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Abstract: Offshore wind farms with good wind quality are exponentially increasing. To take
advantage of this, the offshore wind farms and the grid are connected using the MVDC. In the
event of a grid fault, the traditional wind generators and the MVDC are disconnected from the
grid fault to protect the devices. However, the wind generators and the MVDC must support the
recovery of the grid fault because the disconnection of large capacity wind farms will cause a grid
collapse. To prevent this problem, the LVRT requires maintaining the connection between the wind
generators and the grid to contribute to the recovery of the grid fault. In this situation, the DC voltage
of the MVDC rises due to the unbalanced power of the input and output. Several methods have
been proposed to suppress the DC voltage rise of the MVDC. Among various methods, the CR is an
effective method to suppress the DC voltage rise of the wind generators and the MVDC. However,
the conventional CR designs only consider rated voltage and system capacity. Therefore, this paper
proposes the parameter estimation of the CR considering the important factors. The proposed method
is verified by PSCAD/EMTDC.
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1. Introduction

The importance of wind as a renewable energy has further increased. The interest in offshore
wind power is increasing significantly worldwide. The reason is that the potential wind speed is
higher than onshore. Furthermore, the installation and noise problems have been solved using the
offshore wind farms in Central European countries [1,2]. Meanwhile, the offshore wind farms and the
grid that requires long distance transmission are connected using DC transmission [3].

The significant increase in the capacity of the wind generators has led to concerns about the
grid stability. In particular, tripping in large capacity wind farms increases the risk of grid collapses.
The tripping of the wind generators caused a power outage in Western Europe due to a 4892-MW
loss [4]. In the event of a grid fault, the LVRT solves the grid collapse problem caused by the tripping
of the wind generator. The LVRT specifies the connection between the wind generator and the grid
according to the fault condition. Furthermore, the LVRT specifies the amount of reactive power for
recovery of the grid fault [5–8]. When the offshore wind farm and the grid are connected with the
MVDC, the reactive power output of the MVDC increases to the recovery of the grid fault. In this
situation, depending on the converter characteristics, the active power output decreases and the DC
voltage of the MVDC rises due to the unbalanced power of the DC link [9–12].

The method to suppress the DC voltage rise of the MVDC is wind generator control and the CR.
The wind generator controller in Figure 1 consists of three control loops such as the pitch controller,
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generator controller, and grid side controller. The pitch controller is activated to limit the rotor speed
in high wind speeds. The generator controller moves the operating point for MPPT. The grid side
controller adjusts the active power to maintain the DC voltage of the wind generator. Thus, when
the DC voltage of the MVDC rises due to the grid fault, the output power of the wind generators is
reduced to suppress the DC voltage of the MVDC. However, while wind generators are operating,
the reduction performance of the output power is limited. The accumulated energy is converted into
kinetic energy, which increases the rotor speed and the DC voltage of the wind generators. Furthermore,
the communication delay (typical 10 ms) causes a higher DC voltage rise than the ideal situation and a
larger problem if not properly communicated [13–15].
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Figure 1. The control of the wind generator.

An alternative method to maintaining the DC voltage of the MVDC below the threshold during
the grid fault is to dissipate the accumulated power as heat. The CR in Figure 2 is linked to the DC link
of the MVDC to dissipate the accumulated power during the grid fault [16–19].

Vdc Ceq

Chopper Resistor (CR)

P

Wind farm
Side Converter

(WSC)

r

MVDC

Grid Side Converter
(GSC)

Figure 2. The concept of the CR linked to the DC link.

The CR is more effective at the suppression of the MVDC link voltage compared to other methods.
Furthermore, the CR is safe from problems of the communication delay because it is independent
of the communication. However, the conventional CR only considers the system capacity and rated
voltage. The DC voltage peak, current flowing in the CR, and settling time are not considered. If the
current flowing in the CR is high, the cost is increased due to the necessity of the additional cooling
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device. In particular, the cost issue with regard to using external devices such as the CR is one of the
important factors. The DC voltage peaks and settling time are important issues with regard to the
system stability during the fault.

This paper proposes the parameter estimation of the CR considering the important factors.
Section 2 describes the MVDC, the LVRT, and the CR. Section 3 describes the penalty method for
estimating the parameter on the CR. Section 4 verifies the proposed method through simulation.
Section 5 is the conclusion of this paper.

