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ABSTRACT This paper proposes a low voltage ride-through (LVRT) control method for the front-end speed
regulation (FESR) wind turbine based on an improved adaptive robust control (IARC) to find the solution
of the generator parameter variation by grid voltage dip and enhance the LVRT capability of the FESR.
First, the FESR system mathematical models and the control objective of LVRT are analyzed. Then, in the
improved adaptive robust controller, the Lyapunov function for three sub-systems and the energy function
of the system are constructed. The excitation control law and parameter replacement law of the system are
obtained by the error compensation term and additional control variable. The method makes the energy
function satisfy the dissipation inequalities to guarantee the stability and ability to suppress disturbance of
the system. To verify the effectiveness of the proposed control method, the proposed IARC is compared
with the predictive fuzzy PID (PFPID) by time-domain simulations under different fault conditions. The
results show that the proposed IARC can not only realize the rapid regulation of reactive power and effective
resistance to grid voltage fluctuations but also improve robustness and transient stability of the system and
enhance the LVRT performance of the FESR during the grid voltage dip.

INDEX TERMS Front-end speed regulation (FESR)wind turbine, grid voltage dip, low voltage ride-through,
adaptive robust control.

I. INTRODUCTION
The wind power capacity in the proportion of total energy
power systems is increasing [1]–[4], which might bring great
challenges to the safe and stable operation of the power
grid [5]–[8]. To improve the reliability of the power system,
the wind turbine should remain connected to the grid during
the grid voltage dip. In other words, the wind turbine con-
nected to the power grid must have low voltage ride-through
(LVRT) capability [9]–[12].

When a three-phase short-circuit fault occurs in the power
system, the voltage at PCC is dropped due to the grid faults
and will result in a high short-circuit current in the stator
windings. Meanwhile, the electromagnetic power is reduced
which will cause the imbalance of the mechanical power
to the generator and the electromagnetic power. The rotor
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speed of the generator will increase and affect the stability of
the front-end speed regulation (FESR) wind turbine. When
an asymmetric fault occurs in the power system, besides
the above mentioned in the symmetrical fault, the magnetic
coupling between the stator and rotor circuit causes higher
harmonics in the stator and rotor windings [13]. Therefore,
it is necessary to propose a control method to enhance the
stability and the LVRT performance of FESR during grid
asymmetrical and asymmetrical faults.

In [14], the LVRT performance of the FESR was analyzed
in the DIgSILENT. Reference [15] designed a field volt-
age controller under different operation conditions including
faults, and the controller can guarantee the characteristics of
reactive power control and dynamical stability control for
the FESR. In [16], the grid-connected stability and the fault
ride-through capability were analyzed by a single machine
model of the 2MW FESR. Reference [17] proposed an LVRT
control method based on the working principles of the FESR,
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the LVRT dynamic characteristics of the FESR are simulated
during the power grid fault, and simulation results show that
the proposed control method is effective. The above literature
has achieved certain control effects for the LVRT control
of the FESR. However, when the grid voltage dip, on the
one hand, the mechanical power of the generator decreased,
which results in excess power. On the other hand, the sat-
urated extent of the magnetic circuit of the generator will
change due to the grid fault, which results in the variation of
the generator parameter. The generator parameter variation
might increase the difficulty of the LVRT. However, none of
the above literature mentions it.

Therefore, the external disturbance and the uncertainty of
the generator parameter should be consideredwhen designing
an excitation controller to ensure the FESR connecting to
the power grid during faults. Some of the excitation control
methods such as direct-feedback linearization, sliding-mode
control, robust sliding-mode control, Hamiltonian energy
function, L2 gain disturbance attenuation, nonlinear adap-
tive control are suggested for the synchronous genera-
tor [18]–[23]. However, the adaptive control method has
advantages in dealing with parameter uncertainty. Refer-
ence [24]–[26] designed an excitation controller based on
the adaptive back-stepping method, which can guarantee the
stability of the system. Combining the adaptive back-stepping
and sliding mode control, the authors designed an adaptive
back-stepping sliding mode controller [27]. In [28]–[30],
an improved adaptive back-stepping method was proposed
based on error compensation, which can ensure the stability
of the system and achieve real-time parameter estimation.
To simplify the calculation and improve the convergence
speed of the control variables, an improved nonlinear adaptive
L2 gain control was proposed by adopting the additional
control variable andK class functions in the design process of
the controller [31]. Reference [32] proposed a control method
by modifying the traditional back-stepping adaptive L2 gain
control algorithm and linear matrix inequality, which can
improve the dynamic stability of the system. In [33], a robust
adaptive back-stepping method was proposed based on the
higher-order dynamical models of synchronous generators
and the simulation proved the feasibility and superiority of the
proposed control method. Considering the uncertainty in the
parameter of the excitation system model, the optimal robust
excitation controller was designed in [34].

