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Abstract: High voltage ride through (HVRT) control strategies for doubly-fed induction wind turbines
(DFIG) have mostly focused on the rotor side converter, while the reactive power compensation
capability of the grid side converter and the impact of grid side converter current transients have often
been ignored on the DC bus voltage and reactive power. Therefore, a control strategy based on grid
side current dynamic change characteristics is proposed, which resets the reference values of the grid
side active and reactive currents for wind turbine HVRT to ensure partial absorption of reactive power
on the grid side. Secondly, the key parameter in the proposed control strategy is optimization to get
the most suitable DC bus voltage value with the grey wolf algorithm. Finally, the grid-integrated
wind turbine simulation model is built on the MATLAB/SIMULINK and RT-Lab platforms. The
simulation test results show that the proposed HVRT control strategy and its parameter optimization
method are effective, DFIG can achieve HVRT when the wind turbine voltage rises to 1.3 pu.

Keywords: doubly-fed induction wind turbines; current change rate; grid side current; high voltage
ride through; grey wolf algorithm

1. Introduction

With a high proportion of wind turbines connected to the grid on a large scale, grid
faults occur from time to time. Unlike the scenario where a system short circuit fault
triggers a low voltage ride through problem, the current HVRT problem for wind power
mainly occurs in the large-scale wind power base DC feeder scenario. When a phase change
failure or lockout occurs in the DC inverter station, excess reactive power generated by
filter capacitors and reactive power compensation devices can lead to transient overvoltage
at the AC bus at the feeder, putting the turbine at risk of high voltage off grid [1,2]. DFIGs
are the most common type of wind turbine used for power generation. The safe and
stable operation of the grid places more stringent requirements on its power generation
technology and fault ride through capability [3]. Low voltage ride through technology is
relatively new, the technology is more mature, and national standards are more detailed.
However, HVRT control technology started later, and national standards still need to be
supplemented, so DFIG HVRT control technology requires more effort to be invested
in research.

The existing control methods for DFIG HVRT are mainly involved in adding hardware
circuits and improving the control strategy. The addition of hardware circuits [4–8] can
improve the HVRT capability significantly, but it requires additional investment; improved
control strategies have also received attention and research by many scholars at home and
abroad [9–19]. The results can be divided into the following categories.

The first type is to replace the controller: In refs. [9,10], it is proposed to replace the
traditional PI controller with a more advanced controller, and use its own antidisturbance
capability and stability to improve the ride through capability; the second type is to
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modify the compensation amount. The literature [11,12] analyzes the effect of voltage dips
on the stator magnetic chain, and again, based on the design of the current inner loop
compensation amount, the decay of the transient DC component of the stator magnetic
chain is accelerated. In refs. [13,14], a control strategy is proposed to eliminate the effect of
dynamic changes in the stator magnetic chain on the system by modifying the amount of
power outer-loop or current inner-loop compensation, which ultimately reduces the rotor
side current and DC bus voltage. Refs. [15,16] proposes adding the feedforward component
to the rotor side power outer loop, while modifying the grid side DC bus voltage reference
to limit the rotor overcurrent and DC bus overvoltage. The third type is the design reference
value. This type of control strategy is to set the rotor side and grid side current reference
values so as to improve the HVRT capability of the DFIG. Ref. [17] adopts the idea of limit
division, where the instantaneous value of the stator magnetic chain is directly involved
in the stator voltage calculation, forming a dynamic reference value design for the d-axis
current to solve the transient fluctuation and time at the occurrence and end of the fault; In
the literature [18,19], a HVRT technique considering reactive power support is proposed,
which allows the DFIG to absorb inductive reactive power from the grid by configuring the
active and reactive power on the rotor side and the grid side when a fault occurs, and can
suppress the DC bus overvoltage at the same time. In ref. [20], a rotor side and grid side
active power coordination control method is proposed.

Although the above literature can improve the high voltage ride through capability, it
does not sufficiently utilize the reactive power support capability of the grid side converter
and is not effective in suppressing the DC bus overvoltage peaks. To address this issue, this
paper investigates a HVRT control strategy that takes into account dynamic changes in the
grid side current. Firstly, the causes of the DC bus voltage rise are analyzed, the transient
process of the grid side reactive current is derived in accordance with the analysis, and the
reactive support during the ride through is considered. Accordingly, the reference values
of the active and reactive currents on the grid side are modified. Furthermore, the grid
side and rotor side control strategies are investigated. Then, the grid side and rotor side
control strategies are studied. Additionally, the ability of the HVRT control strategy studied
in this paper to limit the DC bus overvoltage and control the DFIG to absorb inductive
reactive power from the grid is tested by simulation experiments to provide a reference for
the study of DFIG fault ride-through technology and to provide a basis for the analysis of
DC bus voltage transient characteristics.

