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ABSTRACT This paper proposes an optimization method for wind power output curtailment based on
optimal power flow (OPF) analysis. The wind curtailment ratio is incorporated as a controllable variable in
the OPF formulation. A voltage-source converter based high-voltage direct current (VSC-HVDC) system is
installed in a power system model considering large-scale wind farm integration. Inertia emulation control
(IEC) is implemented for the VSC-HVDC system. When a disturbance occurs, the VSC-HVDC system can
participate in the AC grid frequency stabilization by supplying active power. However, the utilization of
the active power in the VSC-HVDC system results in DC grid voltage fluctuation. This fluctuation can be
reduced if the IEC frequency control can be replaced by wind-side frequency regulation. However, wind-
based frequency control requires wind output suppression to obtain the reserve capacity. This is undesirable
for minimizing the fuel cost objective function. In this context, the novel point of this paper is to determine
the optimal wind output curtailment considering both the fuel cost objective function and the DC voltage
constraints by the OPF analysis. Considering the DC voltage reference deviation occurred by the IEC, the
deviation range of the DC voltage reference is limited as an inequality constraint to prevent infeasible DC
voltage fluctuations. Based on this approach, the advantage of wind output suppression can be analyzed from
the DC voltage perspective. Sensitivity analysis on the DC voltage constraints, wind power plant capacity,
and VSC-HVDC system capacity is performed to prove the effectiveness of the proposed method.

INDEX TERMS DC voltage constraint, VSC-HVDC, optimal power flow, primary frequency support, wind
power curtailment.

I. INTRODUCTION
A. RESEARCH BACKGROUND
The global role of renewable energy sources (RES) including
photovoltaics and wind generation is expanding for more
sustainable power systems. The effectiveness of high-voltage
direct current systems with voltage-source converters (VSC-
HVDC) have been assessed for large-scale wind power plants
(WPPs) [1], [2], [3]. Compared to line-commutated con-
ventional HVDC systems, VSC-HVDC systems are more
appropriate for systems with high fluctuations of AC bus
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voltages and wind power output owing to the independent
active and reactive power controllability [4], [5], [6].

Meanwhile, reduced power system inertia is a critical
problem since power-electronics-based RES generation and
VSC-HVDC do not have any inertial response [7]. For exam-
ple, the increased frequency deviation and rate of change of
frequency (ROCOF) after a disturbance leads to generator
disconnection and load-shedding [8], [9]. In order to solve
this phenomenon, frequency support based on a VSC-HVDC
system can be implemented by utilizing the energy from the
DC grid side. However, this has the risk of DC grid voltage
fluctuation. A large DC voltage deviation can lead to not only
the unstable terminal bus voltage inAC grid side [10], but also
a negative impact on the DC grid protection relay [11].

130828

 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 11, 2023

https://orcid.org/0000-0001-5021-7513


S. Kim: Optimization of Wind Power Curtailment by OPF in Hybrid AC/VSC-HVDC Systems

If WPPs can provide a frequency support service, the
risk of DC voltage fluctuation can be avoided. Instead, the
wind power output should be curtailed to secure wind-side
reserve capacity. This deloaded wind operation is beneficial
for suppressing DC voltage fluctuation. Nevertheless, this
wind output suppression results in increased fuel costs for
the synchronous generators. The output suppression is not
required if DC voltage can be controlled within a feasible
range. Therefore, a methodology to determine the optimal
wind output curtailment considering the system operation
cost and DC voltage fluctuation is necessary.

B. LITERATURE REVIEW
This section introduces the primary control methods by the
wind-side generation and HVDC systems. It is proved in [12]
and [13] that the frequency controller of a multi-terminal
VSC-HVDC system can improve the frequency stability.
Fast frequency controllers by wind generation are discussed
in [14], [15], [16], [17], and [18]. The coordinated control
of both WPPs and generators for frequency regulation is
proposed in [19]. The influence of the wind-side inertial
response on improving the frequency dynamics is evalu-
ated in [20]. Frequency control by WPPs connected via
multi-terminal VSC-HVDC systems is investigated in [21].
Frequency controllers which utilize the energy of the DC
grid and wind-side rotational energy are developed in [22]
and [23].
Inertia emulation control (IEC) imitating the inertia

