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Abstract- Nowadays, the challenging errand is enhancing the wind energy system (WES) performance to be more competitive
and economically viable. One of the best ways to enhance the performance of the doubly-fed induction generator (DFIG)-based-
WES is the optimization of the proportional-integral (Pl) controllers for the variable frequency converter system. Many
objectives with different optimization techniques have been used in literature to achieve optimal performance. Each choice has
its advantages and disadvantages. This paper presents a new design approach for better performance of P1 controllers and, hence
DFIG over a wide range of operating conditions through two main themes. The first is by introducing a new multi-objective
formulation, while the second is utilizing recent optimization techniques like Grey Wolf Optimizer and Whale Optimization
Algorithm. Four PI controllers are optimized using a traditional objective function and the proposed multi-objective formulation.
Two are related to the Rotor Side Converter (RSC), named power regulator, and the main rotor side converter current regulator.
The other two PI controllers related to Grid Side Converter (GSC) are the DC-link voltage regulator and the main grid-side
converter current regulator. A performance comparison is held through normal and abnormal operating conditions on a
simulation model of a 6 MW wind farm located in Jabal Alzayt along the Red Sea Coast in Egypt and directly connected to the
grid. The results confirmed the effectiveness of the proposed approach to help the DFIG-based-WES to agree with the Egyptian
Grid Code during disturbances compared with the traditional objective formulation.

Keywords Doubly-Fed Induction Generator (DFIG), Grid Side Converter, Optimization Algorithms, Rotor Side Converter,

Wind Energy System (WES).

1. Introduction

Recently, wind energy has become an increasingly vital
role in electrical power generation all over the world. This
type of energy source is developed due to the growing demand
for electricity and the trend to use renewable and non-
polluting energy sources worldwide [1]. For Egypt, the
penetration level of wind farms into the Egyptian electricity
grid has increased considerably in the last two decades [2].
The capacity of the existing wind power stations in Egypt now
is 1635 MW, shared between Zafrana, Jabal Alzayt, Ras
Ghareb, and Gharb Bakr by 33.33%, 35.47%, 15.9%, and
15.3%, respectively [3]. Besides, the integrated and
sustainable energy strategy seeks to diversify energy sources
and ensure energy reliability. It is worth noting that there are
wind farm stations under preparation with a capacity of more
than 2800 MW; meanwhile, the total installed capacity of
renewable energy sources will reach 19.2 GW by the end of
2022, with 69.27% for wind energy contribution [4].

Jabal Alzayt wind farm is established along the Red Sea
Coast on one hundred square kilometers. It is considered one
of the largest stations in electricity generation in terms of the
number of turbines, capacity, area, and the utilization of new
technologies such as the migratory birds monitoring system.
This monitoring system is achieved with the help of the radar

for stopping the turbines when the migrant birds are passing
and restarting them again after confirming that they have
passed peacefully [4]. The total capacity of Jabal Alzayt wind
farm station is 580 MW, established in three phases. The first
phase consists of 120 turbines with a 240 MW capacity, of
which only 100 are grid-connected. The second phase
comprises 110 turbines with 220 MW capacity, where 75
turbines are linked to the grid with 150 MW capacity. The
third phase is 60 turbines with 120 MW capacity [3].
Accordingly, the studied model in this paper will be a part of
the network of an air-insulated substation (AIS) in one of the
new promising projects in Jabal Alzayt, which utilizes the
doubly-fed induction generator based-wind energy system
(DFIG-based-WES).

In DFIG, the induction generator (1G) directly connects to
the grid through stator terminals. On the other hand, the rotor
terminals are grid-connected throughout a variable frequency
converter system (VFCS) and coupling transformer. The
VFCS manages approximately 25-30% of the total power to
achieve generator control. The variable speed wind turbine
(VSWT) with DFIG is the best choice over the fixed speed
wind turbine coupled with IG and VSWT with a synchronous
generator [5]. The VSWT with DFIG can provide tracking for
the maximum power point, decoupling control of generator
reactive and active powers, besides improving the dynamic
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performance during power system disturbances such as short
circuits and voltage sags. Furthermore, the VFCS of the
VSWT with DFIG is smaller and cheaper than VSWT
equipped with a synchronous generator where the stator
directly connects to the grid via a full-load VFCS. However,
the VFCS and IGBT (insulated-gate bipolar transistor) power
electronics converters are the most sensitive and vulnerable
part of the DFIG-based-WES, as they are exposed to transient
disturbances within the grid. The protection from overcurrent
in the rotor circuit may cause the Rotor Side Converter (RSC)
of the VFCS to be blocked and stops switching because of
disturbances, and the turbine may trip. Thus, the VFCS
behavior and the associated WES depend on the performance
of the DFIG control system. The chance for the WES to stay
in service during the grid disturbances increases with the
optimally designed controllers. To control the nonlinear
components within the power systems, different contemporary
control strategies like intelligent and adaptive approaches
have been extensively studied [6]-[7]. Still, these control
strategies have few real applications, perhaps because of the
difficulty of their online tuning, nonlinearity, and their
complex structures [8]. As a result, the conventional PI
controllers are still a more common control technique in
power systems in controlling DFIG-based-WES because of
the simple design as demonstrated in [8-11]. Accordingly, the
Pl controller will be investigated in this paper to be
significantly enhanced.