2. Analysis of the Reactive Current Limit of DFIG
2.1. Stator side Reactive Current Limit Analysis

In order to ensure that the DFIG is justified in injecting reactive currents into the grid
during HVRT, an analytical derivation of the stator side and grid side converter output
reactive current limits is required.

The DFIG system and power flow is shown in Figure 1.
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Figure 1. Schematic diagram of DFIG power flow direction. 
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According to the system power flow diagram, the following is obtained:{
Pz = Ps + Pg
Qz = Qs + Qg

(1)

Ignoring the DFIG stator and rotor copper consumption and core losses, the active
power satisfies the following: {

Ps =
Pz

1−s
Pg = − sPz

1−s
(2)

Stator side active and reactive power after dq decomposition.{
Ps = − 3

2
Us Lm

Ls
ird

Qs = − 3
2 Us(

ψs
Ls
− Lm

Ls
irq)

(3)

Derive the rotor dq current from Equation (3).{
ird = − 2

3
Ps Ls
LmUs

irq = − Ls
Lm

isq − Us
ωs Lm

(4)

The expression for the rotor-current amplitude is as follows:

Ir =

√
2
3

(
PzLs

LmUs(1− s)

)2( Ls

Lm
isq +

Us

ωsLm

)2
(5)

When the rotor current is taken as the maximum magnitude Irmax, the expression for
the maximum reactive current output on the stator side can be deduced as follows:

Isqmax =

√(
Lm

Ls
Irmax

)2
− 4

9

[
Pz

Us(1− s)

]2
− Us

ωsLs
(6)

Analysis by Equation (6): It can be concluded that the stator output reactive power
limit decreases with the strengthening of the voltage lifting degree under a certain DFIG
output active current. When the voltage at the machine end is raised to 1.1 pu, the maximum
reactive current output from the stator reaches 0.683 pu.

2.2. Grid Side Reactive Current Limit Analysis

The grid side current can be calculated from the dq-axis current components as follows:

Ig =
√

i2gd + i2gq (7)

The maximum reactive current limit can be derived from the active capacity on the grid side.

Igqmax =

√
I2
gmax −

[
sPz

Us(1− s)

]2
(8)

The variation law of the output reactive current limit of the grid side converter of the
doubly-fed generator versus the grid voltage and the total active current output of the unit
to the grid can be obtained.

Analysis by Equation (8): The variation law of the output reactive current limit of the
grid side converter of the doubly-fed generator versus the grid voltage and the total active
current output of the unit to the grid can be obtained. When the DFIG output active power
is certain, the reactive current limit on the grid side decreases with the strengthening degree
of voltage lifting. When the voltage at the machine end is raised to 1.1 pu, the maximum
reactive current output on the grid side reaches 0.2 pu.
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By analyzing the DFIG output reactive current limits, output limits are set for later
studies on grid side and stator side reactive current reference values.

3. Analysis of the DC Bus Overvoltage Limiting Mechanism
3.1. Voltage Limitation of the DC Bus with the Grid side Converter

The grid side converter in DFIG usually uses a three-phase voltage PWM rectifier as
shown in Figure 2, which is characterized by a bidirectional power flow, adjustable power
factor and operation at a single power factor, and adjustable DC voltage. uga, ugb, and ugc
are the grid voltages and the value at steady state is 690 v.
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Figure 2. Main circuit of GSC.

The mathematical model of the GSC in a three-phase stationary coordinate system is
as follows:

uga − igaRga − Lga
diga
dt − SgaUdc = ugb − igbRgb − Lgb

digb
dt − SgbUdc

ugb − igbRgb − Lgb
digb
dt − SgbUdc = ugc − igcRgc − Lgc

digc
dt − SgcUdc

C dUdc
dt = Sgaiga + Sgbigb + Sgcigc − iload

(9)

Sga, Sgb, and Sgc stand for the switching functions of the bridge arms of each phase,
respectively, and are equal to one when the upper bridge arm is on and zero when the
lower bridge arm is on. vga, vgb, and vgc are voltage on the AC side of the converter; iga,
igb, and igc stand for three-phase input current; Udc is the DC busbar voltage;iload is load
current; Lga, Lgb, and Lgc stand for the inlet reactor inductance; Rga, Rgb, and Rgc stand for
the line resistance.

According to the requirements for the HVRT process in the technical specifications for
wind farm access to the power system [20], the turbine can be removed when the voltage at
the DFIG machine exceeds 1.3 pu.