Based on the points discussed above, this paper proposed
an LVRT control method for the FESR based on adaptive
back-stepping and L2 gain control. The new contribution of
this paper can be summarized as below:

First, the variation of the generator parameter caused by
grid voltage dips was considered in the method, so that the
proposed control method has advantages in insensitivity to
disturbance and parameters changes.

Then, the error compensation term and additional control
variable were used when designing the controller, which can
realize the rapid regulation of reactive power and effective

resistance to grid voltage fluctuations, suppress the oscilla-
tion better and improve the response speed of the system.

This paper is organized as follows. The brief review of the
LVRT control method of the FESR in section 1. In section 2,
the systemmodeling and the control objective are introduced.
An improved adaptive robust excitation controller is designed
in section 3. In section 4, the simulations are carried out under
the grid symmetrical and unsymmetrical fault conditions to
demonstrate the proposed method. The conclusions of this
paper are given in section 5.

II. SYSTEM MODELLING AND CONTROL OBJECTIVE
A. SYSTEM MODELLING
As shown in Fig.1, the developed FESR is composed of five
parts: wind turbine, main gearbox, windrive and brushless
electric excitation synchronous generator (EESG) [35], [36].
The wind turbine converts the absorbed wind energy into
mechanical energy and transmits it to themain gearbox. Then,
the main gearbox converts the low speed of the wind turbine
into a high speed that meets the requirements for windrive.
The windrive uses a hydraulic torque flexible drive with
flexible transmission performance to adjust the speed. The
EESG is directly connected to the grid to replace the converter
in the traditional wind turbine, which makes the FESR has
larger reactive power compensation, better power quality, and
higher reliability.

FIGURE 1. Structure of the FESR.

1) WIND TURBINE MODELLING
According to the aerodynamic principle, the relationship
between the wind speed and the power extraction of the wind
turbine is expressed by the following equation [37]–[40]

PM =
1
2
ρπCp(λ, β)R2v3 (1)

where PM is the extracted power of the wind turbine, ρ is the
air density,Cp is the power coefficient, λ is the tip speed ratio,
β is the pitch angle, R is the radius of the wind rotor, v is the
wind speed.

The wind power extracted by a wind turbine depends on
the power coefficient Cp(λ, β), which is a function of both
the tip speed ratio (λ) and the blade pitch angle (β). The tip
speed is expressed as

λ = RωR
/
v (2)

where ωR is the rotating speed of the blades.
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FIGURE 2. The dynamic model of the drive system.

Cp(λ, β) can be calculated by the following approximation
equation

CP (λ, β)=0.5176
(
116
λi
−0.4β − 5

)
exp

(
−21
λi

)
+0.0068λ

(3)

The relationship between the extracted power PM and the
mechanical torque of wind turbine TR is

PM = TRωR (4)

2) DRIVE SYSTEMS MODELLING
The dynamic model of the drive system is shown in Fig. 2.
The characteristic of the wind turbine rotor and the low-speed
shaft is described by using a simple mass-damping model as
follows

JR
dωR
dt
= TR − Tj − DZωR (5)

where JR is the moment of inertia of the turbine rotor, Tj is
the output torque of the main gearbox, DZ is the damping
coefficient of the low-speed shaft.

Ignoring themoment of inertia of themain gearbox, the fol-
lowing characteristics are obtained by the equationωj = ωRiRj

Tj =
TRωR

ωjη1

(6)

where ωj is the output speed of the main gearbox, iRj is the
speed increase ratio of the main gearbox, η1 is the transmis-
sion efficiency of the main gearbox.