The nonlinearity and complexity of the system make it
difficult to tune the PI gains properly. Several singular
objective functions are applied in [9] using the Chaotic Whale
Optimization Algorithm (CWOA) and the Particle Swarm
Optimization (PSO) to improve the reactive power control
capability of DFIG. In addition, ensuring the optimal energy
harvesting with the aid of marine predators algorithm in [12]
and minimizing the distorted currents in the rotor circuit in
[13]. On the other hand, the researchers in [11] have preferred
implementing the (PSO) in a multi-objective formulation to
minimize the steady state error, and achieve the maximum
power point Tracking. The controller performance has also
improved in [14] during grid faults. As many objective
functions have been chosen in literature to achieve optimal
performance via different optimization methods, the authors
believe it is possible to achieve the best behavior of the
controllers through two main themes. The first theme is to
accomplish the best formulation for the desired objective
function, while the second theme is to use the best
optimization method that leads to the best results, which is
extensively studied and implemented in this paper. The results
display how the proposed formulation can obtain the optimal
Pl controller parameters. These parameters will significantly
improve the DFIG-based-WES dynamic performance over a
wide range of operating circumstances.

The rest of the article is divided into several sections.
Section 2 presents the DFIG-based-WES configuration and its
control system. It also highlights the VSWT and generator
modeling and describes the interaction among systems. The
studied system is briefly demonstrated in Section 3, in addition
to the gains of PI controllers to be tuned. Accordingly, moving
on to Section 4 as the paper core, it will introduce the new
proposed formulation. Validation of the new proposed

objective function is discussed in Section 5. Finally, the
conclusion is summarized in Section 6.

2. Doubly-Fed Induction Generator-based-Wind Energy
System (DFIG-based-WES)

The DFIG is one of the highest leading technologies used
in WES due to its singularity in energy harvesting, better
performance, cost, and size [5]. The configuration of DFIG-
based-WES, the control system, and VSWT modeling will be
briefly overviewed in the following subsections.

2.1. Configuration of DFIG-Based-WES

It mainly consists of a wind turbine, DFIG, VFCS,
coupling transformer, and control system, as illustrated in Fig.
1. The stator of DFIG is directly grid-connected, and the rotor
side is linked to the grid via a VFCS. The power flow between
the circuit of the rotor, and the utility grid must be controlled
and monitored in both magnitude and direction to generate
electrical power at constant voltage and frequency; to the
utility grid over the great operation range from sub-
synchronous to super synchronous speed [15]. Consequently,
each VFCS includes two four-quadrant IGBTs converters
joined back-to-back through the DC-link capacitors.

2.2. Control System of DFIG-Based-WES

As depicted in Fig. 1, there are three different control
levels in VSWT [5]. The regulation of the power flow between
the DFIG and the grid is targeted by the first control level ().
The Rotor Side Converter Control System (RSCCS) aims to
provide independent control of both stator’s active and
reactive powers. The Grid Side Converter Control System
(GSCCS) keeps a constant DC-link voltage regardless of the
direction and magnitude of the rotor power [16]-[17]. In
addition, this control level has a decisive say in the control
strategy of the crowbar. The second level of control (I1),
named by the Wind Turbine Control Strategy (WTCS), is
dedicated to controlling the energy conversion from wind
energy into mechanical energy. It also computes the needed
references for control level (I). All actions concerning the
integration between the WT and the grid are related to the third
control level (111), the Wind Turbine Grid Integration Strategy
(WTGIS).
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Fig. 1. Configuration and control of DFIG-based-WES.
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According to [5], a concept called Wind Farm Centralized
Control (WFCC) is developed to ensure that the wind farm
behaves as one single unit as in conventional power plants.
WFCC aims to regulate the injected active and reactive
powers at the Point of Common Coupling (PCC).

Due to the wind energy penetration in the Egyptian grid,
control of wind farms has become one of the main tasks for
Egyptian Grid Operators (EGOs). The Egyptian Grid Code
(EGC) has been exploited to set a technical requirement to
achieve the main pivotal, that the electricity supplies become
in service [16]. Figure 2 clarifies that; the inputs of WFCC will
be the references received from EGOs, the measurements
from the PCC, and both status and availability of power for
each wind turbine (WT) at any time [5]. According to these
input data, the WFCC should provide each WT with the
references for active and reactive powers. Therefore, it is
essential to ensure that there are real-time communications
between WFCC, EGOs, and each WT.

2.3. VSWT Modeling

This part provides the basic concepts of VSWT and the
routine to connect with the grid [5]. It also covers the
interaction among systems to formulate the overall VSWT
model, as illustrated in Fig. 3.

2.3.1.

The aerodynamic system represents the extracted power of
the rotor and the turbine torque (T}) according to the angular
speed of the turbine (w;) and the average wind speed (Vyy).

Aerodynamic System

2.3.2. Mechanical System

The mechanical depiction of the entire WT is very
complex. The mechanism of a WT and the forces experienced
by its components are numerous. The mechanical system
estimates the angular speed of the turbine and the generator
(w¢, wy,) depending on their torques (T;, Tom)-

2.3.3.

The target of the pitch controller is rotating all WT blades
at the same angle or each one of them independently. The
regulation of independency gives a higher level of freedom to
the control system. The pitch system appraises the dynamics
of the pitch angle (f) based on the referenced pitch (B,.s)
from the WTCS.
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Fig. 2. The signals flow among EGOs, WFCC, and WTCS.
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Fig. 3. Interaction among VSWT systems.

