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Abstract: The growth of using wind energy on a large scale increases the demand for wind energy
conversion machines (WECMs), among these converters, the doubly-fed induction generator (DFIG)
is the favorite choice. However, DFIG is very sensitive to wind speed variations and grid faults
during operation. In order to overcome these undesirable characteristics, this paper proposes a
hierarchical fault tolerant control (FTC) to improve the performance of DFIG. The hierarchical fault
tolerant control (FTC) approach consists of pitch angle control (PAC) and maximum power point
tracking (MPPT). This hierarchical approach demonstrates the robust response under various (low,
rated, and high) wind speed ranges and reduces the undesirable DC voltage overshoots during
short-circuit disorder. The simulation results are summarized in a logical table, which depicts the
order of controlling scheme and operation for a sustainable energy generation system. The proposed
control scheme achieved the healthy and the robust dynamic response without deteriorating the grid
power quality or stressing the converters, and approved the effectiveness to suppress the DC voltage
overshoots and tolerate the lower down short-circuit disorder to its rated range.

Keywords: renewable resources; wind energy; double fed induction generator (DFIG); fault-tolerant
control (FTC)

1. Introduction

In many countries, wind is the prominent source of new energy and has become the beneficiary to
develop their economies with different energy conversion machines such as the double fed induction
generator (DFIG) [1-5]. The increase in the number of energy converters and their sizes demanded by
industry opens up the way to build new burning designs and protection schemes [6-10]. Modern wind
energy conversion systems (WECSs) rely on doubly fed induction generators (DFIGs) in order to fulfil
the energy demands efficiently [11,12]. The industry users and researchers have observed multiple
benefits of this kind of machine, such as better control competency, low maintenance and inverter cost,
robustness, and a comparatively higher power-size.

In the concept of DFIG wind turbines, the rotor is linked to the grid through a moderately rated
frequency converter, while the stator of the generator is directly coupled to the power grid [10]. The size
and costs of the power electronic components are comparatively smaller than full-power converters,
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as the deployment of DFIGs in wind turbines has been the preferred choice. However, the concept to
the network voltage dips response is observed to be challenging. The wind generation penetration has
gained a remarkable level in a number of areas. The wind turbines in such zones are not certified to
operate independently from the main power network. The power network stability may be threatened
if wind turbines are cut off as a result of a voltage dip or wind speed variations [13]. The main
operating system requires grid codes that maintain the wind turbines to be capable of tolerating during
deep voltage dips. This situation is considered as fault-tolerant control in power grid operation [9,14].
Furthermore, in order to support the grid voltage, the grid codes required that wind turbines must be
able to penetrate reactive power to the power network under the voltage dip condition [15]. The wind
turbine units under grid disturbances are considered as the fault ride-through (FRT), and the ability to
overcome these undesirable conditions is referred to as the FRT capability of the power grid [13].

The short-circuit faults (balanced and unbalanced) [12,16], speed sensors faults [17], DC voltage
overshoot faults [10,18], and grid faults and actuator faults [9,19-22] are subjected to the DFIG.
Multiple kinds of techniques [9,23,24] are applied and analyzed to overcome these thresholds and
voltage overshoot faults [25,26]. If a balanced or an unbalanced voltage overshoot fault occurs in
the DFIG power system, the system will depreciate the performance, and this influence may lead
to the unscheduled shutdown of the power system and disconnection to the power grid. Therefore,
DC voltage overshoot fault-tolerant control (DC-FTC) has been gaining increasing attention in the
development of the reliability of the DFIG system. Fault current limiting approaches are one of the
techniques utilized to limit the current level and protect the back-to-back converter switchings from
over-current damage [27]. To reach this goal, DFIGs’ active power output must be controlled within
the limit of the operating conditions using a maximum power point tracking (MPPT) controller [10,28].
In the literature, FTC-based strategies on different control schemes have been recommended numerous
times, including linear-quadratic, pseudo-inverse fuzzy logic, electromechanical faults, intelligent
control FTC based on proportional internal control, dynamic inversion, command governor, neural
network, and variable structure control, as well as methods based on the combination of different
approaches [29,30]. It is widely used in multiple power generations systems including wind turbines
with rotor speed sensor and pitch angle sensor faults [3]. These stratagems focus on the characteristics
of multiple power systems including wind turbine systems. Meanwhile, in the dynamics of DFIG
and the combination of DC voltage overshoots, pitch angle control (PAC) and MPPT strategies to
control the faults are not considered. The authors of [10] investigated the DC voltage overshoots
of DFIG based wind turbines. In short-circuit conditions, the overshoot of DC voltage leads to the
disconnectivity of the grid as well as converter instability. To overcome these DC voltage overshoots,
special measurement and standard limits to control these DC voltage overshoots and contravene
of grid operation are still needed. An understanding between power engineers and wind industry
developers is the preliminary requirement for an efficient wind energy system.