response of generators is adopted in [24], [25], [26], [27],
[28], and [29] for primary frequency control. A converter can
control the active power flow to mimic the swing equation
of synchronous generators. Virtual inertia can be provided by
the converter to increase total system inertia. This has been
evaluated as an effective method for power systems with low
inertia. The benefits of the IEC implementation in HVDC
systems are investigated in [12] and [30].
These methods are beneficial for improving the dynamic

response and stability of power systems. In spite of this
advantage, the reserve capacity of WPPs is necessary for
wind-side-based frequency control. The output curtailment
of WPPs is inevitable, which results in increased fuel oper-
ational costs. Nevertheless, none of the previous studies have
mentioned a solution to determine the proper level of wind
output curtailment considering this issue. In order to address
this issue, our research group has formulated a frequency sta-
bility constrained-optimal power flow (FSC-OPF) [31]. The
optimal wind output suppression ratio minimizing the fuel
cost and satisfying the AC grid frequency stability constraint
can be calculated.

Although previous studies have investigated the primary
controllers of wind-side sources and HVDC systems, the
following topics have not yet been assessed:

1) The relationship between the DC voltage fluctuation
and wind-side reserve capacity considering the system
operation costs has not been studied. Other studies have

only discussed frequency stability improvements by
wind-side generation and VSC-HVDC systems.

2) An integrated analysis of DC voltage considering
both wind generation and the VSC-HVDC system is
required since many large-scale WPPs are installed
using VSC-HVDC systems. However, a methodology
for an integrated analysis has not been suggested. In
[32], the OPF formulation including the fast dynamics
of turbine-governor systems is developed. It is pro-
posed in [33] that frequency stability can be considered
as a new constraint in the OPF analysis. Similarly,
the DC grid voltage dynamics can be simultaneously
affected by the controllers of wind generation and
VSC-HVDC.

C. NOVEL CONTRIBUTION
The ratio of wind output suppression can be optimized in
an OPF formulation. If the IEC is applied to a VSC-HVDC
system, the DC grid voltage can fluctuate since active power
is extracted from the DC grid side. In order to maintain a fea-
sible DC voltage, the DC grid voltage constraint is included in
the OPF analysis. The proposed methodology can be utilized
by system operators to decide the proper level of wind output
curtailment considering the DC grid voltage fluctuation and
operation cost.

The major contributions of this article can be summarized
as follows:

1) A new OPF formulation with DC grid voltage con-
straints is proposed. Not only the active power produc-
tions of synchronous generators, it can also determine
the outputs of wind generation, and VSC-HVDC sys-
tems. As regards the wind output, the output curtail-
ment ratio can be optimized to minimize the fuel costs
of all generators.

2) The benefit of curtailed wind power production is dis-
cussed from the perspective of the DC voltage. The
curtailed production of WPPs indicates that generators
should produce more active power. This is not effective
in minimizing the fuel cost objective function. On the
other hand, reserve capacity can be secured by wind
output curtailment. This can help maintain the DC grid
voltage after a disturbance. If a DC voltage constraint
is considered in the OPF formulation, the wind-side
reserve capacity is beneficial for satisfying the DC
voltage constraint. Therefore, the level of wind out-
put curtailment should be optimized considering these
aspects.

3) A sensitivity analysis of the curtailed wind power pro-
duction is performed. The impacts of the DC voltage
constraint and the system capacity on the curtailedwind
output are studied.

This paper is composed as follows. A point-to-point VSC
based HVDC system with the IEC controller is explained
in Section II. The model of an aggregated wind turbine
with output curtailment is illustrated in Section III. The OPF
analysis to optimize the output suppression is proposed in
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FIGURE 1. VSC-HVDC model with primary frequency support by IEC [31].

Section IV. Section V describes an integrated system model
of AC/VSC-HVDC. The effectiveness of the proposed opti-
mization method is validated based on the simulation results
in Section VI.

II. VSC-HVDC MODEL
A. AVERAGE VALUE MODEL
A single-line diagram and the IEC controller of the VSC-
HVDC model are shown in FIGURE 1 [31]. Modular
multi-level converter (MMC) based topology with many
sub-modules have been applied in recent VSC-HVDC
projects. The average value model (AVM) of theMMC-based
HVDC system in FIGURE 1 neglects the detailed switching
behaviors of the sub-modules. The dynamic behaviors of an
integrated AC/MMC-HVDC system can be represented by
the AVM model with high accuracy and low computational
burden [34], [35]. The AVM model explained in [31] is
adopted.