In the synchronous rotation coordinate system, when grid voltage orientation is used
ugd = ug, ugq = 0. The GSC AC side voltage can be expressed as follows:{

vgd = −Lg
digd
dt − Rgigd + ω1Lgigq + ugd

vgq = −Lg
digq
dt − Rgigq −ω1Lgigd

(10)

Ignore the voltage drop across Rg. At this point the GSC AC side voltage can be
reduced as follows: {

vgd = −Lg
digd
dt + ω1Lgigq + ug

vgq = −Lg
digq
dt −ω1Lgigd

(11)

According to voltage space vector modulation theory, the modulation ratio m has the
following limits:

m =
2
√

v2
gd + v2

gq

Udc
≤ 2√

3
(12)
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Further simplification of Equation (12).

Udc ≥
√

3
√

v2
gd + v2

gq (13)

Bringing Equation (11) into Equation (13), we obtain the DC bus voltage limitation condition.

Udc ≥
√

3

√
(−Lg

digd

dt
+ ω1Lgigq + ug)

2

+ (Lg
digq

dt
+ ω1Lgigd)

2

(14)

From Equation (14), it can be seen that the DC bus voltage is limited by the grid
voltage, the grid side inductance, the active and reactive currents, and their change rates.
When the system is in a steady state, the reactive current as well as the variation of the
current are zero and can be neglected.

3.2. DC Bus Overvoltage Full Process Analysis

When the voltage at the end of the machine suddenly rises instantaneously, the rate
of change in the current produces a transient amplitude that leads to an increase in the
DC bus voltage. Therefore, the DC bus limiting condition can be divided into a transient
process at the moment of voltage surge (hereinafter referred to as Process I) and a transient
equation during overvoltage (hereinafter referred to as Process II).

In the equation, t0 indicates the moment when the fault starts, t1 indicates the moment
when the transient process ends, and t2 indicates the moment when the voltage rise ends.

Since the active current has a small effect on the DC bus voltage, the ω1Lgigd can be
ignored. However, due to the large transient fluctuation of active current at the moment of

voltage surge, the rate of change of active current −Lg
digd
dt cannot be ignored. To simplify

Equation (14), the following is obtained:

Udc ≥
√

3

√
(−Lg

digd

dt
+ ω1Lgigq + ug)

2

+ (Lg
digq

dt
)

2

(15)

Figure 3 shows the waveform of the DFIG DC bus voltage transient response at
1 s when the voltage rises to 1.3 pu and the fault ends at 1.5 s with the conventional
control strategy.

The DC bus voltage response shown in Figure 3 is divided into three stages: (1) When
the system is in the voltage unsurge steady state. When the dc bus voltage value is 1 pu,
only a single power factor control is required. (2) In Process I, the peak DC bus voltage
rises from 1 pu to 1.279 pu. At this time, if the single power factor control strategy is still in
use, the continuous overvoltage will cause serious damage to the DC bus capacitors. (3) In
Process II, the DC bus voltage reaches 1.11 pu, which is still higher than 1.1 pu. Therefore,
a new grid side control strategy needs to be studied to make the DC bus voltage lower than
1.1 pu in all three operation stages to ensure the safe operation of the GSC converter.
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4. HVRT Control Strategy Based on Grid Side Current Variation
4.1. Grid Side d-Axis Control

By analyzing the DC bus voltage limiting condition in Equation (15), it contains both
active and reactive current rates of change, and the reactive power support control strategy
ignores the current rate of change, resulting in a DC bus voltage that is still higher than
1.1 pu. In order to reduce the impact of the current variation rate on the DC bus voltage
and control the grid side converter’s absorption of inductive reactive power from the grid,
the d-axis of the grid side converter is designed to reduce the active current rate of change,
and the q-axis is designed to reduce the reactive current rate of change.

The DC bus voltage of the back-to-back converter depends on the difference between
the active power at both ends. The relationship between the DC bus voltage and power
is nonlinear, so feedforward linearization is usually used so that the energy stored in the
capacitor Wdc = u2

dc. The DC bus can be equated to an approximate linearized system
as follows:

1
2

C
dWdc

dt
= Pg − Pr (16)

When the voltage at the machine end rises suddenly, the difference between the active
power on the net side and the rotor side fluctuates to the extent that it causes a transient rise
in the DC bus voltage. Therefore, the active power on the net side is designed to change in
line with the active power on the rotor side.

Pg =
3
2

ugigd (17)

The reference value of active current is designed according to Equation (18) as follows:

iref
gd =

2
3

Pref
g

ug
(18)
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To keep the net-side active power in line with the rotor side active power variation,
Pref

g = Pr.

