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ABSTRACT Due to the continuous increase of fuel prices and pollutions, the use of renewable energy
especially wind has increased. In developing countries including Egypt, squirrel cage induction generator
wind turbine (SCIG- WT) represents a considerable proportion of the total capacity of installed wind farm
due to its qualities such as low cost and easy availability. However, its operation has a substantial effect on
system stability. In contrast, doubly fed induction generator wind turbine (DFIG-WT) is broadly penetrated
the electrical grid as it keeps the system stable. In this work, the ability of WT generators to continue
operating rather than tripping at the time of faults is analyzed for proper stability investigation. The detailed
control and stability of a grid-connected large scale SCIG and DFIG of Zafarana, Suez Gulf area, Egypt are
discussed whereas the parameters of fault ride through (FRT) curve of Egypt grid code is utilized. Moreover,
a precise analytical stability argument using a proposed integrated nonlinear dynamical model is presented.
Conditions for global asymptotic stability of the SCIG in the sense of Lyapunov function (LF) are given and
tested by time domain simulation. The eigenvalues of the matrices of LF and its derivative are determined
by which the stability boundaries are determined depending on the positivity of these matrices. The dynamic
behavior of the whole system is simulated in MATLAB/ Simulink interface programming while the practical
data are collected from an experimental model consisting of DFIG-WT to demonstrate the efficacy of the
FRT control system.

INDEX TERMS Egyptian grid code, eigenvalues, fault-ride through, Lyapunov theory, stability, wind
generation.

I. INTRODUCTION
Different countries are intensifying the use of renewable
energy for electrical power generation because of their
numerous benefits. The wind power has received the most
attention among variety of renewable energy resources [1].
Even though today’s wind turbine (WT) generators aremostly
doubly fed induction generators (DFIGs) [2], a considerable
proportion of the existing WTs are still of the squirrel cage
induction generator-based wind turbine (SCIG-WT) [3]. Fur-
thermore, SCIGs-WT life extension programs are already
underway, where WTs are refurbished to stretch their oper-
ational life to up to 30 years [4], [5]. Therefore, SCIGs-WT
is continuing to attract the commercial interest for the coming
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10-15 years [6]. However, due to the SCIG-WT’s direct
connection to the grid, it is vulnerable to grid voltage disrup-
tions. Furthermore, the rotor deviates from the synchronous
speed resulting in a significant amount of reactive power
consumption at the stator terminals, further degrading grid
voltage post fault recovery [6], [7]. Therefore, appropri-
ate methods to analyze the stability of the SCIG-WT were
presented [7]. Flexible AC transmission system (FACTS),
rotor circuit control and braking resistors are three methods
were used for improving induction generators (IGs) stabil-
ity [6]–[8]. A method for improving the wind farm perfor-
mance was investigated in [9]. This method was relied on the
construction of combined wind farm composed of an equal
number of DFIGs and SCIGs with the use of FACTS devices.

With the penetration of large capacity wind power, it is
critical that the generators remain connected to the grid
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during transient disturbances to maintain grid stability, which
is referred to as fault ride-through (FRT) [10]. Many literature
studies [7]–[14] have shown thatWTs equippedwith FRT can
achieve safe operation without compromising the poor grid’s
stability.

One of the most used techniques for studying the
non-linear stability of electrical systems is the Lyapunov-
based stability technique. It focuses on a comparison of
the transient energy at fault clearing time with the criti-
cal energy. The fundamental idea behind Lyapunov-based
techniques is that any physical system contains an energy
with a positive value that can be represented by an energy
function (EF) [15]. If and only if the system’s energy is
positive and its energy derivative with respect to (w.r.t.) time
is not positive, the system is stable. Otherwise, the sys-
tem may become unstable [15], [16]. Numerous attempts
have been made to define the system EF although there is
no direct way to define it. In [16], EF has been used to
ensure the system’s stability when two separate WTs were
connected to a common grid. The Lyapunov stability the-
ory was used to investigate the small-signal stability of the
DFIG [17]. A Lyapunov approach based on non-linearized
models was used to assess the high signal stability of virtual
synchronous generator/inverter-interfaced distributed gener-
ators [18]. Using the adaptive dynamic programming algo-
rithm, the Lyapunov method was used to validate the stability
of the proposed maximum power point tracking (MPPT)
controller in [19]. In [20], the artificial intelligence integrated
fractional order control for a DFIG was proposed. Whereas
the fractional order Lyapunov system was used to ensure the
stability of the closed loop system.

The main goal of this work is to enhance the performance
of the SCIG of Zafarana, Suez Gulf area, Egypt to achieve
high level of stability. A clustered wind farm composed of
DFIGs and SCIGs is utilized. The WT’s FRT capability has
been taken into account to keep the WT connected to the
network during grid faults. Moreover, sufficient conditions
for SCIG’s stability using the Lyapunov theory of stability is
conducted. To check the efficacy of the FRT control system,
various case studies are considered. This work’s main contri-
butions can be summarized as:
• Conditions for global asymptotic stability using
Lyapunov theory for SCIG-WTs is presented.

• The detailed control and stability of a grid-connected
large scale SCIG and DFIG farm in Zafarana, Suez Gulf
area, Egypt are performed.

• The parameters of FRT curve of Egypt grid code are
utilized.

• Simulated and practical fault conditions are examined.
This paper is structured as follows. In section II, the system

configuration is proposed. Section III illustrates control and
power flow of DFIG whereas the principle of the proposed
FRT is introduced. In section IV, the stability problem is
studied whereas concept of IG stability and parametric anal-
ysis of Lyapunov-based stability of SCIG are proposed. The
simulation results and case studies are discussed in section V

including the results of practical fault conditions. Finally,
in section VI, the conclusions are presented.