In windrive, the dynamic balance equations between the
pump shaft and the turbine shaft are given by

Jt
dωP

dt
= Tt − TP − TG

Jq
dωT

dt
= Tq − TT

(7)

where Jt is the moment of inertia of the sun gear, Jq is the
moment of inertia of the outer gear ring, ωp is the speed of
the pump wheel, ωT is the speed of the turbine wheel, Tp is
the torque of the pump wheel, Tt is the torque of the sun gear,
TG is the input torque of the EESG, Tq is the torque of the
outer gear ring, TT is the torque of the turbine wheel.

FIGURE 3. Configuration of a single-machine system.

The relationship of the rotating speed of the blades,
the pump wheel speed and the turbine wheel speed are given
by

dωT

dt
=

1+ iTq
1+ itq

(
dωp

dt
− iRj · itq ·

dωR

dt
) (8)

where iTq is the speed ratio between the turbine wheel and the
outer gear ring, itq is the speed ratio between the sun gear and
the outer gear ring.

Ignoring the moment of inertia of the high-speed shaft, the
characteristic of the generator rotor and the high-speed shaft
is described as

dδ
dt
= ωG

JG
dωG

dt
= Te − TG − DGωG

(9)

where δ is the power angle of the generator, ωG is the speed
of the generator, JG is the moment of inertia of the generator
rotor, Te is the electromagnetic torque, DG is the damping
coefficient of the high-speed shaft.

3) EESG MODELLING
The EESG is connected to the grid through a step-up trans-
former and a dual-circuit transmission line. The configuration
of the single-machine system is shown in Fig. 3.

The third-order models of the generator with perturbations
are as shown in (10) to (12).

δ̇ = ωG − ω0 (10)

where ω0 is generator speed at steady state.

ω̇G =
ω0

H
PT −

DG

H
(ωG − ω0)−

ω0

H

E ′qUs sin δ

X ′d∑ + w1 (11)

where H is the moment of inertia; PT is the output power of
the windrive; E ′q is the quadrature axis transient voltage of
the generator; X ′d∑ = X ′d + XT + XL, X

′

d,XT and XL are the
direct axis transient reactance of the generator, the reactance
of the transformer, and the line reactance, respectively; Us
is the infinite bus voltage; w1 is torque interference on the
rotating shaft of the generator.

Ė ′q = −
1
T ′d
E ′q +

Xd − X ′d
X ′d∑Td0Us cos δ +

1
Td0

Ef + w2 (12)

where T ′d = Td0X ′d/Xd,Xd is direct axis steady reac-
tance of the generator, T ′d is the direct axis transient time
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constant, Td0 is the time constants of excitation winding,
Ef is excitation voltage, w2 is electromagnetic interference of
the generator excitation winding.

B. CONTROL OBJECTIVE
When the grid voltage dip, the saturation extent of the mag-
netic circuit of the generator will change, and the generator
parameter will change according to the variations in the satu-
ration extent. Therefore, the generator parameter is uncertain.
Let θ = −DG/H .
(δ0, ω0, Eq0′ ) is the steady-state working point of the

system. Define the system state variables as x1 = δ−δ0,
x2 = ωG−ω0, x3 = E ′q−E

′
q0.

Considering the influence of the generator parameter
uncertainty and interference, the mathematical model of the
EESG can be written as
ẋ1 = x2
ẋ2 = θx2 + k0PT − k1 sin(x1 + δ0)(x3 + E ′q0)+ w1

ẋ3 = −
1
T ′d

(x3 + E ′q0)+ k2 cos(x1 + δ0)+
1
Td0

Ef + w2

(13)

where k0 =
ω0
H , k1 =

ω0
H

Us
X ′d

∑ , k2 = Xd−X ′d
X ′d

∑Td0Us.