Each bus is notated by either ‘i’ or ‘j’. The DC grid bus
voltage is regulated by the slack converter VSC i. VSC j
regulates the output of the active power flow.

The VSC-HVDC system is connected to AC grid sides
via point of common coupling (PCC) buses. As regards
these connections, the resistive and inductive components
of the AC transformers and filters are denoted by Rc and
Lc respectively. The AC grid angular frequency is denoted
byω. The vs and vc voltage relationships in the synchronously
rotating dq axis are represented by (1) and (2) respectively.
isd and isq correspond to the outer vector current controllers’
outputs.

Equation (3) indicates Kirchhoff’s current law at DC grid
bus i. VDC and CDC mean the DC bus voltage and the

capacitance of the DC grid model respectively. IDC and PDC
represent the current and active power supplied into the DC
bus. The DC transmission line current is determined by (4)
where IDC,line is the DC line current. Equations (5) and (6)
correspond to the active and reactive power productions Ps
and Qs of VSC i respectively.

Lc
disdi
dt

= −Rcisdi + ωLcisqi + vcdi − vsdi (1)

Lc
disqi
dt

= −Rcisqi − ωLcisdi + vcqi − vsqi (2)

CDC
dVDC,i

dt
= −

PDC,i

VDC,i
+ IDC,i (3)

LDC
dIDC,line

dt
= −RDC IDC,line + VDC,i − VDC,j (4)

Ps,i = vsdiisdi + vsqiisqi (5)

Qs,i = vsqiisdi − vsdiisqi (6)

B. PRIMARY FREQUENCY SUPPORT
Inertia emulation control (IEC) is adopted as the primary
frequency controller in this paper. A detailed explanation of
the IEC is provided in [12], [30], and [31]. The IEC controller
adjusts the reference of the DC grid voltage VDC_ref . The
inertial dynamics of synchronous machines can be mimicked
by this adjustment.

In general, the inertia constant value H of a conventional
synchronousmachine is expressed as (7) where the numerator
corresponds to the kinetic energy of the generator at the
synchronous speedω0 and SG is the generator machine rating.
The moment of inertia is represented by J . The notation 0
indicates the steady-state operation value.

In a similar manner, the inertia constant Hvsc provided by
the IEC of a VSC can be defined in (8). The electromagnetic
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energy stored in the DC grid capacitor CDC is represented by
the numerator. Svsc indicates VSC converter ratings.

H =

1
2Jω

2
0

SG
(7)

Hvsc =

1
2CDCV

2
DC,0

SVSC
(8)

Equation (9) describes the rotational behavior of con-
ventional synchronous generators. Pm and Pe represent
the mechanical power input and electrical power output
respectively. f and S stand for the system frequency in the AC
grid and the generator power rating respectively. Equation (9)
can be represented as (10) based on the approximation f ≈ f0.

2HS

f 20
f
df
dt

= Pm − Pe [MW] (9)

2H
f0

df
dt

= Pm − Pe [p.u.] (10)

If an analogy between generators and VSCs is introduced,
the symbols f and H of a generator are replaced by the DC
grid voltage VDC and the virtual inertia Hvsc of the VSC-
HVDC system in (11). The input and output active power
values of the VSC converter are notated as Pin and Pout
respectively. This implies that the adjustment of VDC changes
the active power flow of the VSC converter between the AC
and DC grids.

CDCVDC
Svsc

dVDC
dt

= Pin − Pout [p.u.] (11)

The left sides of equations (10) and (11) can be equated
from the active power perspective. As a result, equation (12)
is obtained. This can also be expressed as (13) and (14).
If VDC_ref = VDC , the DC grid voltage reference is given

by (15). Equation (15) indicates that the new DC voltage
reference VDC,ref (or VDC∗) is determined based on the
steady-state DC voltage value VDC,0 and the ratio of the fre-
quency fluctuation f / f0. For example, an AC grid frequency
drop after a disturbance results in a VDC∗ reference reduction.
This aims to release active power from the DC grid using a
VSC converter to support the AC grid frequency.