4.2. Grid Side q-Axis Control

By designing the d-axis control logic of the grid side converter, the active current
variation rate can be reduced; then the DC bus voltage limiting condition can be reduced to
the following:

Udc ≥
√

3

√
(ω1Lgigq + ug)

2 + (Lg
digq

dt
)

2

(19)

The maximum value of reactive current is as follows:

igqmax =
2/
√

6Udc − ug

ω1Lg
− ke−ω1t (20)

The analysis of Equation (20) shows that the value of the transient reactive current
consists of two parts, the steady state part, which is mainly influenced by the voltage at
the end of the machine, and the transient part, which is a time-dependent and decreasing
quantity related to the synchronous speed. However, the reactive current calculation with
time t is very complex and difficult to implement in simulations and practical applications,
part ke−ωt needs to be simplified. Due to the large oscillations of the reactive current on the
grid side and the short duration of the amplitude above 1.1 pu and the fact that ke−ωt partly
changed a little, can be ignored; secondly, in order to effectively limit the maximum value of
the reactive current, it is necessary to take its extreme value, so this part is reduced to k.

The reference value of q-axis reactive current is as follows:

iref
gq =

2/
√

6Udc − ug

ω1Lg
− k (21)

Equations (18) and (21), obtained by analysis, form the reference value for the grid
side current during HVRT.

When the DFIG is operating normally, the network side uses conventional voltage
and power external loop control to keep the DC bus voltage stable, and no reactive power
support is required. When external factors cause the voltage at the end of the machine to
rise, a current reference input is used, and the control block diagram is shown in Figure 4.

4.3. Rotor Side Control

According to GB/T 19963.1-2021 Technical Specification for Wind Farm Access to
Power Systems [21], when a sudden three-phase voltage rise occurs at the wind turbine
parallel grid, the turbine needs to output dynamic reactive current to the grid and satisfy
the following equation.

iTC = 1.5(UT − 1.1)IN 1.1 pu ≤ UT ≤ 1.3 pu (22)

As part of the reactive current is already output from the grid on the grid side (as
shown in Equation (21)), the rotor side needs to control the remaining part of the reactive
current output from the grid by the stator.

isq = 1.5(Us − 1.1)IN − igq (23)

In the equation, isq is the stator reactive current, and Us is the stator voltage.
In the above equations, the grid voltage is equal to the stator voltage. The following

relationship exists between the q-axis stator current and the rotor current.

irq = −
Lsisq

Lm
− Us

ω1Lm
(24)
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Ls and Lm in Equation (24) are the stator inductance and the mutual inductance between
the stator and rotor.
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According to Equations (23) and (24), the rotor side reactive current reference value is
described as follows:

ire f
rq = − Ls

Lm

[
1.5(Us − 1.1)IN − igq

]
− Us

ω1Lm
(25)

Thus, Equations (18), (21), and (25) form the design of the grid side and rotor side current
reference values under voltage dips.

5. Parameter Optimization for HVRT Control Strategy

Analysis by Equation (21): The value of k in this equation is related to the degree of
voltage rise and the initial value of the transient process. It is assumed that the DC bus
voltage can be controlled at 1.1 pu for a given degree of voltage lift. Since there is a limit to
the reactive current on the grid side, there is also a limit to the choice of k.

A range of values for k was obtained from the analysis, as shown in Table 1. However,
the value range is still too large, the process of taking the value still requires several
attempts, and the value of k will affect the DC bus voltage amplitude. In practice, there is
an inconvenience, so the algorithm needs to be selected to find the optimal calculation of
the k value.

Table 1. Range of k values for different voltage rises.

Us 1.15 1.2

k range −0.3861, −0.1861 −0.4678, −0.2678

Us 1.25 1.3

k range −0.5431, −0.3431 −0.6185, −0.4185
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5.1. Grey Wolf Advantage Search Algorithm

The commonly used algorithms for this type of problem of parameter optimization
are particle swarm optimization and grey wolf optimizer (GWO), ant colony algorithm,
and glowworm swarm optimization. Among them, GWO has the characteristics of fewer
regulation parameters and strong convergence [22]. Here is a brief introduction.

GWO [23] is a typical biologically inspired algorithm proposed by Mirjalili et al. in
2014 that simulates hierarchical stratification of grey wolf packs, and pack predation [24].
The head wolf is α, the secondary wolves are β, δ, others are ω.

When a wolf pack goes out to hunt, the alpha wolf takes the lead and the directions,
and the secondary wolves serve in assistance, and the rest listen to the first three wolves, and
the hunting process can be divided into three processes: encirclement, capture and attack.

(1) Encirclement: a mathematical model of the process of encirclement of prey by a wolf
pack is established.

→
D =

∣∣∣∣→C · →Xp(j)−
→
X(j)

∣∣∣∣ (26)

→
X(j + 1) =

→
Xp(j)−

→
A ·
→
D (27)

→
A = 2

→
a ·→r1 −

→
a (28)

→
C = 2 ·→r2 (29)

In the equation,
→
D is the distance vector; j is the number of iterations;

→
Xp is the prey

position vector;
→
C and

→
A are the coefficient vectors;

→
r1,
→
r2 ∈ [0, 1] are the random amount; a

as a control from 2 to 0.