2. Simulation Modeling

2.1. The MVDC for Offshore Wind Farms

DC transmission has the advantage of asynchronous coupling and loss reduction, as well as a
lower insulation level. The DC transmission systems have been classified into VSC and LCC according
to the power device type. The VSC-MVDC is suitable for offshore wind farms because it does not
require an additional reactive power compensation device and requires only a small installation
area [20,21]. Figure 3 shows the configuration of the MVDC for the offshore wind farm. The MVDC is
connected to the offshore wind farms through the WSC and to the grid through the GSC.
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Figure 3. The configuration of the MVDC for the offshore wind farm.

In the event of a grid fault, the reactive power output of the MVDC increases to support recovery
of the grid fault. The reduction of the active power output due to the characteristics of the converter as
shown in Figure 4 results in the unbalanced power of the MVDC. Therefore, the DC voltage of the
MVDC rises due to the unbalanced power of the input and output [9–12].
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Figure 4. The characteristics of the converter operation.
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2.2. Low Voltage Ride-Through

All over the world, grid codes have been established to ensure system stability of the connection
between renewable energy and the grid. If a grid fault occurs, the tripping of the wind generators
from the fault causes a system collapse. The LVRT defines the actions according to the fault conditions
to solve these problems. Figure 5 shows Germany’s LVRT based on many countries. Germany’s
LVRT, which is the basis for other countries, is one of the strictest regulations in the world. The
x-axis represents the fault duration time. The y-axis represents the highest value of the three-phase
line-to-line grid voltage at the PCC. In the case of a fault corresponding to the area A, the wind
generators must maintain the connection with the grid. In the case of a fault corresponding to the
area B, the wind generators and the grid can be disconnected. However, the wind generators and the
grid must resynchronize within two seconds after the fault removal. Furthermore, the active power
must be provided to the grid at a 10% rate of the rated capacity per second. In the event of the fault
corresponding to the area C, the wind generators and the grid are disconnected [5–8].
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Figure 5. The LVRT requirement.

Figure 6 shows the reactive current supply condition. The MVDC does not need to supply the
reactive power to the grid when the grid voltage is within the normal range. However, if the grid
voltage is outside the normal range, the MVDC must supply the reactive power to the grid according
to the voltage variation rate [5–8]. Thus, in the case of the fault corresponding to the area A or B, the
MVDC should contribute to the recovery of the grid fault. In this situation, the DC voltage of the
MVDC rises due to unbalanced power, as shown in Figure 4 [9–12].
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Figure 6. The reactive power supply condition.

2.3. Chopper Resistor

Section 2.3 describes the CR for the suppression of the DC voltage rise. Equation (1) shows the
conventional parameter estimation of the CR. If the rise of the DC voltage is limited to 5% of the
rating, the current flowing in the CR is Equation (2). Equation (3) shows the operating signal of the CR.
When the DC voltage rises above the threshold (Vmax), the accumulated power is dissipated as thermal
energy. Thereafter, when the grid fault is removed or the DC voltage is reduced below the threshold
(Vmin), the CR is separated from the DC link. Therefore, the unbalanced power of the DC link can
be solved, and the DC voltage rise of the MVDC is suppressed [16–19]. However, the conventional
CR parameters have been estimated considering system capacity and rated voltage and focusing on
the application to the DC link of the wind generators. Section 3 explains how to estimate the optimal
parameters considering important factors.

Rchop =
V2

rated
Prated

(1)

Ichop =
1.05 · Vrated

Rrated
=

1.05 · Prated
Vrated

= 1.05 · Irated (2)

Signal =


1 (VDC ≥ Vmax)

0 (VDC ≤ Vmin)

hold (Vmax < VDC < Vmin)

(3)

3. Parameter Estimation Method

3.1. Penalty Method

Section 3.1 describes the penalty method for the parameter estimation. Equation (4) represents
the evaluation index. The evaluation value represents the performance according to the parameter
change. The evaluation criterion represents the performance for the criterion parameter. The evaluation
index represents the ratio of changed parameter performance to criterion parameter performance.
Equation (5) represents the total fitness value, which is the sum of the evaluation index considering
each evaluation factor.

Evaluation Index =
Evaluation Value

Evaluation Criterion
(4)
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Total Fitness Value =
1
n

n

∑
i=1

(Evaluation Index)weighti (5)

Figure 7 shows the flowchart for finding the optimal parameters. First, the evaluation factor and
the evaluation criterion are selected for the objective function design. The evaluation factors are the
important factors affecting the optimal parameters. The evaluation criterion is generally selected with
the conventional method because the improved method can be found through comparison with the
conventional method. After designing the objective function, the optimal parameter can be found by
calculating the total fitness value.

