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Abstract: Faults in electrical networks are among the key factors and sources of network disturbances.
Control and automation strategies are among the key fault clearing techniques responsible for the
safe operation of the system. Several researchers have revealed various constraints of control and
automation strategies such as a slow dynamic response, the inability to switch the network on and
off remotely, a high fault clearing time and loss minimization. For a system with wind energy
technologies, if the power flow of a wind turbine is perturbed by a fault, the intermediate circuit
voltage between the machine side converter and line side converter will rise to unacceptably high
values due to the accumulation of energy in the DC link capacitor. To overcome the aforementioned
issues, this paper used MATLAB simulations and experiments to analyze and validate the results.
The results revealed that fault ride through capability with Supervisory Control and Data Acquisition
(SCADA) viewer software, Active Servo software and wind sim packages are more adaptable to
the variations of voltage sag, voltage swell and wind speed and avoid loss of synchronism and
improve power quality. Furthermore, for protection purposes, a DC chopper and a crowbar should
be incorporated into the management of excess energy during faults and a ferrite device included for
the reduction of the electromagnetic field.

Keywords: voltage sag; SCADA viewer software; fault ride through; crowbar; DFIG; symmetrical
components; and faults in utility grid; dynamic voltage regulation

1. Introduction

The worldwide energy consumption and demands are increasing very quickly because of the
rapid growth of the population, industrialization and modernization [1]. In response to this growth
in demand, different technologies are being applied and implemented in different countries for the
purpose of electricity diversification and to increase the rate of electrification. Incorporating distributed
energy resources (DERs) technologies in the utility grid is one of the most common methods due to
various reasons such as low maintenance requirements, cost saving, economic, environmental and
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storage capabilities, with rural electrification as one strategy for reducing several households who do
not have access to electricity [2].

The wind turbine based on Doubly Fed Induction Generator (DFIG) technology is classified
among renewable energy technologies where usable electricity is produced from the driving force
of the wind through wind turbines and generators. The DFIGs are induction machines that have
windings on both the rotor and the stator. Therefore, the rotor and stator are capable of transferring
active power through the shaft and electrical system. The stator winding is usually immediately
connected to the utility grid, while the rotor winding is connected to the utility grid via a static transfer
switch or power electronic converters. Doubly fed machines are customarily applied in applications
requiring variable shaft speed of the machine in a restricted range of the synchronous speed [3].

Due to the variable nature of the wind speed, the reliable, stable and dynamic operation of the
power grid networks containing wind farms is a significant challenge for both researchers and utility
grid operators. The requirements for voltage and frequency variation within the permissible range
given by a country or region’s grid codes and standards must be met to prevent the cessation or
suspension of a power grid’s service during the time of dynamic power grid disturbances [4].

The main objective of this paper is to analyze the FRT capability of a grid connected wind
power plant with a DFIG through MATLAB simulation and laboratory experiments. The experimental
verification was carried out using SCADA viewer software and an Active Servo software package.
The paper is arranged as follows: (1) Introduction, (2) Review of DFIG wind turbines, (3) System
modelling, (4) Wind power plant concepts, (5) Traditional grid technologies versus smart grid
technologies, (6) Analysis and validation of the designed model, (7) Results and interpretations,
(8) Conclusion.

2. Review of Wind Turbine Technologies

In its steady state, operation via a Doubly Fed Induction Generator generates or consumes active
power (P), which is fed into the utility grid. The consumption and generation of active power may not
be balanced during certain circumstances. This results in changes in the active power input, voltage
regulation and frequency stability [5]. The dynamic behavior of a wind power plant involves short-term
pronounced changes in the mains voltage brought about by grid faults. The requirements for wind
power plants in different countries comply with what is termed fault ride through (FRT), as well as
dynamic voltage regulation and associated rise times. The dynamic behavior of wind power plants has
been analyzed by different researchers when it is synchronized to the utility grid. An overview of their
results shows that the DC link can be overloaded due to the lack of a DC chopper and a crowbar [6].
The output of a wind power plant is provided by the blades after being converted from kinetic energy
into mechanical energy [7]. A Doubly Fed Induction Generator was used to overcome the issue of
voltage fluctuation but the poor communication issue was still there (the grid faults led to voltage
sag in short duration at the feed point) [8].The communication issue was partially solved but the
overloading issue for an intermediate electronic circuit located between the machine side converter
(MSC) and the line side converter (LSC) was not resolved [9].Voltage dips are classified based on
magnitude and phase with different controllers even if the excess energy is still not solved [10].

The utility grid containing wind power plants requires a tangible method for controlling any
disturbance with the best fault clearing time. The FRT is one of them and focuses on differently sized
voltage dips on a wind power plant so that the wind farm can stay synchronized in any circumstance
to increase the reliability and power quality [11].

3. Design, Modelling and Operating Characteristics of Wind Turbine Technologies

Figure 1 is simulated in MATLAB/Simulink. In the steady state, Figure 1 shows that reactive
power can be supplied via the MSC to the generator. Throughout a voltage sag, the current can
also be supplied via the LSC to guarantee the required dynamics. Because the LSC is primarily
responsible for regulating the intermediate circuit voltage, a limited reactive current can be fed in
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this case. It is mandatory to decouple voltages and currents to control reactive power and active
power [12]. Consequently, the current and voltage of rotor windings and stator windings are required
to be decoupled into components to calculate reactive power and active power for wind turbines in the
synchronous reference frame [13].
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Figure 1. Diagram of a wind turbine with a Doubly Fed Induction Generator. 
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The magnetic equations for stators and rotors are written as follows: 

Figure 1. Diagram of a wind turbine with a Doubly Fed Induction Generator.