2.3.4.

The main goal of the wind turbine control strategy is to
calculate the references of generator torque (Tepyref), reactive
power (Qrer), and pith angle (B.r) as a function of grid
voltage (Vgriq) and the average wind speed (V). The
conventional aim of the generator is to produce a grid current
as a function of the grid voltage (V,q).

The DFIG model can be presented in the dq reference
frame, and the rotor side quantities are referred to the stator
side. The dq voltages equations for the stator (v 4,v 4s) and
rotor (v 4,v4,) are expressed in equations (1-2), while the
flux expressions for the stator (45, 4s) and rotor
(¥ ar , Y 4 ) are defined in equations (3-4) [15]:

Electrical System

I ay gs
Vgs =lgsTs+ _wqu&

dt

. A gs @
Vgs = lqsTs + 5 — 0P as

, ap gr
Udr=ldrrr+%_(w_wr)wqr&

. d gr )
Uqrzlqrrr'l' dt +(w_wr)lpdr
Yas=lgsLbgtig Ly & 3)
lpqsziqsLs'i'iqum
Yar =lar Ly +igsLlm & (4)

ll}qr = iqur+ iqsLm

Where:
- The subscripts d, q, s, and r refer to d axis, q axis,
stator, and rotor quantities, respectively.
- The stator and rotor currents in dq frame are denoted
bY i 45, L gsi L ar, AN i 4., respectively.
- rg 1, are the winding resistances of the stator and
rotor, respectively.
- Theangular velocities for the reference frame and the
DFIG rotor are presented byw,w . respectively.
- The stator and rotor inductances (Lg, L,) can be
defined in terms of mutual inductance (L,,), the
leakage inductances of the stator and rotor (L 4, L)
byLy=Li+LpandLl, = L, +L,,.
Accordingly, for the generator slip (S), the active and
reactive powers of the stator (P, Q) and rotor (B, Q,-) will
be expressed in equations (5-6).
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3 . .
k= E(Udslds'l'vqslqs)&

3 . .
Qs = E(vqslds_vds lqs)

®)

3 . .
P = E(vdrldr+vquqr) = -SPF (6)

&Qr = ;(vqridr_vdriqr)

For the pole pair (p), the electromagnetic torque (T.,, ) is
expressed by:

3 . o
Tem = Eme(lqs lagr —lgs lqr) (7

3. Studied System

The configuration studied here, as demonstrated in Fig. 4,
is a part of the transformer network of a 6 MW wind farm
located in the Jabal Alzayt region. It consists of four similar
1.5 MW wind turbines (with identical gains) coupled with an
AIS substation through a 0.69-22 kV transformer to be
connected to the grid through two feeders; 22 kV of 10 km,
220 kV of 20 km, and a 22/220 kV transformer.

The simulation parameters of the studied system are
mentioned in Table 1. MATLAB/SIMULINK software is
utilized to simulate and test this system taking into account the
recommendations of the EGC as in Table 2 [16].

3.1. Applied Controllers

Among the different control strategies examined in the
literature, the vector control technique with PI controllers is
the most common in DFIG-based-WES [18]. Thus it is
selected to be applied in this study. The transfer function of
the Pl controller is generally given by the next equation, where
K, and K; are the proportional and the integral gains,
respectively [19]:

6o (5) = Ky +1 ®)

3.1.1. Control Loops of RSC

The stator flux-oriented vector control (SFOVC) is
deployed for the RSCCS [20]. As demonstrated in Fig. 5 (a);
the main focus of the RSCCS is to control the stator terminal
voltage (V;) via the Pl AC voltage regulator, and the active
power (P,) via the Pl power regulator, through d and q axes
loops, respectively [15].

As shown, controlling P; and V; in SFOVC mainly
depends on 4, and its transformation to /4. and I,,.. The
error signals are produced by subtracting the actual signals
Ps,V;, gy, and I, from their reference values P, Vi*, Ig,., and
I3, respectively. Then, the error signals of the rotor currents
eiar, and e;q, are multiplexed before entering the last PI of the

RSC current regulator. This PI controller generates a Vg, the
voltage signal that will be de-multiplexed again to produce
Var, and V,, signals. They are connected to a PWM module to
create the IGBT gate corresponding signal of RSC. Some
references have a set value such as V" equals 1 p.u, and the
corresponding Pl AC regulator transforms and generates the d
component of rotor current reference (i3,.). Others depend on
the power-speed tracking characteristic curve as in P which
transforms and generates the g component of rotor current
reference (ig,-) through its corresponding PI power regulator.

