of the active and reactive powers between the
NSC and the network will be proportional to iy and
ity respectively.The electrical model in Fig. 4 (a)
illustrates the rotor, DC-LINK and converters
circuits with their losses. From Fig. 4 (b), the
equation of the power balance is written in Eq. (43).
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Where Pcqc instantaneous active power through
the capacitor, P, rotor Active Power, P filter Power,
Pritter_toss POWer 10ss in the filter, peonv 10ss power loss
in the converts RSC and GSC, pdc_loss power loss in
the DC-LINK capacitor .

Pcdc = Pf - Pr - (pfiltre_loss + Pconv_loss + pdc_loss)

Ptot_loss - total loss (43)

_ dvge _ .
Pcdc = CacVac dr Vacldac (44)

Prilter loss » Peonv_loss @Nd Pdc_toss Will be taken into
account in this work because it significantly affects
the system, especially in the event of a network dips.
Substituting in the Power expressions from Egs. (12),
(41) and (44), the voltage state model through the
capacitor of the DC-LINK is written in Eq. (45):

dvgc

Pr+Dtot—loss
Vac dt (45)

1.5 .
= Cae Walra) ==

Reonv_10ss : Represents the total switching loss of the
converters
Rac_toss : Represents the losses in the capacitor of the
DC- LINK
With:

L4 Rconv_loss: RRSC_Ioss 1 RNSC_Ioss

Uzdc . — Vzdc
’ pdc_loss—Rd ;
c_loss

®  Pconv_loss = R
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Figure. 4 Real model of losses in: (a) the connection
circuit and (b) associated power shaft
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4. Principle of SOSMC

The theory of SOSMC [6, 20] is an alternative to
the problem of CSMC. In this approach, the term
discontinuous no more appears directly in the
synthesized control but in one of its superior
derivatives, which has the advantage of reducing the
chattering. The SOSMC was introduced to overcome
the chattering problem while maintaining the finite-
time convergence and robustness properties of
conventional sliding mode controls and improving
asymptotic precision. For this purpose, a super-
twisting algorithm (STA) control algorithm capable
of generating control laws of all second-order
systems.

4.1 Stator powers control through the rotor-side
converter

The rotor currents that are related to the active
and reactive powers by Egs. (23) and (24) must
follow the appropriate current references so that a
SOSMC based on the Park reference frame above is
used. To ensure the convergence of the active and
reactive powers of the DFIG stator in their
references, the rotor current references d-q are
defined by.

. Lg Ps_ref
l _ =
qr-ref w3<p5M( 1.5 +

wzs(pzs
R—S) (46)

= QS‘””—‘“S"’*) (47)
wsPsM 1.5 Lg

lgr—ref = —
The sliding surfaces representing the error
between the measured and references rotor currents
are defined by:
Sq = iqr - iqr—ref;sd =gy — idr—ref (48)
The dynamics of the sliding functions sq and sq
are defined by:

dsq . 1 )
d_ (lqr) = E (vqr - erqr

: — gusoigy —
Mg digr—re
gos=2) — =L (49)
dsd , ,
(ldr) (vdr erdr + gwsalqr) -
digr—re
—d (50)

If we define functions F; and F; as follows:
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1 . . Mg
F = O__Lr(_erqr —gwsOlgyr — gws L, )
_ diqr—ref
dt §
1 . . ldr-re
F, = O'_LT (—Ryigr + gwsalqr) - dd—tf

Such that:
dzsq
dc2 (@ qr) oL, Uqr + Fl: dtz (ldr) oL, —Vgr + FZ

(51)

The STA is used to generate control laws [6].
This algorithm for the SOSMC was proposed by
EMELYANOV in 1990 contains two parts [6, 20]:

1
Vgr = Uy — P1sq|2sign(sy); iy = —2A;sign(s,)
(52)

1
Var = 71 — Palsalzsign(sq); 2, = —A3sign(sq)
(53)

To ensure convergence within a short time, the
parameter A; and f; must verify the following
inequalities:

Yi 4)/1(1 + VL
A >—; > ————|F|<y;i=12
On the other hand, the equivalent controls are
calculated by setting to zero (49) and (50), as

follows:

_ . . Mos
Vgr—eq = Rylgr + gwsoig, + gwg +

LS
digr—
oLy~ (54)
_ . . didr—ref
Vdr-eq = Ryigr + gwsolgy + oL, T ar
(55)

4.2 Control of the DC-LINK voltage and the
reactive power of the filter through the
network-side converter

The function of the network-side converter
control is to ensure that the voltage of the DC-LINK
is not changed and to annul the reactive power of the
Rt L filter. this must be to synthesize control laws
that are resistant to disturbances. In equation Eg.
(45) of the voltage across the DC-LINK, the term
Pt loss Fepresent the total losses in the connection
chain that must be available. This term is
inaccessible for measurement with a real sensor. We,
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therefore, suggest the use of a software sensor,
which is called the KO to calculate an estimate of
this term in real-time, and in a closed loop with the
controller. In addition, the use of an observer
minimizes the cost of the real sensor and since the
observers serve as a filter, measurement noise is
eliminated.

4.2.1. Observability of the DC-LINK system

First, before making the concept of the KO, it is
necessary to verify that the DC-LINK system is
observable. Eq. (56) illustrates the dynamic model of
the voltage across the DC-LINK capacitor.

__________ S,

dvge. _ 15 , (=Pr—Dtot—loss)
Vae g = ¢ (vgifa) + Cac (56)

For convenience, the variables were chosen as
follows (56).

Vac
X1 = TJ X2
_ (B-+ Prittre—toss T Pconv—loss T Pdc-toss)
Cdc
_ _ (Pr + ptot—loss) — p(t)
Cae Cac

The resulting state model representing the DC-
LINK voltage is now Eq. (57), where x, represents
the term to be observed.

2
UV dc

X = (x1x2)T'Y =X =
= (01;00)7,
B = (a0)?,C = (10)

.7‘(1 = Xy + alfd,xZ = ¢(t),Y =X,,a= 15:_9
dc

(57)

U =irg; A

The previous state model can be rewritten in the
following general form:

X =AX +BU;Y = CX (58)
The observability of the DC-LINK system is

verified by the determinant of the observability
matrix Ogps , this last must be different from zero:

det(0yys) = det (g ) = det (ég) —1%0
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Consequently, the system Eq. (58) is completely
observable.

4.2.2. Concept of the KO

The design of the KO is based on the recopy of
the state model of the subsystem of Eq. (58) with a
gain matrix of adjustment L, so the KO state model
is written in Eq. (59).

R=AR+BU+L(Y -?);? =CK;L= (1)
(59)

We define the estimation error as follows:

A

X=x-X (60)

The error dynamics are guided by the following
system:

f=X-X=U-LOX (61)

We introduced A=A - LC , is chosen so that it is
a Hurwitz matrix b appropriate choice of vector L,
X =X-Xis sure to converge exponentially to
0.From the Eqgs. (59) and (61), th dynamics of the
estimated states are expressed by:

5&\1 = 552 + alfd + llfl;);f\z = lzfl (62)

4.2.3. DC-LINK voltage and filter reactive power
control

4.2.3.1. DC-LINK voltage control

The main objective of the proposed PIC is to
maintain the value of the voltage across the DC-
LINK. Fig.5 shows the block diagram of the DC-
LINK voltage control. From Eq (56), we have:

Pf = PCdc + p(t) = 1.5vgifd (63)

By adjusting the P power, it is then possible to
control the Pcgc power in the capacitor and thus
control the DC-LINK voltage. To do this, the powers
p(t) and Pcgc must be known to determine Prrer. p(t)
is a perturbation seen by the control chain that will
be measured by the KO. The power reference for the
capacitor is related to the circulating reference
current in the capacitor:

Pcdc—ref = vdcidc—ref (64)

The transfer function of the DC-LINK system is:

DOI: 10.22266/ijies2021.1031.09



Received: February 22, 2021.