3.1. Mathematical Modelling of DFIG under Balanced Conditions of Utility Grid Voltages

The Doubly Fed Induction Generator (DFIG) is represented in the synchronous reference frame.
Referring to Figure 2, the electrical equations for the stator voltages in the synchronous reference frame
may be written as a function of magnetizing currents and stator flux as [13–15]:

Vds = Rsids +
dϕsd

dt
−ωsϕsq (1)

Vqs = Rsiqs +
dϕsq

dt
+ωsϕsd. (2)
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Figure 2. Equivalent circuit of wind based on DFIG for a negative and positive synchronous reference 
frame. 
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The voltages at the rotor side are expressed as follows:

Vrd = Rrird +
dϕrd

dt
−ωrϕrq (3)

Vrq = Rrirq +
dϕrq

dt +ωrϕrd .
(4)

The magnetic equations for stators and rotors are written as follows:
ϕsd = Lsisd + Mird

ϕsq = Lsisq + Miq
ϕrd = Lrird + Misd

ϕrq = Lrirq + Misq.

(5)

The calculation of active power and reactive power in the stator winding are determined using
the following equations and assuming that the stator resistance (Rs) is negligible, the stator flux ϕs

is constant and the stator voltage Vs is constant and aligned along the direct axis so the following
equations may be deduced as shown: {

Ps = Vsdisd + Vsqisq

Qs = Vsqisd −Vsdisq.{
ϕsd = ϕs = cte

ϕsq = 0.

(6)

Equations (1) and (2) become:
Vsd = 0

Vsq = Vs = ωSϕS

Vrd = Rrird + dϕrd
dt −ωrϕrq

Vrq = Rrirq +
dϕrq

dt +ωrϕrd.

(7)

The flux equations become: 
ϕsd = ϕs = LsLsd + Mird

0 = Lsisq + Mirq

ϕrd = Lrird + Misd

ϕrq = Lrirq + Misq.

(8)

The stator currents are written as follows: isd = ϕs
Ls
−

Mird
Ls

isq = −
Mirq

Ls
.

(9)

By the considering Equation (9) the active power and reactive power are mathematically
calculated as:  Ps = Vsqisq = −

MVsirq
Ls

Qs = Vsqisd = Vsϕs
Ls

ird.
(10)

By substituting Equation (9) into Equation (8) the flux equations becomes: ϕrd =
(
Lr −

M
Ls

)
ird + Mϕs

Ls
=

(
Lr −

M2

Ls

)
ird + MVs

ωsLs

ϕrd =
(
Lr −

M2

Ls

)
irq.

(11)
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Finally, the new direct axis and quadrature axis voltage on the rotor side are calculated as follows: Vrd = Rrird +
(
Lr −

M2

Ls

)
d ird

dt − gωs
(
Lr −

M2

Ls

)
irq

Vrq = Rrirq +
(
Lr −

M2

Ls

)
d

irq
dt + gωs

(
Lr −

M2

Ls

)
ird + g MVs

Ls

(12)

Since the stator winding is an open circuit, which means that the current is not passing, before
synchronization the stator currents are zero (ids = iqs = 0).

3.2. Mathematical Modelling of Active and Reactive Power for Wind Turbines Based on DFIG during
Transmission Line

The active and reactive power that is produced at a certain distance from the wind energy source
to the utility grid can be determined mathematically and thus, defines if the induction machine is
working as a generator or a motor. These mathematical equations are based on mathematical power
transfer equations [13]. The mathematical equations are as follows:

P =
Us Ur sin δ

XL
(13)

Q =
Us(Us − Ur cos δ)

XL
. (14)

Squaring both Equations (13) and (14) and separating all terms containing sine and cosine we
obtain the following equations:

(P)2 =

(
UsUr

XL
sin δ

)2

(15)

From Equation (14) the voltage terms are multiplied and grouped together to give Equation (16)

Q = UsUs−UsUrcosδ
XL

Q = Us
2

XL
−

UsUrcosδ
XL(

Q− Us
2

XL

)2
=

(
UsUrcosδ

XL

)2

P2 +
(
Q− U2

s
XL

)2
=

(
UsUr

XL

)2
.

(16)

Adding Equations (15) and (16) give Equation (17)

P2 +

(
Q−

U2
s

XL

)2

=

(
UsUr

XL

)2(
cos2 δ+ sin2δ

)
(17)

recalling that
(
cos2 δ+ sin2δ

)
= 1.

Assuming that Q = 0, Equation (17) becomes

P2 +

(
U2

s

XL

)2

=

(
UsUr

XL

)2

. (18)

⇒ P = ±

√ (
UsUr

XL

)2

−

(
U2

s

XL

)2

. (19)

Through Equation (18) the following range can approximately give the range of active power that
may be supplied or consumed from the utility grid



Energies 2020, 13, 4260 6 of 26

√(
UsUr

XL

)2

−

(
U2

s

XL

)2

≤ P ≤

√ (
UsUr

XL

)2

−

(
U2

s

XL

)2

. (20)

The reactive power that can be supplied or consumed from the utility grid can approximately be
determined optional from Equation (17) as follows:

(
Q−

U2
s

XL

)2

=
(

UsUr

XL

)2
− P2

⇒

√√Q−
U2

s
XL

2

=

√(
UsUr

XL

)2

− P2
⇒

(
Q−

U2
s

XL

)
=

√(
UsUr

XL

)2

− P2. (21)

The reactive power (Q) is then approximately calculated as follows:

Q =

√(
UsUr

XL

)2

− P2
−

U2
s

XL
. (22)

Therefore, from Equation (22) the range of reactive power can be given as:

−

√(
UsUr

XL

)2

− P2
−

U2
s

XL
≤ Q ≤

√(
UsUr

XL

)2

− P2
−

U2
s

XL
. (23)

Us is a sending voltage; Ur is a receiving voltage.
XL is a transmission line, δ angle.