II. SYSTEM CONFIGURATION
Fig. 1 depicts the proposed hybridwind farm that is connected
with an existing system in Zafarana, Suez Gulf area, Egypt.
This system is a part of the Egyptian network which connects
the 220 kV Suez grid to the 220 kV Safaga grid. Zafarana
is considered as one of Egypt’s most interesting wind energy
applications sites. It is situated in Egypt’s Suez Gulf, on the
east coast of the Red sea, between latitude angles of 32′

36′′ and longitude angle equal to 29′ 06′′ [21]. The proposed
hybrid wind farm consists of the following parts, as shown
in Fig.1:
• 17 × 600 kW Nordex (N43-600 kW-three blade)
SCIG-WT connected to a 50 Hz, 22 kVmedium-voltage
system by a separate (800 kVA, 0.69/22 kV) trans-
former [22]. This is tranche one from ‘Danish’
wind-farm.

• 12 × 850 kW Gamesa (G52-850 kW-three bladed)
DFIG-WT connected to a 50 Hz, 22 kVmedium-voltage
system by a separate (1100 kVA, 0.69/22 kV)
transformer [22].

The proposed hybrid wind farm is linked to the national
grid through 6.5 km transmission line located north of the
site at Zafarana substation (ZF1). The ZF1 is equipped with
five transformers that link the entire wind farm in the region.
Three of them have a rating of 125 MVA, 22/220 kV each,
and the rest have a rating of 75 MVA [23]. The system
parameters and WT modeling are listed in Appendices A
and B, respectively.

The SCIG-WT is shown in Fig. 1, with the WT rotor
coupled to the generator via a gear box and the stator con-
nected to the grid via a two-winding transformer. To supply
reactive power to a 3-phase IG, a capacitor bank is connected.
Moreover, a simple layout of DFIG-WT with the control
system and the power flow is conducted as shown in Fig.1.
In DFIG-WT, the power generated fromwind is transferred to
the gird via two paths. The main path is the direct-connected
stator link, whereas the secondary path is the rotor circuit
which supplies the power via two back-to-back converters.
Most of the power is transmitted via the stator and the rotor
circuit and the converters only feed small portion. The control
and power flow of DFIG are explained in the next section.

III. CONTROL AND POWER FLOW OF DFIG
The detailed decoupled control applied to DFIG d-q ref-
erence frame is explained in Fig.2. According to Fig.2,
the behavior of DFIG is investigated for both normal opera-
tion (conventional control scheme) and fault operation (FRT
scheme). In general, vector control techniques are used to
control power converters that are made up of rotor side
converter (RSC) and grid side converter (GSC) with a com-
mon dc-bus between them, as shown in Fig. 2. The RSC’s
objective is to control active and reactive power on the grid
independently, while the GSC’s goal is to maintain a constant
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FIGURE 1. Schematic diagram of the proposed hybrid wind farm connected with utility grid.

dc-link capacitor voltage and to ensure converter operation
with unity power factor [24]. The detailed model of the RSC
and GSC are found in many published papers [24]–[29].
To synthesize the applied voltage on the RSC and GSC, two
stage controllers are used. These are current and power con-
trollers, respectively. In this paper, the set points of the second
stage are depicted by two ways according to the state of
operation (i.e., normal operation or fault operation). In nor-
mal operation the set points of the reactive power of RSC
and GSC of the second stage can be set to zero. These set
points are used in normal operation to reduce the losses and
maximize the power transfer between the generator and the
grid [24], [25].

However, at fault operation, a reactive current injection
according to Egyptian grid code is conducted. The principle
of the required reactive current for FRT is discussed in the
next section.

To rapidly switch between the normal operation and FRT
operation, it is critical to detect voltage dips quickly [30].
As shown in Fig.2, the fault detection method used is based
on the instantaneous voltage measurement (Vsd and Vsq) to
calculate the voltage error vector |Verror | that indicates to the
level of the voltage dip.
Vref is set equal to the rated voltage. |Verror | is compared

with Vthreshold to detect the fault. The threshold voltage value
is set 0.1 |Vs| according to Egypt grid code requirement [31].
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FIGURE 2. Schematic diagram of control and power flow of DFIG.

A. PRINCIPLE OF FRT BASED ON EGYPTIAN GRID CODE
Wind farms must be able to provide voltage support during
and after fault based on specific voltage–time limits pro-
files recommended by modern grid codes. FRT stands for
voltage–time profiles. For example, the German and Spanish
grid codes specified dynamic voltage support during faults
by injecting reactive current [32]. According to the wind
farm grid connection code in Egypt, wind generators are not
allowed to be disconnected from the grid in the event of
temporary voltage dips [31]. Fig. 3 describes the FRT require-
ments for different countries including Egypt [29]–[33].
According to FRT requirements of Egypt, if the WT voltage
profile remains ‘‘0%’’ of the nominal voltage for a period not
exceed 150 ms, theWTmust stay connected with the national
grid [31].

The parameters of FRT curve for different countries,
depending on their power system characteristics and the
employed protection, have been listed in Table 1 [29], [34].

TABLE 1. Parameters of FRT curve for different countries.

The parameters of FRT curve for different countries,
depending on their power system characteristics and the
employed protection, have been listed in Table 1 [29], [34].
The wind generator must ensure the reactive current support.
Fig. 4 depicts the dynamic voltage support’s concept for wind
farm that are connected to utility grid, as defined by Egyptian
grid code [31].

VOLUME 9, 2021 80323



A. A. Salem et al.: New Analysis Framework of Lyapunov-Based Stability

FIGURE 3. FRT requirements for different countries [29]–[33].