The regulated output is given by

y =
[
q1x1
q2x2

]
where y is evaluation signal; quantities q1 and q2 are nonnega-
tive weighted coefficients, representing the weighted propor-
tion of state variables x1 and x2 into the system output, which
are to be determined by the designer in each particular case
study. They satisfy the constraints: q1+q2 = 1, q21+q

2
2 ≤ 1,

q1 > 0, q2 > 0 [28].
To realize the low voltage ride-through control of the

FESR, for any given γ > 0, design an excitation controller
Ef and positive storage function V (x) such that the following
dissipation inequality holds for any final time t > 0: V (x(t)−
x(0)) ≤

∫ t
0 (γ

2
||w||2 − ||y||2)dt .

And when w1 = 0,w2 = 0, the closed-loop system is
asymptotically stable at x = 0. Then the L2 gain from the
disturbance to the output of the system is smaller than or equal
to γ , where γ is disturbance attenuation constant.

III. LVRT METHOD BASED ON ADAPTIVE ROBUST
EXCITATION CONTROL
A. DESIGN OF ADAPTIVE ROBUST EXCITATION
CONTROLLER
Step 1: For the first subsystem of system (13), x2 is assumed
to be the virtual control variable. Define error variable e1 =
x1, e2 = x2−x∗2, choose the virtual control of x2 as: x∗2 =
−c1e1−p1e2.
where c1 > 0 is a design parameter, p1 > 0 is the error
compensation coefficient, p1e2 is an error compensation to
compensate for the dynamic impact of the unknown error in
the stabilization process.

While noting that

ė2 =
1

(1− p1)

[
θx2 + k0PT − k1 sin(x1 + δ0)(x3 + E ′q0)

+w1 + c1x2
]

(14)

For the first subsystem of system (13), define a Lyapunov
function as follows

V1 =
e21
2

The derivative of V1 is written as

V̇1 = e1ė1 = −c1e21 + (1− p1)e1e2

Step 2: For the (x1, x2) subsystem of system (13), x3
is assumed to be the virtual control variable. Define error
variable e3 = x3−x∗3, x

∗

3 is the virtual control of x3. For this
subsystem, define a Lyapunov function as

V̇2 = V̇1 + e2ė2 = −c1e21 + (1− p1)e1e2

+
e2

1− p1

[
θx2 + k0PT − k1 sin(x1 + δ0)(x3 + E ′q0)

+ w1 + c1x2
]

(15)

And the further result is

x∗3 =
(1− p1)2e1+θ̂x2+k0PT+c1x2+c2e2

k1 sin(x1+δ0)
− E ′q0 − p2e3

(16)

where c2 > 0 is a design parameter, p2 > 0 is the error com-
pensation coefficient, p2e3 is the error compensation term,
which compensates for the dynamic impact of the unknown
error in the stabilization process. θ̂ is the estimate of θ , θ̃ is
the estimated error and θ̃ = θ − θ̂ .

Substituting (16) into (15), it can be obtained

V̇2 = −c1e21 +
e2w1

1− p1
−

c2e22
1− p1

+
e2

1− p1
[θ̃x2 − k1 sin(x1 + δ0)(1− p2)e3] (17)

Then, take the derivative of e3

ė3

=
1

1−p2
{−

1
T ′d

(x3+E ′q0)+k2 cos(x1+δ0)+
1
Td0

Ef

+w2−
[(1−p1)2x2+

˙̂
θx2+

c1c2x2
1−p1

]

k1 sin(x1+δ0)

−

(θ̂+c1+
c2

1−p1
)[θx2+k0Pm−k1 sin(x1+δ0)(x3+E ′q0)+w1]

k1 sin(x1+δ0)

+
[(1−p1)2e1+θ̂x2+k0PT+c1x2+c2e2]k1x2 cos(x1+δ0)

k21 sin
2(x1+δ0)

}

(18)

Step 3: For the (13), the global Lyapunov function is

V3 = V2 +
1
2
f (e3)2 +

1
2ρ
θ̃2
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The derivative of V3 is described as

V̇3 = V̇2 + f (e3)
df (e3)
de3

ė3 +
1
ρ
θ̃
˙̃
θ

= −c1e21 +
e2w1

1− p1
−

c2e22
1− p1

+ f (e3)
df (e3)
de3

ė3

+
e2

1− p1
[θ̃x2 − k1 sin(x1 + δ0)(1− p2)e3]+

1
ρ
θ̃
˙̃
θ

(19)