3.3. Mathematical Modelling of DFIG under Unbalanced Conditions of Utility Grid Voltages

Assuming that the Doubly Fed Induction Generator ground point is not synchronized to the
utility grid, the flux, current vectors and asymmetric voltages may be decoupled into positive and
negative sequences and expressed in a space vector [16,17]. As shown in Figure 3, the reference frame
transformation of the space vector F between (αβ), (αrβr), (dq)+ and (dq)− reference frames may be
described by

→

Fαβ(t) =
→

F(αβ)+(t) +
→

F(αβ)−(t). (24)Energies 2020, 13, x FOR PEER REVIEW 7 of 26 
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In the positive and negative sequences, the equations are developed as follows:[
Vα(t)
Vβ(t)

]
=

 V+
α(t) + V−α(t)

V+
β
(t) + V−β(t)

 = [
V+ cos(ωt +ϕ+) + V− cos(−ωt +ϕ−)
V+ sin(ωt +ϕ+) + V− sin(−ωt +ϕ−)

]
(25)

where the positive sign (+) and negative sign (−) are positive and negative sequences, respectively
and ϕ+ is symbolized as the positive and ϕ− is symbolized as the negative sequence phase shifts,
respectively. The relationship between the positive and negative sequences in direct (d) and quadrature
(q) axes are described in the stator voltage reference frame as shown in Figure 3.

The positive sequence rotates at an angular speedωs aligned with a synchronous reference frame,
while the negative sequence rotates at theωs speed in the opposite direction of the synchronous reference
frame. The negative sequence in the synchronous reference frame leads to components oscillating at
twice the fundamental frequency that leads to computational and control issues. The voltages, flux and
currents equations are developed mathematically as follows:

V+
dqs = V+

dqs−
+ V+

dqs+
= V+

dqs+
+ V−dqs− ·e

−2jωs·t

i+dqs = i+
dqs+

+ i+
dqs−

= i+
dqs+

+ i+
dqs−
·e−2jωs·t

λ+dqs = λ+
dqs+

+ λ+
dqs−

= λ+
dqs+

+ λ+
dqs−
·e−2jωs·t

V+
dqr = V+

dqr−
+ V+

dqr+
= V+

dqr+
+ V+
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
. (26)

The negative sequence (NEG) in the synchronous reference frame and also the equations of the
positive (POS) and negative (NEG) sequences of the rotational direct and quadrature axes (dq) frame
are calculated as follows:

V−dqs = V−
dqs+

+ V−dqs− = V−dqs− + V+
dqs+
·e2jωs·t

i−dqs = i−
dqs+

+ i−dqs− = i−dqs− + i+
dqs+
·e2jωs·t

λ−dqs = λ−
dqs+

+ λ−
dqs−

= λ−
dqs−

+ λ+
dqs−
·e2jωs·t

V−dqr = V−
dqr+

+ V−dqr− = V−dqr− + V+
dqr+
·e2jωs·t

i−dqr = i−
dqr+

+ i−dqr− = i−dqr− + i+
dqr+
·e2jωs·t

λ−dqr = λ−
dqr+

+ λ−
dqr−

= λ−
dqr−

+ λ+
dqr−
·e2jωs·t


. (27)

The flux linkages of the stator and rotor for positive sequences are expressed as follows: λ+dqs = Lsi+dqs + Lmi+dqr
λ+dqs = Lri+dqr + Lmi+dqs

. (28)

3.4. The Main Novelties and Contribution of the Proposed Method are Summarized Here

i. The control and automation strategy obtained by using a SCADA viewer, wind sim (software
for emulating wind behavior in different scenarios) and an Active Servo software package is
very important to emulate and analyze the fault ride through capability for wind power plants
to stay connected to a network when a fault occurs. The aforementioned software packages
have revealed that some of them can be used in an HVDC system, Photovoltaic system (PV) and
storage management.

ii. The excess energy flowing from the rotor circuit into the machine side converter may be dissipated
through a DC chopper when the power flow is interrupted by a fault because the intermediate
circuit voltage between the machine side converter and line side converter can attain unacceptably
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high values. A DC chopper basically consists of an IGBT that discharges the intermediate circuit
via several brake resistors. The energy stored in this circuit is converted into heat so that the
voltage drops.

iii. The use of a crowbar device in the event of a serious fault when the DC chopper may no longer
suffice to limit the intermediate circuit voltage. In such situations, an AC crowbar should be used
instead in wind power plants.

iv. The use of a ferrite device can be one method for reducing electromagnetic interference.