(2) Capture: further capture of prey by the wolf pack, led jointly by three wolves, with con-
stant updates of individual grey wolf positions, is mathematically modeled as follows:

→
Dα =

∣∣∣∣→C1 ·
→
Xα −

→
X
∣∣∣∣

→
Dβ =

∣∣∣∣→C2 ·
→
Xβ −

→
X
∣∣∣∣

→
Dδ =

∣∣∣∣→C3 ·
→
Xδ −

→
X
∣∣∣∣

(30)


→
X1 =

→
Xα −

→
A1 ·

→
Dα

→
X2 =

→
Xβ −

→
A2 ·

→
Dβ

→
X3 =

→
Xδ −

→
A3 ·

→
Dδ

(31)

→
X(j + 1) =

→
X1 +

→
X2 +

→
X3

3
(32)

Equation (30) defines the forward distance of an individual pack wolf. Equation (31)
defines the forward direction of an individual pack wolf and Equation (32) defines the
updated position of an individual pack wolf.

(3) Attack: Eventually the wolves attack the prey. If |A| > 1, the wolves focus on the
attack and the algorithm performs local optimization. If |A| ≤ 1, the wolves disperse,
and global optimization is performed.
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5.2. Application of the Grey Wolf Algorithm

The range of k values is used as an optimization range and is continuously assigned to
the DFIG model. To ensure that the transient voltage fluctuations of the DC bus during
the fault ride through are minimized, the objective function is set, the maximum value of
the voltage during the fault is calculated and saved as Udc_max, and the objective function
is optimally solved by using the grey wolf algorithm to finally obtain a unique k value,
as follows:

(1) Set up the DFIG HVRT model, establish the control logic in accordance with the
previous section, and set the degree of voltage lift at the machine end.

(2) Set up the assignment module in the grid side control logic, take values within the k
constraint range as constant input and store the DC bus voltage maximum value as
Udc_max during the fault, and optimally solve the objective function.

Target function:
f = min(Udc_max − 1) (33)

(3) Initialize the parameters of the grey wolf algorithm: pack size N, solution dimension
d, maximum number of iterations Jmax, individual position, etc.

(4) Use Equation (33) to calculate the fitness of individual grey wolves and rank them in
order, defining the top three as α, β, δ and save their locations as Xα, Xβ, Xδ

(5) Update individual wolf pack locations and parameters α, A, C.
(6) The first three wolves are updated according to the fitness ranking, and an iterative

search is continuously performed until the maximum number of iterations is reached,
the iteration is cut off, and the optimal fitness function value is output.

The optimal search process of the grey wolf algorithm in the net-side q-axis control
strategy studied in this paper is shown in Figure 5.
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6. Simulation Testing and Analysis
6.1. System for Simulation Testing

In order to test the function and performance of the HVRT control strategy proposed
in this paper considering the dynamic changes in the grid side current, simulations were
carried out in MATLAB/Simulink to verify the DFIG simulation schematic shown in
Figure 1 and the main parameters of the DFIG are shown in Table 2.

Table 2. Main parameters of DFIG.

Parameter Name Numerical Value

Power Rating 3 MW
Rated voltage at machine end 690 V

Nominal DC bus voltage 1200 V
Rated frequency 50 Hz
polar logarithm 3
Stator resistance 0.013 pu

Stator leakage resistance 0.239 pu
Rotor leakage resistance 0.213 pu

Rotor resistance 0.024 pu
Stator-rotor mutual inductance 3.99 pu

6.2. Simulation Test of HVRT Control Method under Different Voltage Rise Conditions

Setting the DFIG voltage up to 1.3 pu, the grey wolf algorithm can get the k value to
take −0.6169, and the DC bus voltage peak reaches 1.090 pu at minimum. Table 3 shows
the comparison results of the DC bus voltage extreme value for different k values.

Table 3. DC bus voltage poles at different k values.

k −0.6185 −0.6169 −0.6035 −0.5885 −0.5735

Udc_max 1.0922 1.090 1.0949 1.0992 1.106

k −0.5585 −0.5435 −0.5285 −0.5135 −0.4985

Udc_max 1.1095 1.1136 1.1182 1.1233 1.1256

k −0.4835 −0.4685 −0.4535 −0.4385 −0.4185

Udc_max 1.1323 1.1364 1.141 1.1407 1.1428

Analysis of Table 3 shows that the grey wolf algorithm is capable of efficiently and
accurately seeking the k value in the most severe cases of voltage rise, ensuring that the
peak DC bus voltage is below 1.1 pu.

Setting the wind turbine voltage to rise to 1.3 pu from 1.15 pu, we get the DC bus
voltage as shown in Figure 6:

The results for the optimum k value and DC bus voltage for different degrees of
voltage lift are shown in Table 4.

Table 4. Results for optimal k values and DC bus voltages for different voltage rises.