Laplace transform

_ dvgc Vac(s) _ 1
tac = Cdc dt = Igc(s) N Cdcs (65)

4.2.3.2. Filter Reactive Power Control

The filter currents that are related to the active
and reactive powers exchanged between the NRC
and the network by Egs. (41) and (42) must follow
the appropriate current references so that a SOSMC
based on the above Park reference is used. To ensure
the convergence of the active and reactive powers
passing through the filter in their references, the
current reference iw-rer OFf the filter is generated by
the voltage regulation loop Vg and the current
reference itq-rer OF the filter is defined by:

. Qf—ref
lfg_rer = ———— 66
fq—ref 1.5v4 ( )

The sliding surfaces representing the error
between the measured and references filter currents
are defined by:

Sta = ira = ra-refi Spqg = irqg ~ irg-res  (67)

The dynamics of the sliding functions st and s
are defined by:

ded Ry . . Vrd
——lrqg + Wl +

(fd) Ly f;i' s‘fq — Ly

lfd-ref (68)
dt
d R v difg—
2 (ir) = = Lipq = wsiya + 714 = =L (69)
Ly

If we define functions H; and H: as follows:

R v di
f . g fd-ref
Hy = ——lipg + wslpg — 7 —————
] Ly . Ly dt
_ f . lfd—ref
Hy = =7 lrq = Wslpa = =g

Such that
d? a”sfa 5 _dzif . T 1 .
oz Cra) = vfd!?zq(lfq) = H, + 7, Vra
(70)

The STA is used to generate control laws reals

[6]:

1 )
Vg = u1 — p1|sfd|25ign(sfd); U =
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—015ign(sgq) (71)
1
Vg = Up — PalSpql?sign(ssq )it =
—0,8ign(Ssq) (72)

To ensure convergence within a short time, the
paramuandnmust verify the following inequalities:

6 480 +8) |,

TP S R =6y

1 <é6;i=1,2

On the other hand, the equivalent controls are
calculated by setting to zero Eqgs. (68) and (69), as
follows:
fd ref

(73)

de_eq = Rflfd waslfq + 'Ug + Lf

— R.i ; difq-ref
Vrq-eq = Ryipq + Lywsira + Ly ——(74)

5. Simulation and discussion of results

The DFIG-based wind turbine, as illustrated in
Fig.1, is used to test the performance of the designed
controller. The system in Fig.1 represents the
grouping of thirty wind turbines and each of these
has a capacity of 2 MW. The detailed simulation
model is developed in MATLAB using the
MATLAB/SIMULINK SimPowerSystems toolbox
based on the DFIG-based wind turbine. The list of
parametrs values of DFIG, network filter, SOSMC,
Pl and KO is given in Tables 1, 2, and 3 following.

A fault case is taken into account to analyse the
capacity of the DFIG to cross the fault using the non-
linear SOSMC coupled with a KO designed for this
effect. The performance of the designed SOSMC is
also compared to existing strategies in the literature
[10, 11-13] in Section 5.2.1. In this case, study, a
symmetrical voltage dip fault, which is the most
critical fault on power networks and has a significant
impact on the stability of wind farms that require
support to cross it, is applied on the network. The
fault is applied in the form of a symmetrical voltage
dip of 100% at t=0.85s for a duration of 0.15s, i.e.
the fault is eliminated at t=1s .Simulation results
under SOSMC will be tested and analyzed for two
different scenarios:(1) network voltage dip fault
without PPM, (2) network voltage dip fault with
PPM.
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Table 1. Simulation parameters for a DFIG

Parameter Value
Rated power P,=2 MW
Stator nominal voltage Vg =690V
Nominal frequency f=50Hz
Number of pole pairs p=2
Stator resistance R, =0.023p.u
Rotor resistance R, =0.016p.u
Stator inductance L,=0.18 p.u
Rotor inductance L.=0.18 p.u
Mutual inductance M=2.9 p.u
DC-LINK voltage Vg =1200V

* p.u= per unit

Table 2. Parameters of network filter

Parameter Value
Inductance of the filter Ly =0.3pu
Resistance of the filter R¢=0.003 p.u
Resistance of the filter Cae =1072F

Table 3. Parameters of SOSMC, Pl and KO

Parameter | B, B, A Az P1
Value 1.5 | 200 50 1000 15

Parameter | p, 01 0, L L,
Value 200 | 50 | 1000 | 2500 | 25000

Parameter kpac Kiac
Value 1.45 21.7

5.1 Behavior of the DFIG in situation of voltage
dip without PPM

Fig. 7 shows the rotor current response during the
fault with the strategy SOSMC. The rotor current
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Using (Ir-ref =1p.u)

reaches high overcurrents at the onset of the fault
and reaches the value of 4.3 p.u with strong
oscillations at the time of fault termination.