4. The Principal Concepts of Wind Power Plants Technologies

Each wind power plant is designed and optimized according to the conditions prevailing at its
installation site; the plant normally fits into one of three main concepts as illustrated in Figure 4.
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4.1. Fixed Speed Wind Power Plants

A constant speed wind turbine consists of an asynchronous squirrel cage induction generator
(SCIG) and is synchronized to the utility grid through a step up transformer and passes through a
static transfer switch (STS) that has the ability of islanded mode detection and grid connected mode.
The squirrel cage induction generator always draws reactive power, which means the network operator
needs to install capacitor banks as reactive power compensators. Smooth grid connection requires a
soft starter as shown in Figure 5. The variations of voltage in constant speed wind turbines always
results in a fluctuation of reactive power and line losses that require loss minimization strategies.
The advantages of fixed speed wind turbines are that they are low cost, have a good dynamic response
and simplicity whereas the disadvantages are fixed frequency and voltage.Energies 2020, 13, x FOR PEER REVIEW 9 of 26 
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Wind usually impinges at a variety of speeds on a wind power plant. It is better to utilize the
wind power plant associated with every speed as efficiently as possible. Modern wind power plants
are equipped with a power control method, which can be considered to encompass the rotor and
generator. Constant speed and variable speed power control systems are available [14,15].

4.2. Variable Speed Wind Power Plants

Synchronous generators are frequently used for variable speed wind turbine applications due to
their low rotational synchronous speeds that produce the voltage at utility grid frequency. Synchronous
generators may be an appropriate selection for the variable speed operation of wind turbines [15].
Dynamic loads can only be reduced by means of a variable speed range for the rotor vis-à-vis the grid
frequency. Though a slight flexibility in terms of speed can mitigate such loads, at least 40% of the
entire rated speed range is needed for the operation of a fully-fledged wind power plant. This may
only be achieved by means of a variable speed generator in conjunction with a frequency converter.
Such systems can be produced using synchronous or asynchronous generators [11].

If a synchronous generator is employed, all the generated electrical power must be converted.
By contrast, an asynchronous generator only requires part of the generated electrical power to be
converted by the frequency converter. The asynchronous generator’s slip is used for this purpose:
In the case of an intentionally high slip value, lost energy (slip power) is fed back to the stator power
flow via suitable converters. In this case, a squirrel cage rotor is no longer suitable for the asynchronous
generator, instead needing to be replaced by a slip-ring rotor. However, this is more expensive and
requires more maintenance [19].

4.2.1. Synchronous Generator with a Fully Rated Converter

Technically, the variable speed operation by a wind power plant incorporating a synchronous
generator may be achieved by means of a frequency converter with a DC link. The variable frequency
alternating current produced by the generator is rectified before being fed via an inverter to the power
grid as shown in Figure 6 [20].
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Figure 6. Schematic diagram of a wind turbine (WT) based synchronous generator with full feed.

The rectifier is controlled via different means and the inverter is controlled by using a voltage
control loop and a current control loop and sinusoidal pulse width modulation (SPWM) is used to
control the switch operation. The inverter output is filtered and stepped up by a transformer before
interfacing with the utility grid.

4.2.2. Doubly Fed Induction Generators

Variable speed operation of a wind power plant incorporating a doubly fed asynchronous
generator may be realized, as described next. The machine’s slip power is fed into the power grid and
back from the power grid to the rotor. This enables the machine to function in super-synchronous and
sub-synchronous modes where it may supply or consume active power depending upon circumstances.
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The frequency provided by the converter is dependent on the rotor field’s frequency. The speed range
is controlled by the frequency supplied to the rotor. This configuration requires very elaborate control
requirements. An advantage of this configuration is the ability to separately manage the active and
reactive power. Furthermore, just one-third of the generator’s rated power is transmitted via the rotor
circuit and frequency converter so in Figure 7 the parameters from the MSC should pass through
rectifier and then be stabilized by DC chopper circuit before reaching the inverter [21,22].
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4.2.3. Slip Control Strategy for Wind Turbines Based on DFIG

The rotor’s magnetic field serves to couple the rotor to the stator, which is connected to the grid.
This coupling depends on the rotor currents. The slip control diverts a portion of these currents
via resistors, thereby weakening the magnetic field and coupling and increasing the machine’s slip.
Wind power plants employ this mechanism to offset gusts of wind [22]. If a gust impinges on the
rotor, its torque increases sharply, thereby also tending to raise the system’s power very quickly.
To give the pitch control time to readjust the blade angle, the generator’s slip is increased to up to 10%.
While outputting a constant power level to the grid, the system accelerates and part of its excess energy
is stored as rotational energy by the rotor and drive train. As the wind turbine speed decreases again,
the slip is reduced and the drive train slows down as a result. In this process, the stored energy is fed
into the grid too. This smoothens the plant’s power output characteristics. The increased slip reduces
the generator’s efficiency and causes the involved resistors to produce a lot of heat thus necessitating
effective cooling in this operating mode, as schematized in Figure 8 [23,24].Energies 2020, 13, x FOR PEER REVIEW 11 of 26 
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4.2.4. Speed Control Strategy for Wind Turbines Based on DFIG