Us 1.15 1.20 1.25 1.30

k −0.3861 −0.4652 −0.5407 −0.6169

Udc_max 1.026 1.034 1.068 1.090
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By analyzing Table 4, it can be seen that the grey wolf algorithm can adapt to different
levels of voltage lift and efficiently solve for the global optimum of k values.

6.3. HVRT Control Methods Comparative Simulation

Simulation of the control strategy considering dynamic reactive power support (Strategy 1)
and the control strategy considering dynamic changes in grid side current (Strategy 2) are
proposed in this paper, with the voltage at the machine end undergoing a sudden rise at
1 s to 1.3 times, the nominal value (duration 500 ms). The simulation results are shown in
Figures 7–13.
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Figure 7 shows the DC bus voltage. It can be seen that the peak DC bus voltage of
Strategy 1 reaches 1.15 pu at the moment when the end-of-machine voltage rises, and lasts
longer than 1.1 pu for 170 ms, which may lead to damage to the DC capacitor and the grid
side converter. This control strategy has a long oscillation time, which is not conducive
to the stable operation of the system; compared with Strategy 1, the DC bus voltage is
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1.090 pu at the moment of voltage rise at the machine end, which is well limited to below
1.1 pu, and enters transient Process II after 200 ms oscillation, which is well limited to 1 pu.
Strategy 2 can better limit the voltage of the two transient processes than Strategy 1. At the
same time, the time of waveform oscillation is better reduced, which is more conducive to
system stability.

Figures 8 and 9 show the output power of the DFIG grid side converter. Through
the analysis, it can be obtained that the inductive reactive power absorbed from the grid
is similar to Strategy 1 and Strategy 2, with the former being 0.25 pu and the latter being
0.15 pu during the voltage rise at the machine end; compared with the active power,
Strategy 2 can approach stability faster after a short period of oscillation.

Figures 10 and 11 show the DFIG stator side output power. Strategy 1 reaches 0.26 pu
after a transient amplitude fluctuation at the moment of voltage lift at the machine end;
Strategy 2 can control the DFIG to absorb 0.43 pu of inductive reactive power from the grid
to help the grid recover the voltage. The active power waveforms of both are similar, and
both stabilize after a short fluctuation after the voltage lift and recovery.

Figures 12 and 13 show the DFIG grid side converter output current waveforms. At
the moment of voltage rise at the machine end, Strategy 2 and Strategy 1 are designed in
this paper. Their reactive current values are 0.1 pu and 0.19 pu, respectively. Strategy 2
sacrifices part of the reactive margin to help limit the DC bus overvoltage. The data analyses
above are all smaller than the grid side reactive power limits analyzed in Chapter 1 and are
consistent with the design and analysis of the grid side active and reactive current reference
values in Section 3.

Through the above analysis, it can be seen that the control strategy designed in this
paper, compared with the control strategy considering dynamic reactive power support,
can better limit the peak value of DC bus voltage at the moment of and during the voltage
rise at the machine, and better suppress the transient amplitude fluctuation of voltage,
current, and power at the moment of voltage rise. The coordinated operation of the grid
side and rotor side converters not only ensures that the DFIG does not operate off-grid
during the voltage rise, but also absorbs inductive reactive power from the grid, which is
conducive to grid voltage recovery and safe operation.

6.4. Performance Analysis of the Control Method Based on the RT−Lab Simulation Platform

To further verify the strong applicability of the control strategy studied in this paper,
the model was built on RT−Lab. The simulation platform is shown in Figure 14.
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Though the whole process of real time simulation can be obtained, this research’s
control strategy can limit the DC bus voltage in the moment of voltage lift below 1.1 pu, and
the high wear process oscillation amplitude is small, conducive to DFIG stable operation.
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7. Conclusions

In this paper, the causes of the DC bus voltage rise were analyzed, and the overvoltage
limiting mechanism was analyzed. On this basis, the control strategy was investigated. The
simulation analysis verified the correctness of the theoretical analysis and the effectiveness
of the control strategy, and the following conclusions were drawn.

(1) In the DFIG HVRT process, the grid side and stator output reactive current limit is
influenced by the initial value of active power and the degree of voltage lift, so a
current limiting section is required when designing the reactive current reference.
Additionally, the rate of change in the grid side current will have a large impact on
the DC bus voltage.

(2) This paper proposes a method for reducing the rate of change in active and reactive
currents to limit overvoltage at the DC bus point and investigates a HVRT control
strategy that takes into account the dynamic changes in grid side currents.

(3) Analysis of busbar overvoltage lift limiting conditions, on the basis of which active and
reactive current reference values are set, can effectively reduce DC busbar overvoltage.
At the same time, the DFIG can be controlled to absorb inductive reactive power from
the grid according to different degrees of voltage rise.