Table 1. Main simulation parameters of the studied system

Syster_n . Parameters Values
Description
Rated power 1.5 MW
Rated voltage 690 V
Frequency 50 Hz
Stator resistance & 0.00706 p.u,
inductance 0.171 p.u
DFIG Rotor resistance 0.005 p.u,
&inductance 0.156 p.u
Pole pairs 2
Mutual inductance 29p.u
Inertia constant 5.04s
Friction factor 0.01 p.u
Rotor diameter 77m
Cut-in wind speed 4 m/s
Wind Nominal wind speed 14 m/s
Turbine Cut-off wind speed 25 m/s
Gear ratio 104
Air density 1.225 kg/m?
Rated Power 8 MVA
Voltage 690 V
Wind Winding 1 | Resistance | 0.0081 p.u
turbine Inductance | 0.0453 p.u
transformer Voltage 22x10%V
Winding 2 | Resistance | 0.0081 p.u
Inductance | 0.0453 p.u
Rated Power 50 MVA
Voltage 22x10%V
PCC bus Winding 1 | Resistance | 0.0051 p.u
transformer Inductance | 0.065 p.u
Voltage 220x10% V
Winding 2 | Resistance | 0.0051 p.u
Inductance | 0.065 p.u
Positive and zero 0.1153 Q/km,
seguences resistance 0.413 Q/km
TL line Positive and zero 1.05x10° H/km,
seguences inductance 3.32x10° H/km
Positive and zero 11.33x107° F/km,
seguences capacitance 5.01x10° F/km
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Fig. 4. Single line diagram of the studied 6 MW wind farm.
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Fig. 5. Control loops of (a) RSCCS, (b) GSCCS.

3.1.2 Control Loops of GSC

As illustrated in Fig. 5 (b), the GSC is grid-connected at
the stator through the grid R-L filter and the DC-link. The
main focus of the GSCCS is to ensure that the DC-link voltage
is maintained constant [15]. The actual voltage signal (V) is
subtracted from its reference voltage signal (V;.) which equals

1200 V to generate an error signal, which in turn, becomes an
input to the PI controller of the DC-link voltage that provides
the reference grid current (I5,). The reactive power reference
(Qg) equals zero and the g component of the grid current
reference (iz,) is generated after multiplying with a gain of

31 [17]. A deduction process is implemented between

~zVdg
actual signals (1,4 and I,4) and their references (I3, and I5,)
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to form new error signals e;q, and e;qq, respectively. Then,
these errors are multiplexed before going to the PI controller
of the GSC current regulator. This PI controller will generate
a Vyq4 Voltage signal, which will be demultiplexed again to
get finally the two voltage signals V4, and V,. The PWM
module will carry out its mission and receive the Vg,
and V4 signals to create the IGBT corresponding signal of
GSC, as revealed in Fig. 5 (b).

3.2 PI Controllers Gains

Once the gains of the PI controllers are correctly tuned, the
performance of VFCS is enhanced meaningfully during
disturbances. This paper has focused on achieving optimal
parameters of P1 controllers for both rotor and grid side loops.
As demonstrated in Fig. 5, there are five Pl controllers for
RSCCS and GSCCS for each wind turbine. Three PI
controllers are applied for the RSCCS, where the AC voltage
and power regulators are combined and multiplexed for the
main rotor side converter current regulator. On the other side,
there are two PI controllers for the GSCCS, the DC-link
voltage regulator and the main grid side converter current
regulator. It is worth noting that the gains of the PI AC voltage
controller will not be optimized in this study for RSCCS as it
is inherently a part of the rotor current PI controller. The gains
will be assumed by 1.25 and 300 for the proportional and the
integral gain, respectively, as discussed in [20]. Consequently,
eight gains of the other four PI controllers need to be
optimized for RSCCS and GSCCS for each wind turbine. For
simplification, these gains are replicated in the four wind
turbines in the studied system. Accordingly, only eight gains
will be optimized instead of thirty-two. These gains are power
regulator gains (K,p,K;,), rotor-side converter current
regulator gains (K., K;) for RSCCS, DC-link voltage
regulator gains (K,y,K;,), and grid-side converter current
regulator gains (K, g4, K;4) for GSCCS.

Table 2. EGC Recommendations for protection devices

Functions EGC Recommend_ed sgttings
Level Setting time (s)
T ot
o1 g RIS 08 Uy | 031
oo™ b |
;)(;/_esrz-flr_ie;uency range > 515 Hy <01
Li;‘_j:ggeﬁ;ency range < 475 Hz <05

3.3 Applied Optimization Algorithms

Since tuning these PI controllers is wearisome and tedious,
different optimization techniques have been employed in this
study, such as GA, CSA, Grey Wolf Optimizer (GWO), and
Whale Optimization Algorithm (WOA). Mathematical
representation and details for the applied optimization
algorithms GA, CSA, GWO, and WOA can be found in [21],
[22], [23], and [24], respectively. The initial parameters
needed to set up optimization algorithms are assigned in Table
3.

4. Formulation of Objective Functions

Substantial literature is available for formulating the
objectives to tune the PI controllers. Several researchers have
applied singular objectives such as [9], [11-13]. Others
preferred to specify multiple objectives as in [10], and [14].
Based on different formulations achieved via numerous
optimization methods in several reported studies [9], [12],
[20], [25], and [26], a satisfactory performance can be
obtained by integrating squares of errors. So, the first
conception in this paper is to apply this traditional objective
function by utilizing different optimization techniques such as
CSA and WOA.

4.1. Traditional Objective Function (TOF)

The concept here is to minimize the Integral Square Errors
(ISE). Figure 6 illustrates the error cycle that starts by
comparing the reference set point and the actual feed-backed
measured values to generate the error signal that will be
squared and finally integrated to formulate this objective
function.