In the DFIG, the rotor’s speed may be changed up to 30% of the rated speed. This upraises power
levels under changing wind conditions. It may also minimize undesirable variations in the power
grid and stresses exerted on the structure’s crucial electrical power components [25]. To attain this,
the rotor windings are routed out via slip rings and connected to the utility grid via special smart
inverters. The generator is hence connected to the rotor as well as the stator, because of the term dual
(or double) feed. This permits the controllers to immediately influence the magnetic conditions inside
the rotor. The inverters can convert alternating current (AC) in both directions and convert direct
current (DC) into alternating current of any required frequency with switch operations means [26].
At low wind turbine speeds, the drive train’s rotation is slow moving compared with the utility grid’s
operation. In this mode, showed by Figure 9, a rotary field is fed into the rotor and is fortuitous on its
rotation frequency.
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In this circumstance, the machine magnetically attains its rated slip, even if the rotor’s mechanical
operation is slow compared with the utility grid’s operation. In that situation, energy is drawn from
the utility grid to generate the rotor field. Nonetheless, this amount of energy is significantly lower
compared with the stator’s output energy. This enables the coverage of the plant generator for a speed
in a wide range. When the wind speed grows, this rotary field’s frequency is lowered correspondingly,
hence keeping the magnetic slip constant. To offset gusts and high wind turbine speeds, the rotor
field’s direction of rotation is backed. This makes it feasible to increase the mechanical speed at a
constant magnetic slip. So as to obtain this, the converters feed portions of the rotor currents to the
utility grid, resulting in a flow of energy in this direction. About 10% of the plant’s power is thus
produced in the rotor and fed via the converters to the grid. Since the machine’s excitation takes place
through the converters, reactive power from the utility grid is not completely needed. With the control
strategies described in [27], it is possible to provide capacitive and inductive reactive power within the
utility grid operator’s specifications. The plant therefore contributes toward stabilizing the grid.

5. Traditional Grid Technologies versus Smart Grid Technologies

Smart grid technologies require a high level of technology including automation methods and
distributed energy generation as well power supply reliability. Meanwhile, traditional grid technologies
do not [27]. Table 1 shows the differentiation between them.
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Table 1. Differentiation between traditional grid and smart grid technologies [27–29].

Traditional Grid Technologies Smart Grid Technologies

Few sensors in the network Sensors all over the network
Electromechanical systems Digital system

Few customer choices Many customer choices
Limited control strategies Pervasive control strategies

Failures and blackouts issues Adaptive and islanding mode
Manual restoration capability Self-healing capability

Centralized generation Distributed generation
One way communication technologies Two way communication technologies

Manual monitoring Remote self-monitoring

5.1. Smart Grid Technologies’ Challenges and Benefits

Smart grid technologies have different challenges and benefits, which are listed in Figure 10.
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5.2. Dynamic Voltage Regulation Strategies

Alongside FRT of utility grid faults, some countries, including Germany, have developed grid
connection regulations that requires a dynamic voltage regulation in the form of a brief, which defines
the input supply of a reactive current [33,34].

Regarding voltage deviations with a negative ∆U in the casse of low-voltage ride-through (LVRT),
a capacitive reactive current is supplied to increase the voltage.Whereas the positive ∆U (high-voltage
ride-through = HVRT), the voltage is lowered through a supply of inductive reactive current. The gain
factor, abbreviated k in this case, is calculated from the slope of the characteristics [34]. The set point
reactive current may be calculated as follows: IB = (∆U − ∆Udead)K, where current (I) is expressing the
set point reactive current, ∆U = voltage difference, k = gain f actor and ∆U = dead band. The system
service ordinance for wind power plants defines rise times for reactive power supply in the event of a
severe fault or network transient. The voltage control strategy and its characteristics are summed up in
Figure 11.generally wind turbines have to supply at least 1.0 per unit (p.u) reactive current already
when the voltage sag under the 50% to avoid the loose of synchronism from utility grid. So a dead
band of 10% is instigated orderly to keep away from some technical problems. Although wind turbine
based on DFIG synchronized to the high voltage utility grid incessant voltage control strategy without
dead band is also under control as well and depicted in Figure 11 [11,33,35–37].
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5.3. Fault Ride Through (FRT) Capability in Wind Farms

Fault ride through is one of grid codes established by some countries. A few researchers have
stated that offshore wind farms are electrically connected to the utility grid by a cable circuit and have
showed that it is not feasible to use High Voltage AC (HVAC) but it is possible in HVDC systems
from economic and technical perspectives [38–41]. The FRT in HVDC has revealed some advantages
such as competition and markets and security of supply compared with the HVAC [42]. However,
bidirectional is one of devices in onshore HVDC-VSC and is responsible for connecting HVDC to
the grid and the grid codes’ requirements. The control loops based on direct and quadrature axes
are essential and a droop controller is selected as it is among the best controllers [43–46]. An energy
management strategy has been proposed by using a DC chopper but it is not specified how excess
energy will be handled. This paper proposes to use a crowbar circuit.

In a hierarchical voltage imbalance control for a single-/three-phase hybrid multimicrogrid,
researchers have shown that multimicrogrids composed of different distributed energy resources
(DERs) such as PV systems and storage can be controlled by a modified traditional droop control and
PQ controller as well. However, the type of PQ controller was not specified and did not mention an
issue regarding storage [47,48]. Moreover, the fault ride through and SCADA viewer software can be
used in multimicrogrids as long as master and slave micro sources are specified with different outputs
and different controllers. The analysis based on FRT with a SCADA viewer and wind sim software
package with protective and energy management devices may be applied in multimicrogrids excluding
HVAC due its drawbacks and levelized cost of energy (LCOE) and should be analyzed specifically
for PV [49,50].