Substituting (18) into (9), let b3 = f (e3)
df (e3)
de3

, it holds that

V̇3

= V̇2+b3ė3+
1
ρ
θ̃
˙̃
θ = V̇2

=−c1e21−
c2e22
1−p1

+
e2w1

1−p1
+
b3w2

1−p2

−
1

1−p2

(θ̂+c1+
c2

1−p1
)w1

k1 sin(x1+δ0)
+

e2
1−p1

θ̃x2

−
1

1−p2

(θ̂+c1+
c2

1−p1
)θ̃x2

k1 sin(x1+δ0)

+
1
ρ
θ̃
˙̂
θ−

e2
1−p1

k1 sin(x1+δ0)(1−p2)b3

+b1{−
1
T ′d

(x3+E ′q0)

+k2 cos(x1+δ0)+
1
Td0

Ef −
[(1−p1)2x2+

˙̂
θx2+

c1c2x2
1−p1

]

k1 sin(x1+δ0)

−

(θ̂+c1+
c2

1−p1
)[θ̂x2+k0PT−k1 sin(x1+δ0)(x3+E ′q0)]

k1 sin(x1+δ0)

+
[(1−p1)2e1+θ̂x2+k0PT+c1x2+c2e2]k1x2 cos(x1+δ0)

k21 sin
2(x1+δ0)

}

(20)

where f (e3) = 2|e3|+cose3, ρ > 0 is the adaptive gain
coefficient.

Then, the parameter replacement law can be given by

˙̂
θ = ρ[−

e2
1− p1

+
1

1− p2

(θ̂ + c1 +
c2

1−p1
)

k1 sin(x1 + δ0)
]x2 (21)

The excitation control law is selected as

Ef

= Td0{
e2

1−p1
k1 sin(x1+δ0)(1−p2)2+

1
T ′d

(x3+E ′q0)

−k2 cos(x1+δ0)+
[(1−p1)2x2+

˙̂
θx2+

c1c2x2
1−p1

]

k1 sin(x1+δ0)

+

(θ̂+c1+
c2

1−p1
)[θ̂x2+k0PT−k1 sin(x1+δ0)(x3+E ′q0)]

k1 sin(x1+δ0)

−
[(1−p1)2e1+θ̂x2+k0PT+c1x2+c2e2]k1x2 cos(x1+δ0)

k21 sin
2(x1+δ0)

− c3b3−uf} (22)

FIGURE 4. The block diagram of the improved robust controller.

Substituting (21) and (22) into (20), it holds that

V̇3 = −c1e21 −
c2e22
1− p1

−
c3b23
1− p2

+
e2w1

1− p1
+

b3w2

1− p2

−
1

1− p2

(θ̂ + c1 +
c2

1−p1
)w1

k1 sin(x1 + δ0)
−

b3uf
1− p2

(23)

where c3 > 0 is a design parameter, uf is an additional control
variable.

Considering (23), the function is defined as

H = V̇3 +
1
2
(||y||2 − γ 2

||w1||
2
− γ 2
||w2||

2) (24)

Substituting (23) into H , it can be expressed as

H

= −c1e21 −
c2e22
1− p1

−
c3b23
1− p2

+
q21x

2
1 + q

2
2x

2
2

2
−

b3
1− p2

uf

−[
γw1
√
2
−
(θ̂+c1+c2/1−p1)w1/(1−p2)k1 sin(x1+δ0)

√
2γ

]2

+
[(θ̂ + c1 + c2/1− p1)w1/(1− p2)k1 sin(x1 + δ0)]2

2γ 2

−[
γw2
√
2
−
b3/(1− p2)
√
2γ

]2 +
[b3/(1− p2)]2

2γ 2 (25)

Considering (25), the additional control uf is expressed as:

uf=
1−p2
b3
{
[(θ̂+c1+c2/1−p1)w1/(1−p2)k1 sin(x1 + δ0)]2

2γ 2

+
[b3/(1− p2)]2

2γ 2 +
q21x

2
1 + q

2
2x

2
2

2
} (26)

Thus, the excitation control law and parameter replacement
laws are designed to guarantee the stability of the whole sys-
tem. The block diagram of the designed controller is shown
in Fig. 4.