As shown in Fig.4 and according to (1), when the volt-
age dip occurs, an additional reactive current is required to
enhance the PCC voltage. The amount of the injected reactive
current depends on the percentage of the voltage dips as
described in (1). For three-phase fault with a fault duration
of 150 ms and if the voltage dips are more than 0.6 p.u,
the required reactive current should not be less than 1 p.u.
However, for voltage dips between 0.1 and 0.6 p.u the injected
reactive current should be follow the particular rate where the
required reactive current depends on the gain factor k [35].
According to the Egyptian network code, the factor k shall
be set between 0 and 4, with 2 being the preferred value [31].
As declared from Fig.4, the FRT is activated as long as the
voltage beyond the dead band (V = [0.9 p.u to 1.1 p.u]),
i.e. the shaded area.

1Iq
In
=


1,

1V
Vn

< −0.6

k
(
1V + 0.1

Vn

)
, −0.6 ≤

1V
Vn

≤ −0.1, k ≥ 2

(1)

where, 1Iq = Iq − Iq0 and 1V = V − V0

In : The nominal current.
Iq : The reactive current component (quadrature

axis component).
Iq0 : The prefault reactive component.
Vn : The nominal voltage.
V : The voltage of generator during fault.
V0 : the prefault voltage

Depending on the aforementioned discussion, the goal of
the FRT is to increase the reactive current during voltage dip.
When the FRT is applied to the RSC and GSC converters at
fault condition, the reactive current injected to the grid from
the converters can reach up to 1.0 p.u from the converter

rating (0.3 p.u w.r.t the DFIG-WT rated capacity). However,
for grid fault with voltage dips between 0.1 and 0.6 p.u, there
would be a potential for active current flow through convert-
ers, which would aid in the restoration of the dc connection
capacitor’s nominal value by providing its stored energy to
the grid [24], [25].

The reference reactive and active currents during FRT can
be determined by:

Iq_ref = (
1Iq
In

)In (2)

Id_ref =


0,

1V
Vn

< −0.6√
I2n − I

2
q_ref , −0.6 ≤

1V
Vn
≤ −0.1

(3)

At normal operation the dc link voltage is controlled via
GSC. By this way dc link capacitor can be release/ absorbed
the active current through GSC to/from grid. Once the fault
is detected, GSC follow the FRT requirements (i.e., give the
full priority to the reactive current instead of active current) by
this means dc link voltage control loop is disabled. As a result,
the energy is trapped in the dc link capacitor resulting in a
sharp rise of dc link voltage. To protect the dc link capacitor
from damage, an alternative protection scheme based on dc
chopper is used to keep the dc link voltage with nominal value
as shown in Fig.2. This protection scheme is a conventional
dc chopper circuit presented in [36]. Based on this scheme
resistor is connected in parallel with dc link capacitor by
IGBT. The IGBT is triggered through OR logic gate by using
two paths as depicted in Fig.2. The first path activates IGBT,
if the fault is detected however for the second path, IGBT
is triggered if dc link voltage (Vdc) exceeds threshold value
(Vdc threshold = 1.1 Vdc)[24], [25], [36].

IV. SYSTEM STABILITY
Maintaining the continuity of the power flow necessitates
keeping the wind farm operational rather than tripping when
faults occur. As a result, analyzing WT generators for proper
stability investigation has become essential.

A. CONCEPT OF IG STABILITY
To explain the concept of IG stability, the torque – speed char-
acteristic of IG is illustrated Fig. 5. The difference between
the two modes described in Fig. 5 depends on the generator
rotor speed,ωr . Ifωr is above the grid angular frequency, then
the machine works in generator mode otherwise the machine
operates in motor mode. As shown in Fig. 5, there are two
equilibrium points between Tm and Te, point ‘‘A,’’ and ‘‘E.’’
With respect to point ‘‘A,’’ the generator works normally
with stable operation where ωr = ωo (ωo is operating rotor
speed)., however point ‘‘E’’ represents unstable point where
ωr = ωc (ωc is critical rotor speed). When the short circuit
fault occurs, the operating point of the generator moves from
point ‘‘A’’ to point ‘‘B.’’ As a consequence, Te is suddenly
dropped. For the worst case at symmetrical fault, it drops to
zero as shown in Fig. (5). Unfortunately, Tm is still exists
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FIGURE 4. Reactive current injection during voltage dips defined by Egyptian grid code.

FIGURE 5. Torque – speed characteristic of IG under short circuit faults.

during fault hence, it depends on the incident wind speed.
Accordingly the rotor speed of the generator will increase
from point ‘‘B’’ (ω0) towards point ‘‘C’’ (ω1). Based on the
clearance time of the fault, and if the rotor speed is below
the critical rotor speed ωc (i.e generator stability limit), then
the operating point moves through path ABCDA, stable area
(blue area) where the resultant torque (Te − Tm) enforces the
rotor speed to return to its rated point. Otherwise, the operat-
ing point moves through path ABCFGH, unstable area (grey
area), accordingly the rotor speed increases to not permissible
values. In this instant, the protection system disconnects the
generator to protect it from damage.

B. PARAMETRIC ANALYSIS OF LYAPUNOV-BASED
STABILITY OF SCIG
1) MODELING OFSCIG
In this subsection, the dynamic equations of the IG in terms of
d–q components of stator and rotor voltages can be described
as [37], [39]:

Vds = RsIds +
dλds
dt
− ωsλqs

Vqs = RsIqs +
dλqs
dt
+ ωsλds

Vdr = Rr Idr +
dλdr
dt
−(ωs − pωr )λqr

Vqr = Rr Iqr +
dλqr
dt
+(ωs − pωr )λdr

(4)

Depending on (4) the rotor and stator quantities can be
expressed as subscripts r and s respectively. Rs,Rr are wind-
ing resistances, ωs is the grid angular speed, V is the voltage,
and I is the current. Flux linkage (λ) of the stator and the rotor
can be expressed as:

λds = LsIds + LmIdr
λqs = LsIqs + LmIqr
λdr = Lr Idr + LmIds
λqr = Lr Iqr + LmIqs