6. Analysis and Validation of the Designed Model in Software Packages

To better analyze the dynamic utility grid fault, MATLAB/Simulink was used to design the model
as shown in Figure 1. Validation of the model was carried out using the experimental step up as shown
in Figure 2. However, the integration of renewable energy (including wind) into an electrical network
creates problems in case of grid connected and islanded operational mode. Modern wind plants need
to help the utility grid in the way that they respond to breakdowns. This means that they need to be
able to carry out a number of additional functions such an automation technology.
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The modelling of this model was designed by using MATLAB/Simulink and validated by using
an experimental set up. Figure 2 is composed of the following devices: a dynamic grid fault simulator
(used to simulate voltage dips in three-phase networks, thus making it feasible to study the response
of devices connected downstream with different features) and a control unit for DFIG (modern wind
turbines use DFIG to supply power via the utility grids). The SCADA viewer software package allowed
the control and operation of the principle concepts of wind power plants through different scenarios.
The wind sim software and control unit made it possible to emulate realistically and study all scenarios
of practical relevance. The included software packages were easy to operate and enabled convenient
visualization of the measured values. Isolating a transformer for wind power plants with its switch
(the three-phase transformer (3∅) for coupling the doubly fed wind power plant to the utility grid) and
an incremental encoder was used for controlling the variation of angular speed. The servo-machine
test bench was a complete testing system for examining and controlling electrical machines and drives.

It is equipped with a digital controller, a brake and the Active Servo software (Active Servo is a
program designed for recording the characteristics of machines and for determining static and dynamic
operating points. It imitates seven different loads for which the parameters may be individually
configured and managed. The power feed for the electrical machine is the utility grid and can supply
AC, DC and three-phase machines and the excitation for the synchronous machine. The DC chopper
circuit is located between the machine side converter (MSC) and line side converter (LSC) so when the
power flow is perturbed due to a fault or another technical problem the intermediate circuit voltage
increases to unacceptably high values and the excess energy is dissipated through a DC chopper circuit.

However, in the case of a severe fault, the DC chopper may no longer suffice to limit and manage
the intermediate circuit voltage. In those circumstances, an AC crowbar should be used instead.
Figure 12 represents the experimental set up carried out in a laboratory and composed by the following
devices: dynamic grid faults simulator, modern wind turbine with DFIG, incremental encoder SCADA
viewer software package, wind sim software, power quality meters, synchronization measurements
devices, utility grid, transformer, switch, servo machine test bench with 10 selectable operational
modes including a digital controller brake and Active Servo software and a three phase motor with the
ability to function as a generator with 800 Watts and a speed of 1500 r.p.m. A ferrite device was used
for reducing electromagnetic fields.
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7. Results and Discussion

Table 2 represents the data recorded during conducting an experiment and analyzing different
scenarios for wind turbines based on DFIG with Rwanda electrical network, focusing on the variation
of parameters, namely: voltage sag that has been varying and adjusted by using a dynamic grid
faults simulator, inertia moment, rotation speed, mechanical power, power at the generator side,
total power and power at the line side, machine side converter and rotor side converter. During
conducting experiments, some mathematical equations such as Equation (19) specifically for active
power, which can be supplied or consumed in case it is working as motor or generator.

Table 2. Experimental Data Captured.

N [rpm] M [Nm] Pmec [W] Pgen [W] Pls [W] Ptot [W] Speed [m/s] Voltage Sag [Volts]

1902 6 1201 675 47 750 12.5 0%
1897 4.8 915 501 14 520 10.5 20%
1667 3 530 274 −62 212 8.5 40%
1378 2 297 161 −100 61 7 60%
1281 1.8 239 127 −104 22 6.5 100%
1038 1.1 127 56 −108 −53 5.2 100%
911 0.9 80 25 −102 −80 4.5 100%
756 0.4 37 0 −2 −25 3.4 100%
1897 4.8 915 501 14 520 10.5 20%
1667 3 530 274 −62 212 8.5 40%

Figure 13 represents the figures obtained when the wind speed was = 12.5 m/s total power
(Ptot) = 750 W, as shown in the second black color. Mechanical power (Pmec) = 1201 W is shown in
the black color for first line rotation speed N = 1902 r.p.m. Shown in the grid, the vertical black color
was varying. In the meantime, the power was constant and voltage sag = 0% of the voltage line to
line (V(L−L)). Power at the line side (Pls) = 47 W and power at the generator side

(
Pgen

)
= 673 W.

The results mean that the wind power plant was working as a generator and synchronized to the utility
grid after satisfying synchronization requirements. Furthermore, the results confirm the statement
made in Equation (18).

Energies 2020, 13, x FOR PEER REVIEW 16 of 26 

 

grid after satisfying synchronization requirements. Furthermore, the results confirm the statement 
made in Equation (18). 

 
Figure 13. A wind turbine based on DFIG with a high speed of 12.5 m/s. 

Figure 14 shows the figures obtained when the speed of the wind decreased to 10.5 m/s. Total 
power ( ௧ܲ௢௧) = 514 W, mechanical power ( ௠ܲ௘௖) = 915 W as shown by the first horizontal black 
color, rotation speed (ܰ) = 1897 r. p. m.  as shown by the vertical grid black color and voltage 
sag at 20% of the voltage line to line ( (ܸ௅ି௅)). The power generated by wind turbine was 14 W and 
power at the generator side ൫ ௚ܲ௘௡൯ = 501 W as illustrated by second horizontal black line. These 
results show that the wind turbine based on DFIG worked as a generator and remained in 
synchronism with utility grid. 

 
Figure 14. Wind speed based on DFIG with a speed of 10.5 m/s. 