Table 3. Initial parameters for optimization algorithms

Dimension 8 [pr; Kiy; Kpp: Kipy Kpr: Kiru Kpg’ Kig]

!\/Iax._No. of 500

iterations

Search agents

; 30

/population

Lower bounds | [0.1, 50, 0.1, 50, 0.1, 0.1, 0.1, 50]

Upper bounds | [50, 500, 50, 500, 50, 50, 50, 500]
2’ | —SE

reference” - PI

measured

Fig. 6. The concept of TOF.
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Now, the four studied Pl controllers are optimized
simultaneously, and thus the traditional objective function is
formulated as defined in Eq. (9).

Minimize ISE = fow[wlez% +wyef + wyel + wyeZ]|(t) dt

©)

Where e,, and e, are the RSCCS error signals of the stator
active power regulator and rotor side converter current
regulator, respectively. For GSCCS, e, and e, are the error
signals of the DC-link voltage regulator and the grid-side
converter current regulator, respectively. The weighting
factors for the four error values are presented by w;, w,, ws,
and w,, while their summation must be equal to one. It is
worth noting that assigning weighting factors by operators
relies on the required priority. For this study, the weighting

factors are assumed to be similar and equal i The optimized

gains using TOF in normal starting conditions are indicated in
Table 4. As noticed, the fitness function value of WOA is
better than the CSA. The DC-link voltage in normal starting
conditions using CSA and WOA is further checked to affirm
different indices, such as the settling time and overshoot.
Moreover, the performance is also assessed for different fault
types, as will be introduced in the following subsections.

4.1.1 Examining Optimized PI Controllers Using TOF In
Normal Starting Conditions

The behavior of the DC-link voltage in normal starting
conditions with TOF is demonstrated in Fig. 7. When applying
CSA and measuring the performance criteria, it was found that
the settling period was about 0.72 seconds, while the
overshoot and undershoot percentages were 13 and 11%,
respectively. It is also checked whether there would be a clear
improvement in the controller performance when applying
WOA as a more advanced optimization method. It was noticed
that there is no remarkable improvement in the settling period
by using the optimal parameters based on WOA. In contrast,
the overshoot is enhanced from 13% to 10.3%, and the

undershoot is also improved from 11% to 9.7%. In conclusion,
despite that TOF gives an acceptable performance in normal
starting conditions but still needs improvement, especially in
settling time.

4.1.2 Examining Optimized PI Controllers Using TOF For
Different Fault Types

A single line-to-ground (L-G), two line-to-ground (L-L-
G), and three line-to-ground (3L-G) faults are investigated to
evaluate the performance of TOF during disturbances through
the WOA-based gains. All fault types are simulated on the 22
kV line, as indicated in Fig. 4, to occur at t=15 seconds and
last for five cycles. Subsequently, the indices for the
corresponding sudden change in active power, capacitive
current injection, and DC-link voltage, shown in Fig. 8, are
analyzed and indicated in Table 5.

1400

Vde with TOF using CSA

---------- Vde with TOF using WOA

1350

1300

1250 [ 1Ii

)

Vde(v

1200

1150 H(fi

1100

1050 : : ' '

0 0.2 0.4 0.6 0.8
Time (s)

Fig. 7. DC-link voltage during normal starting conditions for
optimized PI controllers with TOF using CSA and WOA.

Table 4. Gains of optimized PI controllers for each turbine using TOF

Optimization DC-link voltage Power RSC current GSC current Vqlue of
Algorithm regulator regulator regulator regulator Fitness
Kpy K, Kpp | Kip K, K, K,, K Function
CSA 12 500 2.8 346 3.25 10.5 0.97 222 8.78x10~
WOA 7.6 469 3.4 432 0.17 18.4 2.07 178.5 10.23x10716

Table 5. Different indices for the performance of optimized PI controllers with TOF using WOA during different fault type

Performance L-G fault L-L-G fault 3L-G fault
Criteria Vdc P Q Vdc P Q Vdc P Q
V) | (MW) | (MVar) | (v) | (MW) | (MVar) (V) (MwW) | (MVar)
Settling Time (s) 0.376 | 0.22 0.38 031 | 0.24 0.23 0.135 | 0.153 0.153
Overshoot (%) 9.19 | 12.93 10.01 | 22.67 | 23.57 59.89 121.2 0 10.96
Undershoot (%) 71 | 1212 | 577.05 | 1125 | 248 611.75 0 100 401.45
Steady-state status of WT WT remains in service WT remains in service WT disconnects
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Fig. 8. Performance of optimized PI controllers with TOF using WOA for different fault types.

4.2. The Proposed Formulation of a Multi-Objective Function

For achieving superior performance for the optimized
controllers, a new multi-objective formulation is proposed
with three objectives. The objectives are minimizing the rotor
current overshooting (41,.), the settling time (T, ), and the
integral square errors for the four PI controllers as presented
in Eq. (10), where W;, W,, and W5 are the weighting factors
for the three objectives.

Minimize F(x) =W; ALL+W, T

@1 01, 1 1 (10)
+W3f [—e2+—e2+—e2 + —e2[(D dt
o 4P aTT gV T 48

For the sake of simplicity, this formulation supposes that
there is no prioritization, which means equal weighting factors

with the value of ( % ). A proper normalization has been

considered to ensure consistency and scaling among different
terms in the proposed multi-objective formulation. At first, the
essential step is to find the optimal parameters of the controller
within normal operating conditions through this proposed
multi-objective  formulation.  Different  optimization
techniques are utilized as GA, CSA, WOA, and GWO.