2Hvsc
f0

df
dt

=
CDCVDC
Svsc

dVDC
dt

(12)

f∫
f0

2Hvsc
f0

df =

∫ VDC

VDC,0

CDCVDC
Svsc

dVDC (13)

2Hvsc
f0

(f − f0) =
CDC
2Svsc

(V 2
DC − V 2

DC,0) (14)

V ∗
DC =

√
V 2
DC,0 +

4SvscHvsc
CDC

(
f
f0

− 1) (15)

III. WIND TURBINE MODEL WITH OUTPUT CURTAILMENT
A. WIND TURBINE MODEL
The wind turbine model is described in FIGURE 2. The
aggregated model with primary frequency support in [31] is

simulated. The wind model has VSC converters in rotor and
grid sides. In general, the response time of the converters
is extremely fast. Hence, the active power PWT of the wind
model is assumed to follow its reference without any delay
[21]. For the simplicity, the reactive power output of the wind
model is not considered. The effect of the reactive power
regulation will be covered in future works.

The dynamic characteristics of the wind model are
expressed as (16)-(17). HWT and ωr denote the inertia con-
stant and the rotational speed of the wind model respectively.
Pm,WT is the mechanical power input of the wind power plant.

2HWTωr
dωr

dt
= Pm,WT − PWT [p.u.] (16)

dωr

dt
=

1
2HWTωr

(Pm,WT − PWT ) [p.u.] (17)

The wind power plant power production in (18) is decided
by the coefficient CWT and rotational speed ωr of a wind
turbine. CWT is determined by the characteristics of the wind
turbine such as blade radius, wind speed, and rotor speed. The
wind model can participate in the AC grid frequency control
by implementing the controller in (19). The frequency fWF at
the point of common coupling bus is measured to obtain the
adjustment of the active power output after a disturbance. The
output of the wind model PWT is composed of PMPPT and Pf
in (20) – (21).

PMPPT = CWTω3
r (18)

Pf = kf (fWT ,0 − fWT ) (19)

PWT = PMPPT + Pf (20)

PWT = CWTω3
r + kf (fWF,0 − fWF ) (21)

FIGURE 2. Aggregated wind turbine model [21], [31].

B. WIND OUTPUT CURTAILMENT
Wind output should be curtailed to secure the wind-side
reserve capacity [36]. Rotor overspeed and pitch-angle-based
methods can be implemented for the output curtailment
[36], [37].

Compared to the MPPT curve operation, the wind power
output is suppressed by the rotor-speed control by increas-
ing the speed. The principle of the rotor overspeed con-
trol is plotted in FIGURE 3. If the MPPT curve operation

VOLUME 11, 2023 130831



S. Kim: Optimization of Wind Power Curtailment by OPF in Hybrid AC/VSC-HVDC Systems

FIGURE 3. Overspeed control for output curtailment [31], [36].

FIGURE 4. Wind-side reserve capacity by output curtailment.

point is A, the curtailed wind output curve corresponds
to the blue line. Point B indicates the wind output sup-
pression operation. Active power production is curtailed by
(1 - RWT )P0 in FIGURE 4 by increasing the rotor speed
from ω0 to ω2. RWT represents the ratio of the curtailed
wind output to the rated wind output. When an active power
deficit is measured, the wind power output increases from
P2 to P1 by adjusting the rotor speed from ω2 to ω1 at
point C .
With regard to the pitch-angle-based method, the angle is

zero for a normal operation. The wind power output can be
curtailed by increasing the pitch angle. This angle can be
reduced to provide active power when an active power deficit
is observed. The wind output adjustment range is larger than
that of the rotor speed control method. Nevertheless, it is
not suitable for low wind-speed conditions. In addition, it is
not effective in achieving fast control performance consid-
ering the mechanical behavior. Hence, the rotor-speed-based
method is implemented for the wind output curtailment in this
paper.