(5)

where, Ls is the stator self- inductance, Lr is the rotor self-
inductance while Lm is the mutual inductance.
For SCIG, the rotor voltage Vdqr , in the above equations

are set zero. The mechanical equation of the SCIG, can be
described as:

Tm − Te = J
dω
dt

(6)
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Tm = f ωr0 + Tm0 (7)

where Tm is the total mechanical input of the generator;
f represents the viscous friction, J represents rotor moment
of inertia, and Tm0 is the exerted torque to the rotor and by
substituting the Te, the equation (6) can be expressed as:

(f ωr0 + Tm0)−pLm
(
Iqs0Idr0 − Ids0Iqr0

)
= J

dω
dt

(8)

Depending on (4) - (8), the state space model of SCIG can
be described in the form of matrix as [37], [38]:

x · = f (x)+ B(u) (9)

where X, V, f, B, and σ , as shown at the bottom of the
page.

Equilibrium conditions of the system are obtained
when the system runs with zero deviation state [18]. Accord-
ingly, the equilibrium conditions of SCIG are achieved by
putting the derivatives of the dynamic equations of SCIG
to zero and substituting SCIG’s state variables (i.e., volt-
ages, currents, speed) by its pre-fault values. Consequently,
the equilibrium conditions are obtained as:

RsIds0 − ωsLsIqs0 − ωsLmIqr0 = Vds0

RsIqs0 − ωsLsIds0 − ωsLmIdr0 = Vqs0

RsIdr0 − ωsLrIqr0 + pωr0LrIqr0 − ωsLmIqs0
+pωr0LmIqs0 = 0
RsIqr0 − ωsLrIdr0 + pωr0LrIdr0 − ωsLmIds0
+pωr0LmIds0 = 0
(−fωr0 + Tm0)−pLm

(
Iqs0Idr0 − Ids0Iqr0

)
= 0 (10)

To facilitate the Lyapunov analysis of the SCIG, the origin
of the system (9) is referred to an equilibrium point given by

X0 ,
[
ωr0 Ids0 Iqs0 Idr0 Iqr0

]T
which is a solution to (10). The SCIG’s state variables around
this equilibrium point (X0), can be described as set of error

state variables (e) as:

e1 , ωr − ωr0

e2 , Ids − Ids0
e3 , Iqs − Iqs0
e4 , Idr − Iqr0
e5 , Iqr − Iqr0 (11)

The error model of the SCIG about the equilibrium condi-
tion can be expressed in terms of a set of error variables (e) by
removing the state variables in model (9) and using the error
variables given by (11):

d(e)
dt
= A (x0) e+ g(e) (12)

where e, g(e), and A(x0), as shown at the bottom of the next
page

2) SYSTEMATIC OF LYAPUNOV BASED STABILITY ANALYSIS
The Lyapunov concept is concerned with the stability of any
system as a function of its energy, the EF, which cannot be
negative and is described as follows [14]:

v = f (x, t) (13)

v ≥ 0 (14)

where v is defined as the system energy. The variable x
and t are the state variables and time, respectively. If the
system disturbed, the system state variables may be changed
resulting in change in system energy. If the derivative of the
EF w.r.t. time is positive, then the systemmay be unstable and
vice versa [14], [37].

The Lyapunov stability technique is proposed to the SCIG
only due to its weak behavior that affect the whole system
stability accordingly the EF is determined for the SCIG. The
SCIG’s Lyapunov EF is derived depending on the energy
balance equation which characterizes the energy transfer

X ,
[
ωr Ids Iqs Idr Iqr

]T
V ,

[
Vds Vqs Tm0

]

f , (x)



pLm
J

(
IqsIdr − IdsIqr

)
−

f
J ωr

Rr (1−σ )
σLm

Idr +
pLm
σLs
ωr Iqr −

Rs
σLs

Ids +
p(1−σ )
σ

ωr Iqs + ωsIqs
Rr (1−σ )
σLm

Iqr −
pLm
σLs
ωr Idr −

Rs
σLs

Iqs −
p(1−σ )
σ

ωr Ids − ωsIds
Rs(1−σ )
σLm

Isd −
pLm
σLr
ωr Iqs −

Rr
σLr

Idr −
p
σ
ωr Iqr + ωsIqr

Rs(1−σ )
σLm

Isq +
pLm
σLr
ωr Ids −

Rr
σLr

Iqr +
p
σ
ωr Idr − ωsIdr



B ,


0 0 − 1

J
1
σLs

0 0
0 1

σLs
0

σ−1
σLm

0 0
0 σ−1

σLm
0


σ , 1−

L2m
LsLr
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between the input and output of the SCIG based on the
principle of energy conservation [14], [18]. Consequently,
the energy balance equation can be expressed in terms of
SCIG mechanical and magnetic field energies, WJ and Wf ,
which can be defined as [38], [39].

Wf =
1
2
Ls

(
I2ds + I2qs

)
+

1
2
Lr

(
I2dr + I2qr

)
+Lm

[
Ids Iqs

] [Idr
Iqr

]
(15)

WJ =
1
2
Jω2

r (16)

To facilitate the Lyapunov concept, Wf and WJ can be
expressed in terms of a set of error state variables (e) about
the equilibrium points that correspond to the pre-fault values
of the SCIG’s state variables.