As shown in Fig. 8, the active power response,
its value reaches 1.1p. u when the fault occurs and
then decreases rapidly to zero for the rest of the fault
duration. When the grid voltage recovers,with
SOSMC, it starts to decrease until 1.02s, then it starts
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to increase again with a strong oscillation.

Fig. 9 shows the response of the reactive power
with SOSMC during a voltage dip. When the grid
voltage is restored, the reactive power has a strong
oscillation and a transient time to return to the pre-
fault reference value of 150 ms .

As shown in Fig. 10, the voltage response of the
DC-LINK under the SOSMC strategy during a
voltage dip. Between 0.85s and 1s, an overvoltage is
observed across the DC-LINK capacitor with this
strategy. While the overvoltage reaches to 2.1p.u
with the SOSMC. However, with this strategy the
DC-LINK voltage has a low oscillation regime after
the faults are eliminated.
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5.2 Behaviour of the DFIG in situation of voltage
dip with PPM

The performance of the wind system during a
voltage dip with SOSMC strategie is unsatisfactory.
In this section, we introduce a PPM that contains two
crowbar and DC-chopper circuits to the control
strategies used in the previous section to improve the
performance of the wind power system during a
voltage dip in the power network. Firstly, the
Crowbar circuit is utilized to limit the rotor current
during the fault; it is placed between the rotor and
the RSC converter, as shown in fig.1; this consists of
a resistor and an IGBT switch. Secondly, the "DC-
chopper" circuit is used to limit the overvoltage at
the terminals of the DC-LINK capacitor during the
fault; it is connected in parallel with the DC-LINK.
The optimal choice of the value of the crowbar
resistance is given by [19]and expressed in Eq. (75).

2
2(\/r r;ax(”s Lzs) (75)
32—

rmax

Rcr—opt =

Concerning the operation of these two protection

circuits is made by the flowchart of the activation-
inactivation management shown in Fig. 11.
Fig. 12 shows the dynamics of the rotor current in
the SOSMC strategy with the PPM activated. Indeed,
with the addition of PPM to SOSMC, the system
presents a better limitation of the rotor current peaks.
When the fault occurs, the current reaches 1.45p.u,
and when the network recovers the voltage, the
current shows a low oscillation.

As shown in Fig. 13 the response of the active
power, its value reaches 1.1p. u when the fault occurs
and then rapidly decreases to zero for the rest of the
fault duration. When the mains voltage recovers,
with the SOSMC, it starts to decrease until 1.02s,

DC-Link voltage
measurement

—

Rotor current
measurement

No @ Yes No
Yes

Activate the crowbar and
the DC-chopper

Activate the
crowbar

Figure. 11 Flowchart of the protection system
management
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then it starts to increase again with a strong
oscillation .

Fig. 14 shows the reactive power response with
the SOSMC under activation of the PPM during a
voltage dip. At the time of the fault, the reactive
power increases and reaches a reduced value of
0.6p.u with the control strategy. Then, during the
voltage drop, the reactive power supplied by the
wind system remains zero, which is why the power
factor at the connection point is close to unity; thus,
the system supports the grid with the fault, then after
the recovery of the grid voltage with SOSMC the
reactive power reaches a small negative value of -
1p.u at time 1.03s and reaches a steady state after a
duration of 130ms with strong oscillations.

As shown in Fig. 15, the DC-LINK voltage
increases above its reference value of 1p.u at the time
of the fault, which means that the capacitor has been
overcharged. The SOSMC, under the same
PPM ,limits however the overvoltage in satisfactory
values of the DC-LINK capacitor. In addition, the
oscillation behavior of the DC-LINK voltage after
elimination of the fault remains by the low.