This paper introduces a combination of pitch angle and maximum power point tracking controllers
to deal with DC voltage overshoots, and keeps the faulty conditions close to its rated values during
short-circuits. Furthermore, it achieves the maximum power tracking under low and rated wind
speeds, as well as regulates the pitch angle once there is a high wind speed condition. In this case,
firstly, a short-circuit is detected as the fault, and then the PWM pulses for a rotor side converter (RSC)
are generated by controlling the modulation indices. The reason for decreasing the indices is to keep
the DC voltage level to its rated value under the fault condition. The control signal during a fault for
MPPT is measured as zero. This value increased to one after completely removing the fault. This status
is maintained by the proposed controller scheme. The controller operates in a special logical technique
under different wind variations, that is, normal or healthy and abnormal or faulty operation conditions,
including MPPT-based tracking optimal tip speed ration (TSR) by adjusting the rotor speeds.
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2. Related Work

2.1. DC Voltage Overshoots

The problem of a fault is investigated and the FTC scheme is applied to stabilize the DC voltage
overshoots during the short-circuit condition of WECS. The DC overshoot value is measured as severe
and active (Ps), and reactive (Qs) power values are similarly observed to erupt at grid side converter
(GSC) of WECS. An FTC scheme is developed to suppress the DC overshoots under the short-circuit
conditions of the power system.

While faults occur in the system at the grid side, for the line side converter (LSC), the power
transformation will be interrupted. Hence, the wind farms’ production ought to be imperfect to confirm
the protection of the DC link voltage. The proposed technique establishes communication among
both sides to prevent the DC voltage from increasing to its rated rates. The method of this procedure
relies on the stability of the DC voltage. Unambiguously, in healthy operational environments, the DC
voltage is observed to be constant and close to its rated value. However, under the faulty conditions, it
is abrupt and rises toward an undesirable value. For this objective, a block is developed to calculate
the DC voltage and determine its rate of variation. Once the fault happens at the AC grid side in the
system, the DC voltage increased owing to the uninterrupted energy transfer from the wind farms’ side.
The authors of [15,31,32] studied other different kinds of controllers and investigated the improvement
of the performance of the DFIG system and synchronization with the grid.

It is worth noting that AC-DC grid converters deteriorate from two frequency ripples in the active
power and the DC-link voltage during faults. In this paper, the active component current (i.e., the
d-axis current ig) is appointed to control the DC-link voltage according to the following control loop in
Equation (1):

i; = kpl(vt:lc - Vdc) + %(V;c - Vdc) (1)

where V. is the DC-link voltage and kp,1 and kj; are the proportional and integral gains for the DC-link
voltage control loop, respectively. Meanwhile, the reactive component current (i.e., the g-axis current
iq) provides a rapid reactive injection current during faults. The control loop of the reactive injection
current is represented as follows in Equation (2):

o . ki (1« ,

Iy = kpz(Vg - Vg) + ?(Vg - Vg) + 1g_inj )
where Vg is the RMS grid voltage; kp» and ki are the proportional and integral gains for the reactive
injection current control loop, respectively; and iq i is the amount of reactive injection current to the
grid during short circuits. The latter control loop is activated when the grid voltage drops to lower

than the 0.5 p.u. threshold.