Figure 15 illustrates the figures obtained when speed = 8.5 m/s. Total power ( ௧ܲ௢௧) = 212 W, 
mechanical power ( ௠ܲ௘௖) = 530 W as shown by the first horizontal black line, rotation speed ܰ =1667 r. p. m. is shown by the grid vertical black line and voltage sag = 40% of the voltage line to line 
( (ܸ௅ି௅)). Active power at the line side converter is equal to ( ௟ܲ௦) = −62 W, whilst power generated by 
the wind was 274 W, as shown by the second horizontal black line. The inertia moment was ܯ(ܰ݉) = 3. 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
n [rpm]

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600

-100
-200

P
 [W

]

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
n [rpm]

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600

-100
-200

P 
[W

]

Figure 13. A wind turbine based on DFIG with a high speed of 12.5 m/s.

Figure 14 shows the figures obtained when the speed of the wind decreased to 10.5 m/s.
Total power (Ptot) = 514 W, mechanical power (Pmec) = 915 W as shown by the first horizontal black
color, rotation speed (N) = 1897 r.p.m. as shown by the vertical grid black color and voltage sag at 20%
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of the voltage line to line (V(L−L)). The power generated by wind turbine was 14 W and power at the

generator side
(
Pgen

)
= 501 W as illustrated by second horizontal black line. These results show that

the wind turbine based on DFIG worked as a generator and remained in synchronism with utility grid.
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Figure 14. Wind speed based on DFIG with a speed of 10.5 m/s.

Figure 15 illustrates the figures obtained when speed = 8.5 m/s. Total power (Ptot) = 212 W,
mechanical power (Pmec) = 530 W as shown by the first horizontal black line, rotation speed
N = 1667 r.p.m. is shown by the grid vertical black line and voltage sag = 40% of the voltage line to
line (V(L−L)). Active power at the line side converter is equal to (Pls) = −62 W, whilst power generated
by the wind was 274 W, as shown by the second horizontal black line. The inertia moment was
M(Nm) = 3.Energies 2020, 13, x FOR PEER REVIEW 17 of 26 
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Figure 15. A wind turbine based on DFIG with a speed of 8.5 m/s.

Figure 16 shows the figures obtained when speed = 7 m/s. Total power (Ptot) = 61 W, mechanical
power (Pmec) = 297 W as shown by a black horizontal line, rotation speed N = 1378 r.p.m. as shown
by a vertical black line and voltage sag = 60% of the voltage line to line (V(L−L). Active power at
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the line side converter (LSC) was approximately equal to (Pls) = −100 W as shown by a blue line.
Power generated by the wind was 161 W whereas the inertia moment was M(Nm) = 2. The negative
sign for active power at the line side converter meant that the wind turbine based on DFIG was in
reverse direction where it was working as motor and confirmed the reality of Equation (18) regarding
power transmission.
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Figure 16. A wind turbine based on DFIG with a speed of 7 m/s.

Figure 17 illustrates the figures obtained when speed = 6.5 m/s. Total power (Ptot) = 22 W,
mechanical power (Pmec) = 239 W as shown in the first horizontal black line, rotation speed
N = 1281 r.p.m. as shown by a black vertical line and voltage sag = 100% of the voltage line to
line (V(L−L)). Active power (P) at the line side converter (LSC) was equal to (Pls) = −104 W as shown
by a horizontal blue line. The power generated by the wind was 127 W whereas the inertia moment
was M = 1.8 Nm.Energies 2020, 13, x FOR PEER REVIEW 18 of 26 
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Figure 17. A wind turbine based on DFIG with a speed of 6.5 m/s.
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Figure 18 shows the values obtained when speed = 5.2 m/s. Total power (Ptot) = −53 W,
mechanical power (Pmec) = 129 W, rotation speed (N) = 1040 r.p.m., voltage sag = 100% of the
voltage line to line (V(L−L)). Power at the line side converter (Pls) = −102 W and power at the generator

side
(
Pgen

)
= 57 W. At this stage, the wind was in reverse because of negative power and the speed

was varying. Meanwhile, the power was constant and the inertia moment was equal to 1.1 Nm.
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Figure 18. A wind turbine based on DFIG with a speed of 5.2 m/s.

Figure 19 shows the figures obtained when the wind speed was equal to 4.5 m/s. Total power
(Ptot) = −80 W, mechanical power (Pmec) = 80 W, rotation speed (N) = 911 r.p.m. as shown by a black
vertical line, voltage sag = 100%, of the voltage line to line (V(L−L)). Power at the line side converter

(Pls) = −100 W as shown by an horizontal blue line and power at the generator side
(
Pgen

)
= 25 W.

The inertia moment (M) = 0.9 Nm and the wind turbine based on DFIG was working as a motor
instead of working as generator because of voltage sag as shown in Table 1 and recorded by using fault
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Figure 19. A wind turbine based on DFIG with a speed of 4.5 m/s.
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Figure 20 shows the figures obtained when the wind speed was equal to 3.4 m/s. Total power
(Ptot) = 25 W, mechanical power (Pmec) = 37 W as shown by the first horizontal black line, rotation
speed (N) = 756 r.p.m. as shown by a black vertical line, voltage sag = 100%. Power at the line side
converter (Pls) = −25 W and the wind turbine based on DFIG was unsynchronized because the speed
was too low and consumed power as a motor because of the voltage sag at level equal to 100% of the
voltage line to line (V(L−L)). Meanwhile, the inertia moment was equal to 0.4 Nm as recorded in Table 1
during the laboratory experiment.
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Figure 20. A wind turbine based on DFIG with a speed of 3.4 m/s.