(4) The key parameter k in the grid side current reference value has a certain influence on
the DC bus voltage. By introducing the gray wolf search algorithm, a convenient and
accurate global optimum search for the key parameters can be carried out.

This paper provides a reference for the study of fault ride through technology for
doubly fed induction wind turbines, and also provides some reference values for the
analysis of grid side fault currents.

Author Contributions: Conceptualization, J.D. (Jun Deng) and J.D. (Jiandong Duan); Data curation,
T.G. and Y.Z.; Formal analysis, Z.Q.; Funding acquisition, J.D. (Jun Deng) and N.X.; Investigation,
N.X.; Methodology, Z.Q.; Software, Z.Q., T.G. and Y.Z.; Supervision, J.D. (Jiandong Duan); Validation,
N.X.; Writing—original draft, J.D. (Jun Deng). All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by [State Grid Shaanxi Electric Power Company Limited] grant
number [5226KY20001Q].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Jun Deng and Nan Xia for providing funding support for the analyses,
and we thank all the authors for their contributions to this study.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
A. Constants
Pi,t,max, Pi,t,min Max/Min output power of unit i at time t.
Lm Stator-rotor mutual inductance
Ls Stator inductors
Rga, Rgb, Rgc Line resistance
Rg, Lg GSC incoming impedance
B. Variables
ui,t, up2g,p,t, vmt Commitment Statuses of unit i, P2G facility p, demand response user m at time t.
Ps, Qs Stator active and reactive power
Pg, Qg GSC active and reactive power
Us Stator voltage
ird, irq dq-axis component of the RSC current

Sga, Sgb , Sgc
Switching functions of the bridge arms of each phase respectively, and are 1 when
the upper bridge arm is on and 0 when the lower bridge arm is on.
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uga, ugb, ugc Three-phase grid voltage
vga, vgb, vgc Three-phase voltage on the AC side of the converter
iga, igb, igc Three-phase input current
iload Load current
Lga, Lgb, Lgc Inlet reactor inductance
vgd, vgq dq-axis component of the GSC AC-side voltage
ugd d-axis component of the grid voltage
igd, igq dq-axis component of the GSC input current
iTC Total reactive current to be output
IN DFIG rated current
UT Grid voltage.

References
1. Li, B.Y.; Chao, P.P. Review on transient overvoltage issues of wind power transmission system via UHVDC Enhanced Publishing.

Electr. Power Autom. Equip. 2022, 42, 26–35.
2. Wessels, C.; Fuchs, F.W. High voltage ride through with FACTS for DFIG based wind turbines. In Proceedings of the 13th

European Conference on Power Electronics and Applications, Barcelona, Spain, 8–10 September 2009; Volume 6, pp. 1–10.
3. Jadhav, H.T.; Roy, R. A comprehensive review on the grid integration of doubly fed induction generator. Int. J. Electr. Power

Energy Syst. 2013, 49, 8–18. [CrossRef]
4. Naderi, S.B.; Negnevitsky, M.; Muttaqi, K.M. A modified DC chopper for limiting the fault current and controlling the DC-link

voltage to enhance fault ride-through capability of doubly-fed induction-generator-based wind turbine. IEEE Trans. Ind. Appl.
2019, 55, 2021–2032. [CrossRef]

5. Li, G.Q.; Zheng, R.F. Improvement of High-Voltage-Ride-Through Capability of DFIG Based Wind Turbines with D-STATCOM.
Appl. Mech. Mater. 2014, 448–453, 1773–1778.

6. Zou, Z.C.; Yao, J. Efficient HVRT Scheme of DFIG Using a SSFCL-Chopper Considering Grid Voltage Recovery. IEEE Trans. Appl.
Supercond. 2021, 31, 1–3. [CrossRef]

7. Chen, W.; Xu, D.; Zhu, N.; Chen, M.; Blaabjerg, F. Control of doubly-fed Induction generator to ride-through recurring grid faults.
IEEE Trans. Power Electron. 2016, 31, 4831–4846. [CrossRef]

8. Li, S.M.; Jia, D.; Xiao, Y. Low-high voltage chain fault ride-through technology of DFIG with active crowbar. Power Syst. Prot.
Control. 2018, 46, 79–86.

9. Mohseni, M.; Islam, S.M. Transient control of DFIG based wind power plants in compliance with the Australian grid code. IEEE
Trans. Power Electron. 2012, 27, 2813. [CrossRef]

10. Abo-Khalil, A.G.; Alharbi, W.; Al-Qawasmi, A.R.; Alobaid, M.; Alarifi, I. Modeling and control of unbalanced and distorted grid
voltage of grid-connected DFIG wind turbine. Int. Trans. Electr. Energy Syst. 2021, 31, e12857. [CrossRef]

11. Hu, S.; Lin, X.; Kang, Y.; Zou, X. An improved low-voltage ride-through control strategy of doubly fed induction generator during
grid faults. IEEE Trans. Power Electron. 2011, 26, 3653–3665. [CrossRef]

12. Zhou, D.; Song, Y.; Blaabjerg, F. Modeling and stress analysis of doubly-fed induction generator during grid voltage swell.
In Proceedings of the IECON 2016—42nd Annual Conference of the IEEE Industrial Electronics Society, Florence, Italy, 23–26
October 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 4175–4180.