IV. OPTIMAL POWER FLOW WITH DC VOLTAGE
CONSTRAINT
A. OPF FORMULATION
This section presents the formulation of the OPF analysis
with a DC voltage constraint for the integrated AC/VSC-
HVDC systems. Based on the formulation in [31], dynamic
DC voltage characteristics is incorporated as inequality con-
straints. The OPF is formulated as follows:

f0(xo, uo) =

∑
n∈G

(Cn + BnPn + AnP2n) (22)

go(xo, uo) = 0 (23)

ho(xo, uo) ≤ 0 (24)

hk (xk , uk ) ≤ 0 (25)

u and x denote the control and state variable vectors
respectively. The objective function (22) consists of the sum
of the generator fuel costs. A quadratic function of Pn with
An, Bn, and Cn fuel cost coefficients is used for the fuel
cost of generator n. The steady-state equality and inequality
constraints g and h are considered in (23)-(24). After the
disturbance k , the constraint (25) is applied.
In AC grid side, the balances of active power and reactive

power at the bus j_AC are considered in (26)-(27) [38]. In DC
grid side, the active power balance of the bus j_DC in (28)
is formulated. P and Q notate the active and reactive power
injections at a bus respectively.

Pn,j − Pload,j + Pvsc,j = Pj_AC (26)

Qn,j − Qload,j + Qvsc,j = Qj_AC (27)

Pn,DC,j − PDC_load,j + Pvsc,DC,j = Pj_DC (28)

The upper and lower operational restrictions of the system
components are included in the inequality constraint. The
notations ‘min’ and ‘max’ represent the minimum and maxi-
mum operation limits respectively. The production of active,
reactive, and apparent power by generator n is restricted
in (29) – (31). Similarly, the power output constraints of the
VSC converter are represented in (32) – (34). The AC and DC
bus voltage magnitudes VAC and VDC are constrained so as
not to deviate above 0.1 p.u. from their nominal values in (35)
and (36). The transmission line active power flow Pline and
the tap transformer ratio RTap are limited by their respective
rating values in (37) and (38) respectively.

Pmin
n ≤ Pn ≤ Pmax

n (29)

Qmin
n ≤ Qn ≤ Qmax

n (30)

Smin
n ≤ Sn ≤ Smax

n (31)

Pmin
vsc ≤ Pvsc ≤ Pmax

vsc (32)

Qmin
vsc ≤ Qvsc ≤ Qmax

vsc (33)

Smin
vsc ≤ Svsc ≤ Smax

vsc (34)

Vmin
AC ≤ VAC ≤ Vmax

AC (35)

Vmin
DC ≤ VDC ≤ Vmax

DC (36)

Pmin
line ≤ Pline ≤ Pmax

line (37)
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Rmin
Tap ≤ RTap ≤ Rmax

Tap (38)

The steady-state wind power output can be curtailed to
supply the reserve capacity. When a disturbance occurs, the
DC grid voltage deviation occurred by the IEC can be reduced
by this wind-side reserve capacity. On the other hand, the
output of the generators should increase to satisfy the power
balance constraint (26). As a consequence, the fuel cost
objective function (22) of generators increases, which is not
desirable from an economic viewpoint. Thus, the wind output
curtailment should be decided prudently.

In this paper, the wind output curtailment level is handled
as a control variable in the OPF analysis. The optimal cur-
tailment level can be obtained by this approach. The ratio
of the curtailed wind output to the rated wind capacity is
defined as RWT . For example, RWT is 0.9 when the wind
output curtailment of a 500MW wind farm is 50MW. The
lower limit RWTmin is decided considering the pitch angle
control and the rotor-speed adjustment performance. If the
deloadedwind operation is not necessary, themaximumvalue
of the ratio RWTmax is one. This can be incorporated as an
additional constraint in (39).

Rmin
WT ≤ RWT ≤ Rmax

WT (39)

After the disturbance k , the power balancing equations of
the AC and DC systems (40) – (42) should be satisfied.

Pn,j,k − Pload,j,k + Pvsc,j,k = Pj_AC,k (40)

Qn,j,k − Qload,j,k + Qvsc,j,k = Qj_AC,k (41)

Pn,DC,j,k − PDC_load,j,k + Pvsc,DC,j,k = Pj_DC,k (42)

The frequency or rotational speed fn of generator n is
checked so as not to fluctuate above the criterion frange in (43).
In addition, the deviation of fCOI above frange is forbidden
in (44), where the frequency at the center of inertia fCOI is
defined in (45) [39], [40].

fn ≤ fn,0 ± frange n = 1, 2, · · · ,G (43)

fCOI ,k ≤ fCOI ,0 ± frange (44)

fCOI =

∑
n∈G

fnHn
Hn

(45)

The IEC of the VSC-HVDC system in (15) results in a
DC voltage reference fluctuation. Even if the IEC is helpful
for the AC grid frequency regulation, an infeasibly large DC
voltage deviation should be avoided. Hence, the DC voltage
reference of the VSC slack is constrained in (46). It indicates
the DC voltage reference after the disturbance k VDC,k

∗

should not deviate above the feasible range VDC,range
∗. Based

on (15), the DC voltage reference constraint (46) can be
defined as (47).