Table 6 presents the optimized PI controllers gains by
several optimization techniques. It is vital to evaluate how the

DFIG-based-WES has been affected by these newly obtained
gains to check the convenience of the proposed multi-
objective  formulation.  Accordingly, a performance
comparison will be deployed in the following subsections
between TOF and the new proposed formulation during
normal starting conditions and different fault types.

4.2.1 Performance Comparison Between TOF And The
Proposed Formulation In Case Of Normal Starting
Conditions

A performance comparison is applied between TOF and
the proposed formulation under the same normal starting
conditions. The DC-link voltage is checked here as illustrated
in Fig. 9. Once looking, it can be noticed that there is a
significant improvement for the proposed formulation,
especially in the low ripples and the shortest settling time of
only 0.195 seconds instead of 0.72 seconds for the TOF. The
overshooting percentage was 13.58 % for the new proposed
formulation, 13 %, and 10.3 % for the TOF using CSA and
WOA, respectively. Although the preference is still the best
fit for the TOF concerning the overshooting percentage
improvement, the undershooting is enhanced in the proposed
formulation to be only 3.85% instead of 11% and 9.7% for the
TOF using CSA and WOA, respectively.

Table 6. Gains of optimized PI controllers for each turbine using the proposed multi-objective formulation

Optimization DC link voltage Power RSC current GSC current Vglue of
Algorithms regulator regulator regulator regulator Fltne_ss
Ky, K;, Ky, K K. K;, K,g K4 Function
GA 1.87 285 0.89 | 1223 0.5 8.7 0.47 122 2.35x1078
CSA 6.55 310 8.6 135 2.74 9.9 2.6 106.5 0.896x10~8
GWO 5 372 4.2 103.1 1.6 12.3 1 94 1.4x10710
WOA 1.34 306 1.9 105 0.3 9 8.7 100 0.747x10710
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Fig. 9. DC-link voltage during normal starting conditions for
optimized PI controllers using the proposed multi-objective
formulation compared with TOF.

4.2.2 Performance Comparison Between TOF And The
Proposed Formulation In Case Of Different Fault Types

Figure 10 depicts the optimized controllers’ performance
using the proposed multi-objective formulation during fault
conditions. The three fault types (L-G, L-L-G, and 3L-G) are
simulated at the same conditions described in section 4.1.2. In
addition, the results in Tables 7, 8, and 9 summarize the effect
of the proposed multi-objective formulation on the DC-link
voltage, active power, and reactive power for L-G, L-L-G, and
3L-G faults, respectively.

Over these tabulated results in Tables 7, 8, and 9, it is
clarified that implementing the proposed formulation using
CSA provides better performance for DC-link voltage through
less overshooting, less undershooting, and less settling time in
case of L-G fault. Also, the WOA, GA, and GWO are the best
algorithms for active power regarding settling time,
overshooting, and undershooting. On the other hand, the TOF
using WOA gives good results regarding reactive power
overshooting, whereas the proposed formulation with WOA
still provides better settling times.

Considering the L-L-G faults, the results in Table 8 assure
that the GWO and WOA offer superior performance than the
other optimization algorithms. Unfortunately, the proposed
formulation using GA or CSA does not give the expected
results, as the turbine becomes out of service, similar to the
case of TOF using WOA.. Nevertheless, the WOA acquires the
preference in the case of 3L-G fault, as shown in Table 9,
through lower overshooting in DC-link voltage (89.48 %)
while the system withstands successfully. Although GWO
provides good dynamic behavior during faults, there is still an
overshooting with a value of 102.11 % for the DC-link
voltage.

5. Compatibility with Egyptian Grid Code (EGC)

In this study, the PI controller gains are designed at the
rated speed of 14 m/s with normal operating conditions.
However, the system's dynamic performance during
disturbances should agree with the EGC. So, the general
requirements according to EGC will be presented at the
beginning of this section. Then, the system's dynamic
behavior is extensively evaluated during several disturbances
[27], such as permanent faults, grid voltage sag, and wind
speed variation.

5.1 General Requirements of EGC

The general requirements of EGC can be summarized in
the following [16]:

- Regarding the voltage and the frequency operating ranges,
the EGC specifies that the grid-connected wind farm
operates continuously and delivers available active power
according to the wind conditions whenever the frequency
range of 47.5-51.5 Hz and the voltage range of 0.85-1.1
p.u of the nominal voltage at PCC. Also, EGC specifies the
period requirements and regions of the wind farm’s output
power during different variations of frequency and voltage
at PCC.

- The EGC obliges the WF to operate at the nominal active
power at PCC within the range of 0.95 lagging - 0.95
leading power factor.

- The reactive power capability (RPC) is only required when
the active power is equal to or higher than 20 % of the rated
power. The RPC must decrease linearly for the lower
values of the active power.

- For the low voltage ride-through (LVRT) and the
dynamical regulations during and after faults, Fig. 11 (a)
demonstrates the profile of the Egyptian LVRT curve for
grid-connected wind farms. The EGC necessitates that
WFs remain in service when the grid voltage is at zero
volts for a period that does not exceed 7.5 cycles.

- During faults, the EGC requests a capacitive current
injection to improve the voltage at PCC as displayed in
Fig. 11 (b).