Depending on the set of error state variables in (11),
Eqs. (15) and (16) can be changed as:

Wf =
1
2
Ls
(
e22 + e

2
3 + 2e2Ids0 + 2e3Iqs0

)
+
1
2
Lr
(
e24 + e

2
5 + 2e4Idr0 + 2e5Iqr0 + Lme2e4

)
+Lm

(
Ids0e4 + e2Idr0 + e3e5 + Iqs0e5 + e3Iqr0

)
+
1
2
Ls
(
I2ds0 + I

2
qs0

)
+

1
2
Lr
(
I2dr0 + I

2
qr0

)
+Lm(Ids0Idr0 + Isq0Iqr0) (17)

WJ =
1
2
J
(
e21 + 2e1ωr0

)
+

1
2
Jω2

r0 (18)

Now the energy balance equationW (e) can be defined by

W (e) = Wf +WJ −Wf (0)−WJ (0) (19)

Wf (0) and WJ (0) are the initial magnetic and mechanical
energies, respectively. These energies represent the equilib-
rium condition based on the set-points of the state space
variables of the SCIG (currents and speed) which represented
by the pre-fault values Ids0, Iqs0, Idr0, Iqr0 and ωr0 as shown

below:

Wf (0) =
1
2
Ls

(
I2ds0 + I2qs0

)
+

1
2
Lr

(
I2dr0 + I2qr0

)
+Lm(Ids0Idr0 + Iqs0Iqr0) (20)

WJ (0) =
1
2
Jω2

r0 (21)

Then,

W (e) =


e1
e2
e3
e4
e4



J
2 0 0 0 0
0 Ls

2 0 Lm
2 0

0 0 Ls
2 0 Lm

2
0 Lm

2 0 Lr
2 0

0 0 Lm
2 0 Lr

2


[e1 e2 e3 e4 e5]

+
[
Jωr0 LsIds0 + LmIdr0 LsIqs0

+LmIqr0 Lr Idr0 + LmIds0 Lr Iqr0 + LmIqs0
]

[e1e2e3e4e5] (22)

Accordingly,W (e) can be rewritten in matrix format as:

W (e) = eTPe+ dT e (23)

where

P =
1
2


J 0 0 0 0
0 Ls 0 Lm 0
0 0 Ls 0 Lm
0 Lm 0 Lr 0
0 0 Lm 0 Lr



d =


Jωr0

LsIds0 + LmIdr0
LsIqs0 + LmIqr0
Lr Idr0 + LmIds0
Lr Iqr0 + LmIqs0



e = [e1e2e3e4e5]T

g (e) =



pLm
J e3e4 −

pLm
J e2e5

pLm
σLs

e1e5 +
p(1−σ)
σ

e1e3
−
pLm
σLs

e1e4 −
p(1−σ)
σ

e1e2
−
pLm
σLr

e1e3 −
p
σ
e1e4

pLm
σLr

e1e3 +
p
σ
e1e4



A (x0) =



f
J −

pLm
J iqr0

pLm
J idr0

pLm
J iqs0 −

pLm
J ids0

p(1−σ)
σ

(
Lr
Lm
Iqr0 + Iqs0

)
−

Rs
σLs

p(1−σ)
σ

ωr0 + ωs
Rr (1−σ)
σLm

pLm
σLs
ωr0

−
p(1−σ)
σ

(
Lr
Lm
Idr0 + Ids0

)
−
p(1−σ)
σ

ωr0 − ωs −
Rs
σLs

−
pLm
σLs
ωr0

Rr (1−σ)
σLm

−
p
σ

(
Lm
Lr
Iqs0 + Iqr0

)
Rs(1−σ)
σLm

−
pLm
σLr
ωr0 −

Rr
σLr

−
p
σ
ωr0 + ωs

p
σ

(
Lm
Lr
Ids0 + Idr0

)
pLm
σLr
ωr0

Rs(1−σ)
σLm

p
σ
ωr0 − ωs −

Rr
σLr


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FIGURE 6. The flowchart of the proposed Lyapunov method.

The power balance equation of SCIG is the derivative of
the EF, which can be deduced in terms of generator quantities
as [37], [38]:

dW (e)
dt
=
[
Vds Vqs Tm

]−Ids−Iqs
ωr


−RsI2ds − RsI

2
qs − Rr I

2
dr − Rr I

2
qr (24)

Using (11), rewrite Eq. (24) in terms of error variables
taken into account the equilibrium conditions

dW (e)
dt
=

(
f e21 + 2f ωr0e1 + Tm0e1

)
−(Vdse2 + Vqse3)

−Rs

(
e22 + 2e2Ids0

)
− Rs

(
e23 + 2e3Iqs0

)
−Rr

(
e24 + 2e4Idr0

)
− Rr

(
e25 + 2e5Iqr0

)
(25)
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FIGURE 7. Wind speed profile with fault cases.

Which can be rewritten as:

dW (e)
dt

= −


e1
e2
e3
e4
e4



f 0 0 0 0
0 Rs 0 0 0
0 0 Rs 0 0
0 0 0 Rr 0
0 0 0 0 Rr


[e1e2e3e4e5]

−
[
−2f ωr0 − Tm0ωr0 2RsIds0 + Vds0 2RsIqs0

+Vds02Rr Idr0 2Rr Iqr0 [e1e2e3e4e5]

Putting dW (e)
dt in the form of matrix, shown below,

dW (e)
dt
= −eTQW e− cTW e (26)

where

QW =


f 0 0 0 0
0 Rs 0 0 0
0 0 Rs 0 0
0 0 0 Rr 0
0 0 0 0 Rr



cW =


−2f ωr0 − Tm0
2RsIds0 + Vds0
2RsIqs0 + Vds0

2Rr Idr0
2Rr Iqr0


From (23), the derivative of the energy balance W (e) can

be described as:

dW (e)
dt
= eTP

d(e)
dt
+
d(eT )
dt

Pe+ dT
d(e)
dt

(27)

From (26),

eTP
d(e)
dt
+
d(eT )
dt

Pe+ dT
d(e)
dt
= −eTQW e− cTW e (28)

Consequently,

eTP
d(e)
dt
+
d(eT )
dt

Pe = −eTQW e− cTW e− d
T d(e)
dt

(29)

The candidate Lyapunov EF is [ 38,40 ]:

V (e) ≡ eTPe

Thus,

dV (e)
dt
≡ eTP

d(e)
dt
+
d(eT )
dt

P e

= −eTQW e− cTW e− d
T d(e)
dt

(30)

From (12), d(e)dt = A (x0) e+ g(e)
So
dV (e)
dt
= −eTQW e− cTW e− d

T (A (x0) e+ g (e)) (31)

Taken,

eTQe = eTQW e+dT g (e)

cTe = cTW e+ d
TA (x0) e

Which can be rewritten as:
dV
dt
= −eTQe−cTe (32)

where C and Q, as shown at the bottom of page 12.
According to (10), components of C represent the equilib-

rium conditions and therefore C ≡ 0
Consequently, the Lyapunov function (LF) and its deriva-

tive w.r.t. time are:  v(e) = eTPe
dv
dt
= −eTQe

(33)
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FIGURE 8. Simulation reuslts of the three scenatios under the two operating conditions.
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FIGURE 8. (Continued.) Simulation reuslts of the three scenatios under the two operating conditions.

Based on the Lyapunov theory, If the following constrains
(i.e. LF and its derivative) are achieved, the stability of the
SCIG is realized [14], [37], [40]:

(a)

v (e) > 0 ∀e 6= 0, and v (e) = 0 (34)

(b)

dv
dt
< 0 ∀e 6= 0.

from (34), to achieve the contains (a) and (b), accordingly
realize the stability of SCIG, the matrices P and Q should be
positive definite. Alternatively, P and Q are positive definite
if all of their eigenvalues have a positive real part [14].
Consequently, in order to determine the stability of SCIG,
eigenvalues of the P and Q should be monitored. The flow
chart of the proposed Lyapunov method to analysis condi-
tions for global asymptotic stability of the SCIG is depicted
in Fig. (6).

V. RESULTS AND DISCUSSION
The analytical approach of the Lyapunov theory and the
proposed FRT scheme are applied to the hybrid wind farm
illustrated in Fig.1. The whole configuration of the sys-
tem along with the hybrid wind farm is simulated with
MATLAB/Simulink software. Different case studies are con-
sidered. These are:

• Case I: The performance of the proposed hybrid wind
farm at fault condition with FRT

• Case II: The simulation and experimental validation of
FRT of DFIG- WT

• Case III: The proposed wind farm’s stability is assessed
using the Lyapunov theory.

A. CASE I
The system stability with the FRT is tested through three
scenarios according to the type of wind farms. These are:

Scenario (1): The wind farm consists of only SCIG-
WTs with rating capacity 20.400 MW

C =


−pLm

(
Iqs0Idr0 − Ids0Iqr0

)
+fωr0 + Tm0

RsIds0 − ωs
(
LsIqs0 + LmIqr0

)
− Uds

RsIqs0 + ωs (LsIds0 + LmIdr0)− Uqs
RrIdr0 − Sωs

(
LrIqr0 + LmIqs0

)
RrIqr0 + Sωs (LrIdr0 + LmIds0)



Q =



f
1
2
pLmIqr0 −

1
2
pLmIdr0

1
2
pLrIqr0 −

1
2
pLrIdr0

1
2
pLmIqr0 Rs 0 0 −

1
2
Lmpωr0

−
1
2
pLmIdr0 0 Rs

1
2
Lmpωr0 0

1
2
pLrIqr0 0

1
2
Lmpωr0 Rr 0

−
1
2
pLrIdr0 −

1
2
Lmpωr0 0 0 Rr


VOLUME 9, 2021 80331



A. A. Salem et al.: New Analysis Framework of Lyapunov-Based Stability

FIGURE 9. Simulation reuslts of the response of DFIG with and without proposed FRT.

(2× (17×600)) kW. This is two tranches from
‘Danish’ wind farm in Zafarana.

Scenario (2): The wind farm with rating capacity
20.400 MW with (17 × 600 kW) SCIG-WTs
and (12×850 kW) DFIGs-WTs as conducted
in Fig.1.

Scenario (3): The wind farm composed of the same num-
bers of SCIG and DFIG as in scenario (2) but
the DFIGs are equipped with the FRT.

The three scenarios are examined under two different
operating conditions. In the first condition, the wind farm
is subjected to fault incident at the instant 1 s and cleared
after 150 ms, where the wind speed value is below the rated
wind speed. While in the second condition, the wind farm is
subjected to the same fault condition as the first condition,
but the fault occurred at t = 4 s, wind farm operates at rated
wind speed. To evaluate the performance of FRT under the
worst grid fault conditions, a three-phase to ground fault is
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FIGURE 10. Expermintal setup of a DFIG system (a) Schematic diagram. (b) Platform diagram.

occurred at the nearest bus to the DFIG terminals as shown
in Fig.1. Fig. 7 shows the portrayed wind speed profile with
the two operating conditions.

Fig. 8 describes the dynamic performance of the three
scenarios under the two conditions described before.

As shown in Fig.8(a) and before initiating the fault (condi-
tion (1)), SCIG based wind farm produces less injected active
power therefore it has not the ability to track the MPP. It also
absorbs large reactive power, Fig.8(b), which means that it
has not the ability for reactive power control compared with
other scenarios. The PCC voltage and SCIG speed are the
same for the three scenarios, where they operate at steady
state. However, scenario (1) has slightly lower voltage due to
large absorbed reactive power as shown in Fig. 8(b) and (c),
respectively. Once the fault initiated at t = 1 s, the voltage
at PCC and the injected active power is dropped as shown
in Fig. 8(c) and (a), respectively. As consequence the SCIG
speed increased, Fig.8(d), where the equilibrium condition
between the mechanical and electrical powers of the gener-
ator is not maintained. As shown in Fig.8(b), a significant
amount of reactive power is consumed to re-establish the
magnetic field as the generator speed increases after the
fault is cleared resulting in voltage decrease at the PCC as
illustrated in Fig.8(c). The stability of the three scenarios is
restored after clearing the fault as depicted from Fig.8(a);
however, scenario (3) maintains better stability and recovers
faster compared with the other scenarios. The preferable fea-
tures of scenario (3) are attributed to its capability to reactive
power compensation during fault period as shown in Fig.8(b).