Figure 21 shows the figures obtained when the instantaneous values of the main voltage Ugrid
and t = 0.005 s as a fault were created through a dynamic fault simulator and the voltage decreased
until the time of 0.30 s via Supervisor Control and Data Acquisition (SCADA) viewer software and
remained synchronized with a capability of fault ride through (FRT). This voltage was calculated in
Equation (25) so the SCADA viewer and wind sim software packages were used to control and to
calculate the values of the voltages and currents.Energies 2020, 13, x FOR PEER REVIEW 20 of 26 
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Figure 21. Instantaneous value of the main voltage Ugrid.
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The voltage dip at 40% of the voltage line to line (VL−L) in the event of a fault creation at 0.052 s
while the current rose in the event of fault after a fault occurred in the network as shown in Figure 22.
The displayed variables do not indicate whether a reactive current was supplied in the event of a fault
and this equation was determined in Equation (25). Additionally, the SCADA viewer and wind sim
software packages were used to emulate wind power plants in different scenarios.
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Figure 23 shows the voltage in direct axis, which decreased after a fault occurred in the network
while the voltage in the quadrature axis was zero and remained so before and after a fault happened
and the fault was cleared. Therefore, these equations were calculated in (24) for the equations regarding
a positive sequence together with wind sim and SCADA viewer software packages.Energies 2020, 13, x FOR PEER REVIEW 21 of 26 
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Figure 23. Voltage and current in the positive sequence (POS).
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Figure 24 displays the current Igrid measured for direct and quadrature axes in the positive
sequence. The direct current was increased at t = 0.054 s whereas the quadrature axis current was
almost zero before and after being subjected to the transient disturbance and remained in the negative
side. The first signal was a current in the quadrature axis while the second signal was a current in the
direct axis. Lastly, the voltage at the mains lay at the direct axis level and the display in the positive
sequence (POS) noticeably indicated a voltage sag of 40% in the event of a fault and was determined in
Equation (24).
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Figure 25 shows that the voltages in direct and quadrature axes were zero in the negative sequence
before and after a network was subjected to the transient disturbances, even if during a fault creation
the voltages swelled and returned to a normal state. These were clearly determined in Equation (25).Energies 2020, 13, x FOR PEER REVIEW 22 of 26 
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Figure 26 shows that the current in direct and quadrature axes were zero in the negative sequence
before and after a network was subject to transient disturbances even if during a fault creation the
current increased slightly and returned to a normal state. These values were determined in Equation (25).
SCADA viewer and wind sim software packages were used for imitating real wind power plants.
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8. Conclusions

The simulation and experimental results in this paper showed that the fault ride through (FRT)
capability with SCADA viewer, Active Servo and wind sim software packages are more adaptable to
the variations of voltage sag and wind turbines based on a Doubly Fed Induction Generator (DFIG)
speed to keep away from a loss of synchronism. Even though the speed of the wind turbine decreased
up to 3.4 m/s followed by loss of synchronism, it began to function as a motor and consumed active
power that was equal to −25 W instead of working as generator. For protection purposes, a DC chopper
and a crowbar should be integrated in wind energy technologies towards the management of excess
energy during fault cases. This has been seen at t = 0.054 s when a fault created in Figures 21–26 where
the voltages or current were impacted by a transient disturbance and the ferrite device was used to
reduce the electromagnetic field.

Furthermore, the SCADA viewer software with Active Servo software displayed their effectiveness
and competitiveness during the fault clearing time (t = 0.054 s) at the speed of 12.5 m/s and produced
750 W as rated capacity but the voltage sag was 0% and stayed synchronized before a fault creation.
After a fault was created it was still synchronized to the utility grid. It also revealed that it was
feasible to control and automate a network remotely and safely. The voltage decreased from 0% up
to 100% of the total voltage in every fault case while the current increases depended upon the type
of sequences, either a negative or positive sequence. Nevertheless, in the direct axis, the voltage
remained at the direct level and in a positive sequence (POS), which definitely indicated that the
voltage decreased in percentage in each fault case. Thus, the current and voltage exhibited neither any
negative sequence (NEG) nor any symmetric components. Future work will be based on FRT capability
in wind power plants with a Doubly Fed Induction Generator for smart grid technologies by using an
artificial intelligence instead of SCADA viewer and Active Servo software packages. This approach can
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be used in a PV system and in distributed cogeneration to prevent short circuits (SC) at high voltage
and extra high voltage levels against the spread of losses in power generation. Again, the fault ride
through capability may be investigated in a HVDC system together with SCADA viewer and SCADA
Designer software packages. The FRT capability and SCADA viewer can be used in the HVDC system,
PV system and in distributed cogeneration in high voltages and extra high voltages as well.
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Abbreviations

Vsd and Vsq are the direct and quadrature (dq) axis stator voltages
isd, isq represents the (dq) axis stator currents
ϕsd,ϕsq are stator fluxes in (dq) axis
Vsd, Vsq are the direct and quadrature (dq) axis rotor voltages
ird, irq are the (dq) axis rotor currents
ϕrd,ϕrq are rotor fluxes in (dq) axis
Rs, Rq resistances of stator and rotor
ωs,ωr are the supply and rotor angular frequency
Ls, Lr are the cyclic rotor and stator inductances
Lm represents the mutual inductances.
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