2.2. Fault Tolerant Control (FTC)

Fault tolerant control (FTC) schemes are widely used in all kind of industries, including renewable
power systems (nuclear, solar, and wind), aircraft, helicopters, and spacecraft. The structures include
highway systems, automotive systems, engine and propulsion control, chemical plants, robots,
building and air-conditions systems, industrial furnaces and heat exchanger, drug infusion, motors
and drives, networks, paper machines, magnetic bearing systems, winding machines, and water-tank
systems [9,33,34]. The FTC scheme not only deals with wind perturb conditions, but reduces the
short-circuit overshoots disorder and applies the MPPT strategy to ensure the healthy operation of
the DFIG-WT-based power system. In addition, the FTC scheme has been applied to ensure the
smooth healthy operation of DFIG and grid connectivity under various wind speeds and short-circuit
faults [20,25,35].
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2.3. Pitch Angle Control (PAC)

PAC is a useful technique for power adjustment, exceeding the rated wind speed. It is measured as
the most effectual and prevalent power control technique. The conventional pitch controls the typically
practiced PI controller, and the system must be acknowledged well by means of a mathematical model.
In this paper, we deal through the process and the control of the DFIG power generation at different
approaches. The purpose of applying PAC is expressed as follows.

Firstly, to optimize the wind turbines” output power and lower-rated wind speed, the pitch
adjustment must be at its optimal rate to provide the maximum power. Secondly, in order to reduce the
load fatigue of the mechanical parts of the turbine, it has been experienced that the turbine’s control
system can have a major influence on the loads [10]. The controllers need to ensure that excessive
loads will not affect the control action; the strategy of the controller has to take into account the effect
on loads. It is possible to go further than this, and explicitly design the controller with the reduction
of definite lethargy loads as an additional objective. Thirdly, the design limits for preventing the
input mechanical power must be dealt with. Above rated wind speed, pitch angle control provides an
operative technique of maintaining the aerodynamic command and loads produced by the rotor.

In the case of the variable-speed wind turbine, a mechanical actuator is commonly employed to
regulate the pitch angle of the blades for the sake of reducing the power coefficient (C,) and sustaining
the power at its rated rate. For linearization of the model, the torque is acknowledged as being
proportional to the gyratory rate of the turbine [1,35]. The control approach is implemented as follows,
in Equations (3) and (4), where § is the rotor blades” angle and w is the rotor speed of the turbine:

Bref = Po =0, for0 < w¢ < wm (©)

A
ﬁrEf = ﬁ(wt — a)m) +ﬁ0, for Wt > Wi (4)

It is depicted that the optimal value of the tip speed ratio (A) is 10, which keeps Cp, at its maximum
value, that is, 0.5 p.u.

2.4. Maximum Power Point Tracking (MPPT) Approach

The lookup table-based MPPT approach uses the tip speed ration (TSR) to control the DFIG-based
wind power system [1,16]. This technique is based on changing the range of rotor speeds of the DFIG
system. In order to follow the reference rotor speed, this varies with wind speed. The reference speed
ensures the optimal TSR that brings the power coefficient (Cp) of the wind turbine to its maximum
value. The MPPT control-based TSR controller is presented.

An extra anemometer is required to apply this scheme for the wind speed measurement and
also has a pre-known value of the optimal TSR to convert the wind velocity measurement into its
corresponding reference for optimal generator speed. Owing to the non-negligible inertia of WECS,
the generator speed changes rather lethargically as compared with the change in the wind rate. On the
other side, the TSR control technique provides the fastest control action as it directly measures the wind
speed and provides the control reference instantaneously. Therefore, it gives more energy. Although,
accurate wind measurement is not a small task, especially in the case of the large wind turbine. The
anemometer provides limited measurements of wind speed only at the hub height and cannot cover
for the whole span of large blades [36]. In addition, owing to the interaction between the rotor and the
wind, this usual placement of anemometers on nacelles leads to inaccurate wind speed measurements
in both upwind and downwind turbines. For TSR control, we keep the TSR constant at its optimal
value by changing the rotor speed in the numerator. Meanwhile, the wind speed changed in the
denominator of the above ratio. The generated power by the wind turbine is mathematically expressed
as follows:

P =0.50m R*V3Cp, (A, B) (5)
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where p is the air density (kg/m?), R is the radius of the turbine rotor, V denotes the speed of the wind,
and Cp, represents the power coefficient that shows the power conversion efficiency of the wind turbine.
The theoretical power available in the wind is the physical meaning of the Cp, curve; this is the ratio of
the actual power delivered by the turbine. Cy, is a function of the TSR, A, in addition to the blade pitch
angle (B) in a pitch-controlled wind turbine. The value of A is given in Equation (6).

A = Rowy/V (6)

where w is the rotating speed of the wind turbine. Practically, the maximum C;, can be 40%-45% [36].
The rotor proficiency curve Cp (A) is a nonlinear function of the TSR (1), which is indomitable by the
blade design and the pitch angle. The relationship between C, and TSR can also be summarised as
follows: TSR = w;*R/Vyyind, where R is the radius of the blade.

3. Proposed Model

The proposed FTC scheme is applied to suppress the overshoot DC voltage under the perturbation
condition of the system. A balanced short-circuit (SC) fault is applied to test the validity of the proposed
FTC scheme. The short circuit is applied in the premeditated system at GSC.

The conditions and standard measurements are arranged and observed in the SC, and then
the FTC algorithm values are tuned according to the acceptable system values. The FTC algorithm
performance is appreciated under the balanced SC depicted in Figure 1. It reduces the SC and holds it
within the minimum value. This response is favorable for system protection. Figure 2 shows the DFIG
testing block diagram, which consists of the power grid; four busses, bus-1 to bus-4; two transformers,
T-1 and T-2; the transmission line, T-line; and the fault point at grid side converters.

Line Voltages
and
Phase Currents

Fault Detection:

No (IHealthy Operation) Yes (Faulty Operation)

V| < 0.5 PU

1> 1PU
?

Y

Disable MPPT Scheme

v

Decreasing modulation index
of PWM for RSC h

A

Wind Speed Category |«

Low & Rated /L High

Yes
No

DC Voltage
A 4 A 4 Overshoots:
Enable MPPT Scheme Disable MPPT Scheme [Vdc| = 1.15 kV
and and 2
Disable PAC Enable PAC

Figure 1. Proposed scheme for the fault tolerant control (FTC) controller. PAC, pitch angle control;
MPPT, maximum power point tracking; RSC, rotor side converter.
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Figure 2. The block diagram of the doubly-fed induction generator (DFIG)-based wind power system.

The DFIG model designed and presented in Figure 2 is a state-space based model. In the alpha-beta
(a—P) stationary reference frame, the DFIG model can be represented in the state-space form as follows:

@)

where x = [Ins] ﬁslmiﬁr] T is the rotor and stator current component; and u (t) is the system input, which
can be written as x = [uasuﬁsumulgr]T, which is the rotor and the stator voltage components. Hence,

the state matrix A and the matrix input B are defined as follows in Equation (8):

L 1
m [, L] -
e )B—( L;LSZ],K—(O ) ®

Ay Ap _GLLVIZ o b 1 0
where )
Rs LmPQmech
Ay = —(=21 —m~ “mech y e

11 (aLs 2+ (ws + oL.L, )K) )

LR, LiPQyiecn
Ap = I, - K 10
12=( oL.L, 2 oL, ) (10

LmRs LmPQmech
Ay = I K 11
21 (oLer 2+ oL, ) (11)

1 PO,
Ay = —(—1 — VK 12
» (OerJr(ws S )K) (12)
Calculating 0 as 0 = 1— L2,/ (LsL,) (13)

The rotor and stator resistances are expressed by Rs and R;, respectively. The current is denoted
by I, and ws represents the synchronous speed. The () represents the mechanical rotational speed.
The inductance and magnetization inductance of the rotor and stator are represented by L;, Ls, and
L, respectively.