It keeps the voltage slightly higher than other scenarios
accordingly the injected active power almost represents the
same voltage scenario as shown in Fig. 8(c) and (a).

A new operating point is established when the wind speed
is increased (condition (2)). The absorbed reactive power of
the three scenarios is increased especially in scenario (1)
which has no self-compensation. Accordingly, when the fault
is occurred at t = 4 s, scenario (1) cannot withstand the
same fault conditions as condition (1), where the SCIG speed
exceeds the allowed limit as shown in Fig. 8(d). After clearing
the fault, the absorbed reactive power is increased signifi-
cantly, Fig.8(b) leading to voltage collapse at the PCC as con-
ducted in Fig. 8(c). As a result, the system loses its stability in
scenario (1), with the injected active power failing to recover
to its nominal value, as shown in Fig. 8. (a). Scenarios (2)
and (3), on the other hand, are stable and restore pre-fault
values, but scenario (3) has a faster recovery response once
the fault is cleared, as shown in the green line for all quantities
in Fig.8.

B. CASE II
The individual response of the DFIG equipped with FRT
or using conventional control is described in Fig.9. With
conventional control, the DFIG produces its own reactive
power (i.e. work with unity power factor) as shown in Fig.9(a)
accordingly the overall absorbed reactive power is reduced.
However, for DFIG equipped with FRT, extra reactive power
can be produced during the fault, Fig.9(a). This reactive
power is necessary for compensating the SCIG reactive power
and hence recovery the pre-fault value faster as conducted
in Fig.9(b). The reactive power compensation of DFIG
equipped with FRT is attributed to reactive current injec-
tion of the converters. According to the Egypt grid code,
the reactive current injection should reach 100% of converter
rating (i.e. 0.3 p.u with respect to the rated capacity of
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FIGURE 11. Experimental results of the 1 kVA test rig grid connected DFIG with and without FRT to symmetrical three phase fault under 80 %
voltage dips.

DFIG-WT) when the voltage dips more than 60% (100% in
this case), which is achieved as shown in Figs.9(b) and (c).
It is important to point out, at the absence of fault, the RSC
produces reactive current for the generator magnetizing con-
dition. However, the GSC supplies no reactive current to
ensure working with unity power factor. The DFIG equipped
with FRT forces the converters to give the priority of reactive
current flow during fault. Consequently, the controller adjusts
the active current through the converters by modifying its
reference value to follow the grid code requirements. By this
means the active current injection should be reduced to zero
as conducted in Fig.9(d) and (e). During normal operation,
GSC maintains dc-link voltage constant however, under grid
fault condition, the FRT is activated and the injected active is
intentional dropped.

At this case, the dc link voltage control loop is disabled
temporary, and the energy trapped in the dc link cannot
be released accordingly a sharp rise to the dc link voltage
occurred. As a consequence, the excess energy gives a sharp
rise in the dc link voltage, Fig. 9(f) (i.e., normal control).
However, with FRT, the dc chopper is used to mitigate the

over voltage of dc link voltage as shown in Fig. 9(f). Further,
when the voltage dips reach value above the level 0.6 p.u,
there will be a flow of active current through converters.

To validate the concept of the FRT of DFIG-WT practi-
cally, 1 kVA test rig grid connected DFIG-WT system with
the Lab soft environment is used as shown in Fig. 10. The test
rig permits the performance evaluation of the DFIG system
experimentally to verify the proposed method of reactive
power compensation under grid fault conditions. The main
elements of the test rig system can be described as following:

1) 1 kW servo-machine test bench for WT simulator. This
test bench system provides a torque input to the DFIG.
Moreover, provides a simulated mechanical model by
its control hardware to create the torque input from a
WT rotor.

2) A 1 kVA DFIG system including 0.8 kW, 400/230,
50 Hz three phase IG, two controlled three-phase
inverter, integrated brake chopper and integrated power
switch for connecting the generator to the grid.

3) A dynamic grid fault simulator to simulate the voltage
dip profiles. The dynamic grid fault simulator unit is
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FIGURE 12. Eigenvalues of the P matrix.

connected to the DFIG system via a 400:300 1 −Y
isolation transformer.

4) A control hardware which contains a combination of
digital controller, interface boards, isolated sensing
equipment, and a dedicated PC, which all used to exe-
cute the DFIG controller, WT simulator and fault test
control. The schematic diagram and platform diagram
of the experimental setup of a DFIG system are pre-
sented in Fig. 10 (a) and (b), respectively.

The test rig DFIG system is examined with 150 ms
3-phase to ground fault with 80% voltage dips to vali-
date the effectiveness of reactive power compensation on
the performance of the DFIG. It is worth to mention that,
100% voltage dips are not excited because the converters
are disabled by the controller (pulse inhibition) where the
phase position is not known as a consequence there is no
current fed to the grid. The conducted experimental results
have been presented in Fig. 11. The data extracted from
the test rig system is drawn using the MATLAB software.
The instantaneous values of the grid voltage and injected
grid current are shown in Fig. 11 (a) and (b), respectively.
As described in Fig.11 (a) the 3-phase to ground fault with
80% voltage dips is initiated at the instant 0.1 s and cleared
at 0.25 s.

As a consequence, the current increases as conducted in
Fig.11(b). In the absence of fault, the test rig DFIG system
supplies no reactive current to the grid, Fig. 11(c), (i.e. work
with unity power factor). In this case, the DFIG produces its
own reactive power by the injected reactive current from the
RSC for the generator magnetizing condition, Fig. 11(f).