13. Sun, L.L.; Wang, Y.J.; Xu, B.Q. Transient analysis and control strategy improvement of high voltage ride through of DFIG. Electr.
Mach. Control. 2019, 23, 27–34.

14. Sun, L.; Wang, Y. Analysis and Performance Evaluation for Transient Whole Process of Improved Control Strategy for Doubly-fed
Induction Generator Crossed by High Voltage Ride Through. High Volt. Eng. 2019, 45, 593–599.

15. Li, S.L.; Wang, W.S. Control Strategy and Experiment of High Voltage Ride Through for DFIG-based Wind Turbines. Autom.
Electr. Power Syst. 2016, 40, 76–82.

16. Ling, Y. Transient Characteristics Analysis of DFIG-based Wind Turbine Under Symmetrical Voltage Fault. Proc. CSEE 2022, 42,
6871–6880.

17. Wang, H.; Wang, Y.F. High and Low Voltage Ride Through Control Strategy for DFIG Wind Power System Based on Variable
Dynamic Voltage Command Value. High Volt. Eng. 2022, 48, 3680–3688.

18. Xu, H.; Zhang, W.; Chen, J.; Sun, D.; He, Y. A High-voltage Ride-through Control Strategy for DFIG Based Wind Turbines
Considering Dynamic Reactive Power Support. Proc. CSEE 2013, 33, 112–119.

19. Jiang, H.L.; Wang, S.H.; Li, X.; Xiao, R. Cascading Fault Ride-through Control Strategy for Doubly-fed Wind Turbines Considering
Reactive Power Support in Dynamic Voltage Range. High Volt. Eng. 2022, 48, 147–155.

20. Wang, Y.; Wu, Q.; Xu, H.; Guo, Q.; Sun, H. Fast coordinated control of DFIG wind turbine generators for low and high voltage
ride-through. Energies 2014, 7, 4140–4156. [CrossRef]

21. GB/T 19963.1-2021; Wind Farm Access to the Power System Technical Regulations. National Standardization Committee: Beijing,
China, 2021.

22. Zhang, Z.; Deng, Y.; Li, C.; Liu, M. Photovoltaic MPPT method based on improved grey wolf optimization algorithm. Electr. Meas.
Instrum. 2022, 59, 100–105.

http://doi.org/10.1016/j.ijepes.2012.11.020
http://doi.org/10.1109/TIA.2018.2877400
http://doi.org/10.1109/TASC.2021.3110469
http://doi.org/10.1109/TPEL.2015.2418791
http://doi.org/10.1109/TPEL.2011.2174380
http://doi.org/10.1002/2050-7038.12857
http://doi.org/10.1109/TPEL.2011.2161776
http://doi.org/10.3390/en7074140


Energies 2022, 15, 7977 19 of 19

23. Mirjalili, S.; Mirjalili, S.M.; Lewis, A. Grey Wolf Optimizer. Adv. Eng. Softw. 2014, 69, 46–61. [CrossRef]
24. Liu, J.; Wei, X.; Huang, H. An improved grey wolf optimization algorithm and its application in path planning. IEEE Access 2021,

9, 121944–121956. [CrossRef]

http://doi.org/10.1016/j.advengsoft.2013.12.007
http://doi.org/10.1109/ACCESS.2021.3108973

	Introduction 
	Analysis of the Reactive Current Limit of DFIG 
	Stator side Reactive Current Limit Analysis 
	Grid Side Reactive Current Limit Analysis 

	Analysis of the DC Bus Overvoltage Limiting Mechanism 
	Voltage Limitation of the DC Bus with the Grid side Converter 
	DC Bus Overvoltage Full Process Analysis 

	HVRT Control Strategy Based on Grid Side Current Variation 
	Grid Side d-Axis Control 
	Grid Side q-Axis Control 
	Rotor Side Control 

	Parameter Optimization for HVRT Control Strategy 
	Grey Wolf Advantage Search Algorithm 
	Application of the Grey Wolf Algorithm 

	Simulation Testing and Analysis 
	System for Simulation Testing 
	Simulation Test of HVRT Control Method under Different Voltage Rise Conditions 
	HVRT Control Methods Comparative Simulation 
	Performance Analysis of the Control Method Based on the RT-Lab Simulation Platform 

	Conclusions 
	References