- After faults, the EGC imposes other technical
requirements for the active power restoration rate. For
example, the active power of the generator must be
restored to the pre-fault power within ten seconds after the
fault clearance. Also, the absorption of the reactive power
shall equal the consumption value before the fault or less.

- The grid-connected wind farm should have the ability to
become in service and deliver its power in normal
operating conditions unless there is a malfunction in any
of EGC requirements, for example:

Instantaneous overcurrent: 10 p.u.

Maximum current (I1): 1.1 p.u for 5s.

Maximum current unbalance (I2/1; p.u): 0.4 for 0.2 s.

Under-voltage and over-voltage (Vi): as per the

Egyptian LVRT curve in Fig. 11 (a).

= Under frequency, and over frequency (f): As per
indicated in Table 2.

= Max voltage unbalance for negative, and zero
sequences (V2/ V1), (Vo/ V1) p.u: 0.05 for 0.2 s.
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Fig. 10. Performance of optimized Pl controllers using the proposed multi-objective formulation for different fault types.
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Table 7. Comparing the proposed multi-objective formulation and TOF during L-G fault

Vdc(v)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.289 0.175 0.24 0.258 0.376
Overshoot (%) 10.278 2.79 8.861 6.135 9.19
Undershoot (%0) 7.06 1.93 7 5.67 7.1
Steady-state status of WT WT remains in service
P(MW)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.31 0.22 0.19 0.18 0.22
Overshoot (%) 10.88 21.89 14.17 22.79 12.93
Undershoot (%) 2.22 9.31 4.35 14.06 12.12
Steady-state status of WT WT remains in service
Q(MVar)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.21 0.23 0.20 0.19 0.38
Overshoot (%) 29.74 40.56 19.365 120.06 10.01
Undershoot (%6) 650.938 | 675.87 664.189 699.838 577.05
Steady-state status of WT WT remains in service
Table 8. Comparing the proposed multi-objective formulation and TOF during L-L-G fault
Vdc(v)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.263 0.328 0.19 0.205 0.31
Overshoot (%) 21.68 23.78 23.739 21.619 22.67
Undershoot (%) 12.52 12.33 11.55 10.59 11.25
Steady-state status of WT WT remains in service
P(MW)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.19 0.24 0.188 0.1632 0.24
Overshoot (%) 19.78 29.07 18.66 21.59 23.57
Undershoot (%0) 1.40 6.05 4.78 23.44 2.48
Steady-state status of WT WT remains in service
Q(MVar)
Performance criteria Proposed multi-objective formulation TOF using
GA CSA GWO WOA WOA
Settling Time (s) 0.22 0.27 0.20 0.19 0.23
Overshoot (%) 49.87 33.97 26.427 152.241 59.89
Undershoot (%0) 570.81 490.43 634.201 827.97 611.75

Steady-state status of WT

WT remains in service
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Table 9. Comparing the proposed multi-objective formulation and TOF during 3L-G fault

Performance criteria

Vdc (V)

Proposed multi-objective formulation

TOF using WOA

GA CSA GWO WOA
Settling Time (s) 0.12 0.1 0.236 0.221 0.135
Overshoot (%) 129.97 120.94 102.11 89.48 121.2
Undershoot (%) 0 0 13.14 11.48 0
Steady-state status of WT - WT . WT WT s S.t'" in | WTIs S.t'” n WT disconnects
disconnects disconnects service service
P(MW)
Performance criteria Proposed multi-objective formulation .
GA CSA GWO WOA | 'OF using WOA
Settling Time (s) 0.14 0.115 0.25 0.23 0.153
Overshoot (%) 0 0 16.7 18 0
Undershoot (%) 100 100 135.6 134.55 100
Steady-state status of WT . WT . WT WT s Sft'” in| WTis S.’t'” n WT disconnects
disconnects disconnects service service
Q(MVar)
Performance criteria Proposed multi-objective formulation .
GA CSA GWO WOA TOF using WOA
Settling Time (s) 0.14 0.12 0.25 0.25 0.153
Overshoot (%) 92.34 0 213.5 155.5 10.96
Undershoot (%) 97.75 99.8 709.14 992.41 401.45
Steady-state status of WT . wT . WT WTis S.t'" in | WTis S.t'” n WT disconnects
disconnects disconnects service service

It is worth highlighting that different points A, B, C, D, E,
and F, demonstrated in Fig. 11, are the tested cases discussed

in Section 5.2.

5.2. Testing the Performance for Permanents Faults

Table 10. Tested cases for permanent faults

Several permanent faults are also examined to ascertain
whether the system performance and behavior are consistent
and comply with the EGC or not. The evaluated cases are four
cases for permanent faults simulated to occur at t=15 seconds,
as shown in Table 10.

For 1st and 2nd tested fault cases, Fig. 12 indicates that the
wind turbine is still in service in these cases. It matches with
the coordinates of A and B points in the “No trip region”
illustrated in Fig. 11 (a). In contrast with the 3rd and 4th tested
fault cases, Fig. 13 ensures that the wind turbine will
disconnect for both cases due to either the lower voltage dip
value with a higher duration or the higher voltage dip value
with a lower interval. The performance agrees with the LVRT
curve in Fig. 11 (a) as the points C and D are in the “Trip
region”.