B. PROOF OF SYSTEM ROBUSTNESS
Substituting (26) into (25), it holds that

H

= V̇3 +
1
2
(||y||2 − γ 2

||w1||
2
− γ 2
||w2||

2)

= −c1e21 −
c2e22
1− p1

−
c3b23
1− p2

− [
γw2
√
2
−
b3/(1− p2)
√
2γ

]2

−[
γw1
√
2
−
(θ̂+c1+c2/1−p1)w1/(1−p2)k1 sin(x1+δ0)

√
2γ

]2

≤ 0 (27)
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TABLE 1. Parameters of the FESR.

According to L2 gain control, the storage function of the
system is

V (x) = 2V3 (28)

By integrating both sides of (26) and combining (27),
it holds that

V (x(t)−x(0))≤
∫ t

0
(γ 2
||w1||

2
+γ 2
||w2||

2
−||y||2)dt (29)

From (29), it can be seen that system (13) has L2 gain
from the disturbance to its output, which proves that the
designed control method can ensure that the FESR system
has the robust disturbance suppression capability. Simulation
studies are conducted in the following section to show the
effectiveness of the designed controller.

IV. SIMULATION RESULTS AND DISCUSSION
In this section, to prove the effectiveness of the proposed
IARC, the low voltage ride-through capability of the FESR
under the grid symmetrical and unsymmetrical fault condi-
tions is tested through the simulation of a 2 MW FESR wind
power generation system. Additionally, the simulation results
of the proposed IARC are compared with the predictive fuzzy
PID (PFPID) control as introduced in [41] under the grid
symmetrical and unsymmetrical fault. For grid symmetrical
faults, two different conditions are considered, i.e., 50% volt-
age dip and 80% voltage dip. For asymmetrical condition,
single-phase ground fault is considered, which assume to
occur for 625 milliseconds. The FESR parameters are listed
in Table 1.

The parameters in traditional PID control are as follows:
Kp = 6.8, Ki = 12.6, Kd = 49.
The parameters in ARC are as follows: q1 = 0.4, q2 = 0.6,

p1 = 0, p2 = 0, c1 = 5, c2 = 2, c3 = 1.2, w1 = 0.2,
w2 = 0.3, ρ = 1, γ = 0.8.
The parameters in IARC are as follows: q1 = 0.4, q2 =

0.6, p1 = 0.25, p2 = 0.45, c1 = 5, c2 = 2, c3 = 1.2,
w1 = 0.2, w2 = 0.3, ρ = 1, γ = 0.8.

A. THE PERFORMANCE ANALYSIS OF LVRT DURING
SYMMETRICAL FAULT
1) VOLTAGE DIP TO 50%
The voltage at the point of common coupling (PCC)
is decreased to 50% at 0.3 seconds, which persists for

FIGURE 5. Simulation results of LVRT during symmetrical fault for a
voltage dip of 50%.

625 milliseconds. The simulation results of the three-phase
short circuit fault are obtained from IARC and PFPID con-
trol. The voltage at PCC, active power, rotor speed of the
generator, reactive current and reactive power are plotted
in Fig. 5 (a) to (e), respectively.

As can be seen from Fig. 5(a), the voltage at PCC has
transient oscillation and settles at 3.2 seconds using PFPID
control, and in the case of using IARC, the voltage at PCC
settles at 2.6 seconds, i.e., the transition time of the voltage at
PCC is reduced using IARC. As can be seen from Fig. 5(b),
the active power peak appears on the time of fault removal,
using PFPID control is 2.1 p.u., and using IARC is 1.8 p.u..
Besides, the active power settles at 3.3 seconds using PFPID
control and using IARC is 2.2 seconds. It can be found that
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FIGURE 6. Simulation results of LVRT during symmetrical fault for a
voltage dip of 80%.

the peak and the transition time of active power using IARC
is less than PFPID control. As can be seen from Fig. 5(c),
when using PFPID control and IARC, the generator rotor
speed peak is 1.048 p.u. and 1.02 p.u. respectively, and the
transition time is 3.7 seconds and 2 seconds. Using IARC is
more conducive to the rapid recovery of generator speed after
fault is removed. As can be seen from Fig. 5(d), the reactive
current peak using PFPID control is 2.8 p.u. and using IARC
is 3.4 p.u.. Besides, using PFID control, the reactive power
value of the continuous injection system is 1 p.u. and using
IARC is 1.8 p.u. Similarly, as can be seen from Fig. 5(e),
compared with PFPID control, using IARC can provide more
reactive power to the system and is more helpful in recovering
the voltage at PCC.