However, in the event of fault and with the FRT, the test rig
DFIG system supplies reactive current to the grid, Fig.11(c),
to compensate the voltage dips as shown from Fig.11(g). The
reactive power compensation of the DFIG system is attributed
to the reactive current injection of the RSC and GSC.

The grid reactive current, Fig. 11(c), is the sum of the
stator reactive current, Fig. 11(d), and the GSC reactive
current, Fig. 11(e). According to the grid code, the current
injection of the converters should reach 100% of converter
rating (i.e. 0.3 pu with respect to the rated capacity of the
DFIG-WT. When the voltage dips more than 60% (80% in
this case) which achieved as shown in Fig. 11(e) and (f).
the injected grid reactive current compensates the voltage to
slightly higher values than the DFIG with the conventional
control as shown in Fig. 11(g). In the event of fault, a brake
chopper as amendatory action protects the dc link, where it
has been engaged automatically when the dc link voltage
increased above threshold value. The dc link voltage is shown
in Fig. 11(h).

C. CASE III
The stability of the SCIG of the proposed wind farm
shown in Fig. 1 is investigated in this subsection employ-
ing the LF method. To validate the system stability using
the Lyapunov-based method, the matrices P and Q have to
be determined firstly then their eigenvalues are determined.
If their eigenvalues are positive, then the two matrices are
positive definite. As a result, the constraints in (34) are met,
and the system is stable; otherwise, it is unstable. Matrix P
and its eigenvalue is calculated using the system parameters
shown in the Appendix A. It is shown from Fig. 12 that
all the eigenvalues of matrix P are positive indicating that
matrix P is positive definite. However, P does not change
w.r.t the system’s operating conditions where it depends only
on the SCIG parameters. The matrix Q, on the other hand,
is dependent on the SCIG’s operating condition (e.g., speed
and current). This implies that the system stability is deter-
mined by the eigenvalues of Q. To calculate the Q, consider
the time-domain simulation of the proposed wind farm using
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FIGURE 13. Eigenvalues of the Q matrix for scenario (1) at different time interval.

FIGURE 14. Eigenvalues of the Q matrix of the three scenarios at instant 5 s.

the Matlab/Simulink tool. The system is stable if all of Q’s
eigenvalues are positive. If one eigenvalue has a negative real
part then the system is unstable.

The eigenvalues of the Q matrix for scenario (1), men-
tioned in Case I, at different time intervals (i.e. 2 s, 3.5 s,
and 5 s) where SCIG operating conditions that are changed
are depicted in Fig.13. For example, at instant 2 s, when the
SCIG system recovers its state after the fault (which initiated
at 1 s), the Q matrix and its eigenvalue are calculated. They

are also determined at 3.5 s after the operation is changed
(i.e. wind speed changes). After the SCIG system recovers
its state after the fault (which initiated at 4 s), the Q and its
eigenvalue are calculated at instant 5 s. As shown in Fig. 13,
for instants 2 and 3.5 s, all eigenvalues are positive, indicating
stable operation; however, for instant 5 s, two eigenvalues are
negative, indicating unstable operation. The eigenvalues of
Q for the three scenarios wind farms, mentioned in Case I,
at instant 5 s are analyzed in Fig. 14. All eigenvalues in
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FIGURE 15. Cp – λ curves for various β values.

FIGURE 16. Extracted mechanical power with WT rotor speed for various values of wind speed.

scenarios (2) and (3) are positive, indicating a stable oper-
ation. However, in scenario (1), two eigenvalues are negative
at the same instant resulting in unstable operation of the
SCIG. It is remarked that there is a high level of agreement
between Lyapunov-based stability assessment’s results and
the simulation results.

VI. CONCLUSION
This paper has addressed the stability of hybrid wind farms
composed of SCIG and DFIG of Zafarana, Suez Gulf area,

Egypt. The parameters of FRT curve of Egypt grid code have
been utilized. A global stability of the SCIG in the sense
of Lyapunov has been identified and tested by time domain
simulation. The dynamic behavior of the global system is
simulated in MATLAB/ Simulink interface programming
while the practical data are collected from an experimental
model consisting of DFIG-WT to validate the effectiveness of
the FRT control system. The numerical results have demon-
strated the validity and robustness of the analytical stability
argument using Lyapunov method.
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TABLE 2. System parameters of the proposed hybrid wind farm.

APPENDIX A
SYSTEM PARAMETERS
The system parameters are shown in Table 2.

APPENDIX B
WT MODELING
The mechanical power Pm extracted by the WT is described
by

Pm =
1
2
.ρ.A.V 3

w.CP (λ, β) (B.1)

where ρ, A and Vw are air density, rotor swept area, and wind
speed respectively. CP is the power coefficient where β and λ

are pitch angle and tip-speed ratio respectively. λ is given by:

λ =
ωRR
Vw

(B.2)

where ωR and R are the rotor speed and radius respectively.
Due to the existence of a gearbox with gear ratio ng, the

generator mechanical speed ωr can be represented by:

ωr = ngωR (B.3)

Also, the rotor mechanical torque is given by:

Tm =
Pm
ωr

(B.4)

CP can be described as a function of λ and β by the
following the nonlinear equation [10]

Cp = 0.5176
(
116
λi
− 0.4β − 5

)
e−

21
λi + 0.0068λ (B.5)

λi =

(
1

λ+ 0.08β
−

0.035
β3 + 1

)−1
(B.6)

Fig. 15 illustrates the Cp-λ curves for different β. Based
on Fig. 15 Cp_max ≈ 0.48 at β = 0◦ and λ = λopt ≈

8.1. The mechanical output power of WT is illustrated in
Fig. 16. As described in Fig. 16 themaximumpower point, for
any specific wind speed occurred at optimum WT rotational
speed.
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