4. Results and Discussion

Simulation studies are carried out on a grid-connected WECS with DFIG wind farm in Simulink/
Simpower systems. The stator is directly connected to the power grid, while the rotor’s terminals are
fed through a variable frequency via the converters in Figure 2. The simulation study of DC voltage
overshoots is shown in Figure 3 and Table 1, where we can see the effectiveness of the proposed FIC
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scheme. The simulation study is presented with and without the proposed scheme in Figure 3, while
wind speed variations result and hierarchical approach in Tables 2 and 3, respectively. During the first
phase under normal operating conditions, the resulting curve of variation of DC voltage is close to
zero. However, after rated and high wind speeds, the fault occurs and the ratio increases suddenly.
This sudden variation in the rate leads to fault recognition, shown in Figure 3 and Table 2.

4 . . . . 1800

without FTC

1600 with FTC

1400

la (p.u.)
vdc (V)

e VithoUt FTC

1200
with FTC

6 L L L L 1000

Time (s) Time (s)

4 1800
T T T T T
2 without FTC
1600 = m m With FTC
0
-~ < 1400
S 2
g 2 o
= s
- 4 without FTC 1200
: = s With FTC
6 | 1000 ]
1 11 12 13 14 15 12 13 14 15
Time (s) Time (s)
4 T T T T 1800 T
2 o ithout FTC
1600 o m m With FTC
0
2 s w0
& 2 g
= without FTC s
T o4 1200
o Wit FTC
6 . L L L 1000
1 11 12 13 14 15 1 11 12 13 14 15
Time (s) Time (s)

Figure 3. Line current and DC voltage (with/without FTC) for comparison results during low wind
speed. (a) Line current at low wind speed; (b) DC voltage at low wind speed; (c) Line current at rated
wind speed; (d) DC voltage at rated wind speed; (e) Line current at high wind speed; (f) DC voltage at
high wind speed.

Table 1. DC voltage overshoot under short-circuit and various wind speed ranges.

Max. Overshoot of DC Max. Overshoot of Max. Overshoot of

Wind Speed (Category) (Vpc) Voltage (%) Active (P) Power (%) Reactive (Q) Power (%)
Low 37% 16% 107%
Normal 43% 40% 928%
High 48% 59% 1043%

Table 2. Numerical results for normal operation under wind speed variations. TSR, tip speed ration.

. . Active Reactive
‘?Iér:t:les(}:ee)d TSR (-) Cp () P1tc1: l;&)ngle bc (X(\);)t age Power (P) Power (Q)
gory (MW) (MVAR)
Low 12.73 0.437 0 1.150 5.404 -0.35
Normal 7.31 0.277 8.6 1.150 9.037 -0.39
High 5.34 0.049 23 1.153 10.869 -0.23
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Table 3. Hierarchical operation table of the implemented fault tolerant control (FTC) scheme. PAC,
pitch angle control; MPPT, maximum power point tracking.

Wind Speed . Control States for PWM of Rotor Side Converter (RSC)
Operation Mode

Category MPPT PAC HFTC
Healthy 1 0 0
Low Faulty 0 1 1
Healthy 1 1 0
Normal Faulty 0 1 1
. Healthy 0 1 0

High

'8 Faulty 0 1 1

The operation of the controller is implemented in Simulink and summarized in the proposed
scheme’s flow chart depicted in Figure 1. The value of overshoots DC voltage is calculated by applying
this method [25]. With the combination of PAC and MPPT, an FTC scheme is proposed and depicted
in Figure 1 to enhance the fault-tolerant of the DFIG-based wind farm operating under balanced
short-circuit and wind speed variations.