FIGURE 7. Simulation results of LVRT with PFPID during single-phase
ground fault.

2) VOLTAGE DIP TO 80%
The voltage at the PCC is decreased to 80%, so the voltage
on the grid goes drops to 0.2 p.u.. The fault’s duration is
625 milliseconds. The simulation results are obtained for a
different method. The voltage at PCC, active power, rotor
speed of the generator, reactive current and reactive power
are plotted in Fig. 6 (a) to (e), respectively.

Similar to the condition of the voltage dip of 50%, com-
pared with PFPID control, the proposed IARC has a shorter
transition time for the voltage at PCC, active power, and
generator rotor speed. Meanwhile, the active power peak and
generator rotor speed are less, which shows that using IARC
can reduce the active impact on the FESRwind power system.
Besides, the settling time of reactive current and reactive
power is shorter and the peak value of reactive current and
reactive power is larger using IARC, which can provide more
reactive support for the FESR system. Therefore, it can be
concluded that the proposed IARC can improve the LVRT
performance of FESR, and have better transient stability and
robustness for the FESR wind power system.

B. THE PERFORMANCE ANALYSIS OF LVRT DURING
ASYMMETRICAL FAULT
Single-phase ground fault occurs on the transmission line at
time 0.3 seconds, and the fault’s duration is 625 milliseconds.
Fig. 7 shows the simulation results using the conventional
ARC, and Fig. 8 shows the simulation results using the pro-
posed IARC. The simulation results of voltage, active power,
rotor speed of the generator and reactive power at PCC are
plotted in Figures 7 and 8, respectively.

Single-phase ground fault belongs to an asymmetrical
fault, and the most important difference with the symmetrical
faults is that the negative-sequence current component and
DC component are generated in the stator current. Due to the
interaction of the positive sequence, the negative sequence
and the transient DC component in the stator and rotor cur-
rents, the active and reactive power will contain a series of
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FIGURE 8. Simulation results of LVRT with IARC during single-phase
ground fault.

harmonic components. As shown in Fig. 7, in the case of
using the PFPID, the transient oscillation amplitude of the
d-axis voltage at PCC is 0.9p.u., the reactive power peak
is 3.1 p.u., the generator rotor speed settles at 3.8 seconds,
and the reactive power peak is 1.8 p.u.. Similarly, as shown
in Fig. 8, in the case of using the proposed IARC, the oscil-
lation amplitude of the d-axis voltage at PCC is 0.7 p.u., and
the active power peak is 1.8 p.u., which are less than using
ARC. The generator rotor speed settles at 2.8 seconds, which
shortened by 1 second. The reactive power peak is 2.1 p.u.,
which is more conducive to the rapid recovery of the grid
voltage than using PFPID.

V. CONCLUSION
This paper proposed an LVRT method based on improved
adaptive robust control for the FESR. The proposed control
method is simulated and compared with the PFPID con-
trol by the simulation model of FESR. More importantly,
the error compensation term and additional control variable
are considered in the design process of the improved adaptive
robust controller, which can promote the steady speed of the
variables. Furthermore, the improved adaptive robust control
can bring smaller oscillation amplitude and shorter settling
time, and improve the dynamic response speed of the EESG
and the LVRT performance of the FESR during the grid fault.
Finally, due to the external disturbance, the non-linearity of
the system and the uncertainty of the generator parameters
are taken together into consideration in the improved adaptive
robust controller. In the simulation results, it can be seen that
the proposed control method is more effective in improving
the transient stability and robustness of the FESR system
during the grid voltage dip.
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