5.2.1. Comparison to other methods in the
Literature

After demonstrating the peak limitation of the
DFIG quantities during the voltage dip and the
robustness of crossing the fault without destruction
of the proposed controller, it is interesting to
compare it with similar techniques in the literature to
demonstrate its advantages and superiority. It is
emphasized here that the above-mentioned
techniques are not performed under the same
constraints and conditions on the network in which
the wind farm is connected, it is very rare to find
many works performed under similar conditions.
Based on this comparison, the proposed solution of
the SOSMC with KO has robustness at the point of
spike limitation and low oscillation. Thus, the
Adaptadtive Backstepping controller (ABC) with
High Gain Observer (HGO) presented by
O.S.Adekanle (2018) [13] has Moderate-low
Robustness against peaks limitation than our
Technical. Also, the proposed solution has a better
limitation of rotor current and DC-LINK voltage
values during a voltage dip, compared to adaptive
backstepping with a high gain observer [13], sliding
mode [11], and proportional-integral controls [11].
Table 4 shows a synthesis of the performance
characteristics of the published controllers and our
proposal. Based on this comparison, the superiority
of SOSMC-KO with PPM is proven.
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Table 4. The comparison between our results and other methods published

Publication Technic With PPM during Robustness Oscillation at
paper methods voltage dip against peaks the time of
limitation fault
L) | VG ) elimination
N.H.Saad PIC 3.5 1.11 Not robust High
(2015)[11]
N.H.Saad SMC 5 0.1 Not robust High
(2015)[11]
0.S.Adekanle ABC 2.2 0.41 Moderate-robust low
(2018)[13]
Our Proposed SOSMC 1.45 1.2 Robust Low
technique

6. Conclusion

This paper deals with the modelling and control
of a DFIG taking into account all stator parameters
to bring the system closer to reality for the real active
and reactive power equations. It also minimizes rotor
current and DC-LINK voltage surges and improves
reactive power in the case of a voltage dip in the
network. This modification gives safe and accepted
results in simulation, which is not the case of many
researchers who previously neglected it.

A robust non-linear control technique using
SOSMC is used to control the active and reactive
power through RSC and the DC-LINK voltage with
the reactive power through NSC of a network-
connected 2 MW wind power system. When a
voltage dip is detected in the network this control
technique is combined with a KO is designed to
estimate the power generated on the rotor side of the
DFIG, the power losses in the RSC, NSC converters,
and the DC-LINK capacitor to make the control
strategy more efficient and without the influence of
the measurement noise introduced by the sensors.

A PPM includes crowbar and DC-chopper is
added to the control technique used to increase the
results found show that the addition of the PPM was
able to reduce the rotor current and bring the DC-
LINK voltage below acceptable values during the
fault.

The performance of the designed SOSMC is also
compared to existing strategies in the literature in
case network voltage dip fault with activation of the
PPM capacity of the system to overcome the fault in
the 60KV electrical network..

The SOSMC is able to limit the current
overshoot to less than 2p.u and DC-LINK
overvoltage less than or equal to 1.5 p.u during the
voltage dip.

The topic of our future research may include the
development of an non-linear Adaptive Direct
Power Controllers with PPM for DFIG against the
asymmetrical voltage dips and the hardware

implementation of the proposed strategy. The
following appendix presents the definitions of all the
variables used in this paper.
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Appendix

Voee Common coupling point voltage
Vg Network voltage

Vac DC-link voltage

IGBT Insulated-Gate Bipolar Transistor
Y Star coupling

D Delta coupling

P, Q¢ Filter Active and Reactive Power
Vas Vgs Direct and quadrature stator voltage
Var) Vgr Direct and quadrature rotor voltage
las: lgs Direct and quadrature stator current
Lar Lgr Direct and quadrature rotor current
Pas,Pgs Stator flux linkage

Par» Pgr Roror flux linkage

R, R, Stator and rotor resistance

Wg, Wy Slip and stator angular velocity

p Number of pairs of machine poles
Lg, L, Stator and rotor self inductance

M Mutual inductance

P, Qs Stator Active and Reactive Power
B., Q. Rotor Active and Reactive Power
Tom Electromagnetic torque

R, Lf Resistance end self of filter
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A Bi Vi Controller constants of RSC
L Observer gain
0i,8;, pi Controller constants of NSC
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