Overshoot % = (Vgcmax~ Vdc-rated)/Vde-rated (14)

Discussion

The FTC is introduced to control the balanced short-circuit of the DFIG-based wind energy system.
The MPPT and PAC are also applied during low, rated, and high wind speeds. In order to regulate
the low and rated wind speeds, the MPPT controller is activated at the rotor side converter. The PAC
controller is operated during the low, rated, and high wind speeds, as explained in Tables 2 and 3
and Figure 3. During the low wind speed, PAC remains disabled and MPPT is activated. The FTC
scheme is operated during low, rated, and high wind speeds and regulates the short-circuit DC voltage
overshoots values following its rated rate. The DC voltage is depicted in Figure 3 and Table 1, which
is observed to be harmful for the healthy operation of the system and synchronization with the grid.
For the sake of comparison, Figure 3 shows the line current and DC voltage values at different wind
speed ranges. The simulation results are depicted with and without applying the proposed schemes.
When the balanced short-circuit is impassive and the DC overshoots voltage is reduced by FTC and
suppressed to close to its rated value, which is maintained at less than 1.15 kV, the power coefficient
value (Cp) is close to the maximum value (i.e., 0.45 p.u) for wind speeds under the rated value. The Cp,
decreases for high wind speeds to prevent damage. The TSR value is kept constant, while the C,
decreased during high wind speeds and MPPT is activated during low wind speeds. According
to Equation (6), we must keep TSR constant at its optimal value by changing the rotor speed. We
observe the Cp, and TSR responses in Table 2. Table 2 demonstrates that C, decreases with wind speed,
and the pitch angle (B) increases with the rate of wind speed. Meanwhile, the reactive (Q) power is
approximately constant owing to the robust reactive controller and is measured to be close to zero,
whereas the value of Q is observed to be higher under high wind speeds and faults, which is depicted
in Table 1.

In order to prevent the damage, cut-off, or shut-down of the power grid and DFIG system, the pitch
angle is increased to obtain high wind speeds. Meanwhile, the DC voltage is close to its rated value
(i.e., 1.150 kV) for all wind speed operations to keep the bus voltage of the wind farm close to the
grid voltage for synchronization, as shown in Figure 3 and Table 2. Reactive power varies based on
system operations, with the healthy and faulty results depicted in Table 2 and the simulation model
parameters of DFIG presented in Appendix A (Table A1).
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5. Conclusions

The FTC is activated when the short-circuit fault is detected. With the combination of PAC and
MPPT, the FTC approach suppresses the DC overshoot and operates under the entire range of wind
speeds. The hierarchical FTC approach depends on the PAC and MPPT controllers. The PAC scheme is
applicable during the low, rated, and high wind speeds, while the MPPT scheme operates in low and
rated wind speeds. The FTC scheme is immune under balanced short-circuit conditions on various
wind speed ranges. The DFIG-based wind turbine system is simulated and the simulation results are
presented in the figures and tables. Finally, a logical table is organized to demonstrate the FTC scheme
for a smooth understanding of the whole process of the proposed scheme. The simulation results and
measurements showed that the proposed controller deals better with such undesirable conditions and
can compete as an alternative to other individual control structures of DFIG-based WECSs.
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Appendix A

Table A1l. Simulation Model Parameters of DFIG-Based Wind Farm.

Parameters Values
Rated power of each turbine 1.5 MW
Line to line voltage (L-L) 575V (RMS)
Frequency 60 Hz
Stator resistance (Rs) 0.023 p.u
Rotor resistance (Ry) 0.016 p.u
Magnetizing inductance (L) 29pu
Friction factor 0.013 p.u
DFIG inertia constant 0.685 H(s)
Stator and rotor inductance 0.18 p.u,
0.16 p.u
Rated mechanical power 2.0090 MW
Rated apparent power 2.2409 MVA
Rated power factor 0.8987
Rated rotor speed 22.5 rpm
No. of turbines 6
Nominal DC bus voltage 1150 V
Cut-in wind speed 4m/s
Rated wind speed 15 m/s
Cut-out wind speed 25 m/s
Number of rotor blades 3
Grid side coupling inductor 03p.u
d-axis synchronous inductance, Lq 1.22 mH
g-axis synchronous inductance, Lq 2.33 mH
Optimal angle of stator current 19.749°
Frequency of grid-side PWM carrier 2700 Hz
Frequency of the rotor-side PWM carrier 1620 Hz
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