Figure 11 (b) illustrates the trials to enhance the voltage
level by injecting a capacitive reactive current. It has the value
of E (1 p.u equals 3.59 MVar) for the case of fault points A
and C and has the value of F (approximately 0.67 p.u equals
2.34 MVar) in the case of B and D. By these tests, the system
has proven its ability to overcome the permanent faults per the
EGC requirements and its good dynamic behavior to adopt
and restore during the abnormal conditions.

C/Cs Case’s
Voltage | Voltage | coordinates
Dip Dip according Turbine
Fault | Value | Duration | to LVRT Status
Cas (p.uw) (s) in Fig. 11
@
1 WT
0.781 1.5 A remains in
Case .
service
ond WT
0.437 0.5 B remains in
Case -
service
3rd WT
Case 0.781 3 C disconnects
4" WT
Case 0.431 2.5 D disconnects
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5.3. Grid Voltage Sag

Voltage sag is one of the most common disturbances in the
utility grid [28]-[29]. The system is further evaluated under
this sudden drop in voltage to ensure rapid restoration to its
normal conditions. An instantaneous voltage sag occurs on the
220 kV system. It has a value of 0.5 p.u and occurs at t=15
seconds for 0.5 seconds. The simulated sag in the grid voltage
causes the voltage level at the wind turbine bus to be 0.64 p.u,
as shown in Figure 14 (a). Figure 14 (b) proves that the system
behavior can quickly return to its stable mode.

1.2

1

=
®

Grid Voltage(pu)
=]
)

e
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Q(MVar)

Fig. 14. Performance of optimized Pl controllers with
proposed multi-objective formulation using WOA in case of a
grid voltage sag.

5.4. Testing the Performance for Wind Speed Variation

According to IEC Standard 61400-1 [30], the wind speed
(V) profile demonstrated in Fig. 15 will witness different
variations within 300 seconds. The wind speed is assumed to
be 8 m/s for sixty seconds, then increases gradually to 14 m/s
in sixty seconds, after that remains constant at the rated speed
of 14 m/s for sixty seconds, and then gradually reduces in sixty
seconds to remain fixed for the last sixty seconds at the value
of 10 m/s. Figure 15 presents the system's dynamic response
toward such simulated wind speed variation. As shown, the
active power is directly proportional to the cube of wind
speed. So, at the rated speed, the wind farm produces
approximately its rated output power of 6 MW. The DC-link
voltage is not noticeably affected as its value is only changed
by plus or minus 0.16% during the wind speed variation.
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wind speed variation.

5.5.Testing The Performance When Using Several
Combinations Of Weighting Factors In Normal Starting
Conditions.

As discussed before, assigning weighting factors by
operators relies on the required priority. In this section, several
combinations of weighting factors (W;, W,,and W5) are
investigated by evaluating the performance of the optimized
PI controllers using the proposed multi-objective formulation.
Therefore, three tested cases are carried out by different
weighting factors to generate the new optimized gains
demonstrated in Table 11 through 300 iterations of WOA.

From Fig. 16, the performance criteria tend towards giving
preference to the second case as it has the least settling time
of 0.05 s which is in line with the desired goal as the settling
time has 60% priority in the objective function.

6. Conclusion

The control system of DFIG-based-WES aims to provide
independent control on both stator’s active and reactive
powers and to keep the DC-link voltage constant. Thus, the
properly designed PI controllers for achieving these aims
should be identified. In fact, the traditional formulation via
only minimizing the integral square errors ensured an
acceptable performance during normal operating conditions

but still needs significant improvement during disturbances.
So, it was the motivation toward developing a formulation to
enhance the overall performance during different operating
conditions and keep the WES in service through disturbances.
A new formulation of a multi-objective function has been
proposed to minimize settling time, integral square errors, and
overshooting percentage. The normalization process has been
considered supposing equal and variable weighting factors.
The controllers’ parameters have been elicited through several
recent optimization techniques such as GA, CSA, GWO, and
WOA using MATLAB/ SIMULINK software.

Validation and verification studies for the system’s
dynamic behavior and compatibility with Egyptian Grid code
have been done by examining the system during various
operating conditions, such as wind speed variations, several
fault types, and voltage sags. It is impressive that the attained
results from the proposed multi-objective formulation confirm
better performance than the traditional formulation, especially
during sharp disturbances such as 3L-G faults. The
accomplished results are encouraging as the system could
adapt and return quickly to its stability mode after each
disturbance.
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Fig. 16. DC-link voltage during normal starting conditions
using the proposed multi-objective formulation with different
weighting factors

Table 11. Gains of optimized PI controllers for each turbine using the proposed multi-objective formulation with different

weighting factors by utilizing WOA

Case #: DC link voltage Power RSC current | GSC current | Value of

Weight.ing Factors regulator regulator regulator regulator Fitness
Ky, K;, Ky Ky Ky, K;, Ky, K, Function

Case 1:

W,=0.2, W,=0.2 and W;=0.6 0.29 87.8 0.42 335 1.32 0.3 0.3 445 0.09962

Case 2:

W,=0.2, W,=0.6 and W;=0.2 27.8 363.3 0.15 500 50 0.1 0.13 | 131.2 0.0075

Case 3:

W,=0.6, W,=0.2 and W;=0.2 434 451.17 0.1 50 995 | 11.77 | 041 | 281.15 | 0.0045
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