Start

Select the evaluation factors 

Design the objective function

(The total fitness value)

Calculate the minimum or maximum point 

of the total fitness value 

End

Select the evaluation criterion

Find the optimal parameter corresponding 

to the total fitness value 

Figure 7. The flowchart for finding the optimal parameter using the penalty method.

Figure 8 shows the concept of the penalty method. The optimal parameters are determined by
the total fitness value. If the low value of the performance indicates a good control effect, the optimal
parameter is when the total fitness value is at a minimum point. The region where the total fitness
value is smaller than one, as shown in Figure 8a, means better performance than the conventional
parameter estimation. Thus, the minimum point of the total fitness value represents the optimal
parameter. Conversely, If the high value of the performance indicates a good control effect, the optimal
parameter is when the total fitness value is at a maximum point. The region where the total fitness
value is higher than one, as shown in Figure 8b, means better performance than the conventional
parameter estimation. In this case, the maximum point of the total fitness value represents the optimal
parameter [22–25].
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Figure 8. The concept of the penalty method. (a) The optimal parameter at the minimum point;
(b) the optimal parameter at the maximum point.

3.2. Parameter Estimation

Section 3.2 describes the parameter estimation of the CR using the penalty method. Equation (6) is
the total fitness value considering evaluation factors such as the DC voltage peak, the current flowing
in the CR, and the settling time. The evaluation criterion is the value of the performance when using
Equation (1) for conventional parameter estimation. The evaluation factors such as DC voltage peak,
current flowing in CR, and settling time have a better effect on the system, with a lower value of
the performance. Therefore, the performance value of the changed parameters implies a better effect
than the performance value of conventional parameters when the total fitness value is less than one.
Furthermore, the optimal parameter is when the total fitness value is minimum.

Total Fitness Value = (
1
3
) · ((

Vdcpeak

Vdcconvention

) + (
Ichop

Ichopconvention

) + (
Tsettling

Tsettlingconvention

)) (6)
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Figure 9 shows the total fitness value for finding the optimal parameter. The x-axis represents
the parameter, and the y-axis represents the total fitness value. The parameter corresponding to the
region in which the total fitness value is smaller than one represents a more effective method than the
conventional parameter estimation. Since the current flowing in the CR and the settling time increases,
the total fitness value increases when the parameter is lower than 20. Furthermore, as the parameter
increases to morethan 25, the total fitness value increases because the suppression of the DC voltage
peak is difficult.
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Figure 9. The total fitness value for finding the optimal parameter.

4. Simulation

4.1. Simulation Result

Section 4.1 verifies the proposed parameter estimation using PSCAD/EMTDC. Figure 10a shows
the active power and reactive power of the WSC without control. When the grid fault occurred,
the active power was continuously being input from the wind generators to the MVDC. Figure 10b
shows the active power and reactive power of the GSC without control. The reactive power output of
the MVDC increased to contribute to the fault recovery in the grid. The output of the active power
decreased due to the converter characteristics. As a result, the DC voltage rose due to the unbalanced
power of the MVDC input and output, as shown in Figure 11. The DC voltage of the MVDC rose to
26.11 kV without control. In the case of the wind generators control, the DC voltage was suppressed to
25.44 kV, and the settling time was reduced to 2.85 s. In the case of the CR, the DC voltage peak was
suppressed to 20.95 kV, and the settling time was improved to 2.52 s.
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Figure 10. The input power and output power of the MVDC during the grid fault. (a) The input
power of the MVDC during the grid fault (WSC); (b) the output power of the MVDC during the grid
fault (GSC).
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Figure 11. The DC voltage of the MVDC when the grid fault occurs.
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Figure 12 shows the DC voltage of the MVDC when applying the CR. In the case of the
conventional parameter estimation, the DC voltage peak was 1.046 p.u, and the settling time was 2.52 s.
In the case of the proposed parameter estimation, the voltage peak was suppressed to 1.03 p.u, and the
settling time was improved to 2.44 s.
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Figure 12. The DC voltage of the MVDC when applying the CR.

Figure 13 shows the current flowing in the CR for each case. In the case of the conventional
parameter estimation, the current peak flowing in the CR was 1.05 kA. In the case of the proposed
parameter estimation, the current peak flowing in the CR was improved 0.84 kA. The current peak of
the proposed method was reduced by about 20% compared to the conventional method.
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Figure 13. The current flowing in the CR.
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4.2. Discussions

In the event of the grid fault, the wind generators and the MVDC contribute to recovery of the grid
fault for LVRT satisfaction. This situation causes the DC voltage rise of the MVDC due to unbalanced
power. Generally, the DC voltage rise is suppressed by using the wind generators to control the CR.
In Figure 11, the DC voltage rise is more effectively suppressed using the CR than the other method.
However, the conventional CR design only considers the system capacity and the rated voltage. The
factors such as the voltage peak, the current flowing in the CR, and the settling time are not considered
in the CR design. Therefore, this paper proposes the CR design by estimating optimal parameters
considering important factors. In Figure 12, the proposed method suppresses the DC voltage peak
and improves the settling time better than the conventional method. In Figure 13, the current peak
flowing in the CR is reduced by 20% compared to the conventional method. This paper confirmed that
the evaluation factors such as the DC voltage peak, current flowing in the CR, and settling time were
improved through the optimal parameter estimation using the penalty method.

The Appendix presents the parameters of this paper’s simulation. Table A1 represents the
parameters of the wind generator. Table A2 represents the MVDC parameters for the offshore wind
farm. This paper applied these parameters to PSCAD/EMTDC.

5. Conclusions

When a grid fault occurs, the wind generators and the MVDC are tripped to protect the devices.
In this situation, as the capacity of the wind generators increases, the tripping of the wind generators
and the grid results in the collapse of the system. To solve these problems, the wind generators and the
MVDC should contribute to the grid fault recovery by LVRT. As a result, the MVDC has the problem
that the DC voltage rises due to the unbalanced power of the input and output. The CR effectively
suppresses the DC voltage rise better than other methods. However, the conventional CR has only
been designed considering the system capacity and rated voltage. Therefore, this paper proposed a CR
design by parameter estimation of the CR considering important factors.

This paper confirms the following advantages.

• The CR is the most effective at suppressing DC voltage rises compared to other methods.
• When designing the CR, the current flowing in the CR was considered. Therefore, the current

peak flowing in the CR has been reduced. Accordingly, the cost of the additional cooling device
can be saved.

• When designing the CR, the settling time was considered. Therefore, The settling time has been
improved. Accordingly, the stability of the system has been improved.

• The proposed CR parameter estimation was enough to suppress the voltage below the threshold.
• The parameters of CR can be estimated appropriately by weighting factors according to the

importance of the factors.

The CR control has been commonly used to suppress the DC voltage rise of the wind generators
and to enhance the LVRT capability. The important factors should be considered when applying the
CR to the DC transmission system. The reason is that the capacity of the DC transmission system is
greater than the wind generators and affects the system stability. The proposed CR design method
can be slightly more expensive than conventional methods depending on the situation. However, the
proposed method will be applied to many systems because the systems obtain many benefits.
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Abbreviations

The following abbreviations are used in this manuscript:

CR Chopper Resistor or DC Chopper Resistor
FRT Fault Ride Through
GSC Grid Side Converter
i Evaluation factors
LCC Line Commutated Converters
LVRT Low Voltage Ride Through
MMC Modular Multi-level Converter
MPPT Maximum Power Point Tracking
MVDC Medium Voltage Direct Current
Prated System’s rated capacity
PCC Point of the Common Coupling
PSCAD/EMTDC Power System Computer Aided Design/ElectroMagnetic Transients including DC
Rchop Parameter of chopper resistor
Vrated Rated voltage
VSC Voltage Source Converters
w Evaluation factor weights
WSC Wind farm Side Converter

Appendix A

Table A1. The parameters for the PMSG wind turbine generator.

Classification Parameter

Rated Capacity 3.0 MW
Generator Type PMSG
Stator Resistor 0.005 p.u

Stator Leakage Reactance 0.154 p.u
Rated Voltage (L-G) 0.398 kV

Rated Current 2.51 kA

Table A2. The MVDC parameters for the offshore wind farm.

Item Classification Parameter

Rated Capacity 21 MW (3 MW × 7)
Wind Power System Normal Operation Capacity 20 MW

PCC-1 Transformer 0.69/22.9 kV

Bus Voltage 3-Phase 22.9 kV
AC Grid Bus Frequency 60 Hz

Circuit Constant Line Inductance Sending: 0.15 p.u/Receiving: 0.15 p.u
Converter Transformer Ratio 22.9/11.75 kV

Control MMC Type (11-Level)
DC Voltage 20 kV

MVDC System Capacity 20 MVA
Constant Switching Frequency 1980 Hz

Converter Control Pre f /Qre f
Inverter Control VDC/VAC

Location Transformer Primary AC Grid Side
Fault Scenario Type a-Phase Grounding Fault

Fault Time Start: 2.0 s; Removal: 2.1 s
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