V ∗
DC,k ≤ VDC,0 ± V ∗

DC,range (46)√
V 2
DC,0 +

4SvscHvsc
CDC

(
f
f0

− 1) ≤ VDC,0 ± V ∗
DC,range (47)

B. OPTIMIZATION ALGORITHM
A revised version of the differential evolution with the
filtering-out process is adopted for the OPF analysis [31],
[38]. In comparison with mathematical optimization meth-
ods, the dynamic characteristics of power system stability can
be accurately incorporated by time-domain simulation using
this evolutionary method.

The optimization algorithm is described in FIGURE 5.
The set of parent control vector ‘u_set’ composed of control
vectors ‘u’ is randomly initialized within the minimum and
maximum values. Load flow analysis is carried out for each
vector u to check its feasibility. If one of the constraints is
not satisfied, the control vector is classified as infeasible

and a huge penalty value is imposed to its fitness function.
In order to check whether a control vector u satisfies

the post-disturbance constraints (40) – (47), time-domain
simulation should be conducted for all u vectors, which
requires a huge computational burden. The principle of the
filtering-out process is that the dynamic time-domain simu-
lation is performed only for feasible u vectors [38]. When one
of the post-disturbance constraints (40) – (47) is not satisfied,
a penalty value ‘α’ is added to its fitness function. Instead of
the time-domain simulation, the fitness value of the infeasible
u vector is penalized by the filtering number ‘β’. In order for
the filtering out to be effective, the filtering penalty value β

should be larger than the penalty α.
The set of trial vectors ‘w_set’ is generated. The same

process of the load flow analysis, time-domain simulation is
applied to the w vectors.
The fitness values of each parent and trial vector are com-

pared. The vector with the lower fitness function is selected
by the evolutionary algorithm. The entire calculation pro-
cedure is repeated until the iteration number reaches the
maximum trial limit Kmax .
In this paper, the penalty values are determined as follows.

The penalties for (26) – (39) violations and α are assigned
as 100 times larger than the expected scale of the objective
function value. Therefore, the control vector with no penalty
is chosen in the selection step. As regards the penalty value β,
it is 100 times larger than α so that a control vector with
penalty β will never be selected. If more constraints should
be considered by time-domain simulation, the ratio of β to α

should also increase for effective filtering out.

V. POWER SYSTEM MODEL
The integrated AC/VSC-HVDC model [31] is shown in
FIGURE 6. The fuel cost coefficients in [41] are used for the
simulation. Static constant power load model is adopted for
all AC grid loads.

An aggregated wind turbine model is placed near G7.
The fuel cost coefficients of the wind farm are zero. The
output of the wind farm can be curtailed to obtain the reserve
capacity. The maximumwind output curtailment ratio is 10%
in this paper. For instance, a 500MW wind farm can provide
50MW of reserve capacity to support the DC voltage after a
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FIGURE 5. Optimization algorithm using differential evolution [31].

disturbance. The inertia value HWT of the wind generation is
4 seconds.

FIGURE 6. Integrated AC/VSC-HVDC system model with wind farm.

A load connection near G7 is considered as the disturbance.
The power consumption of the connected load is 500MW
with a 0.958 lagging power factor. All ten generators except
G10 have their AVR [42] and GOV [32] models which are
described in the Appendix.

The nominal DC grid voltage level is 500kV. VSC 1 is
the slack converter which controls the DC grid voltage. The
IEC is applied to the slack converter VSC 1. The DC voltage
reference of the slack converter is 1.0 p.u. during normal
operation. When a frequency deviation is observed, this DC
voltage reference can be adjusted by the IEC. VSC 2 is
assigned to maintain the VSC active power production. The
VSC-HVDC control parameters are listed in TABLE 7 in the
Appendix. The parameters are determined by the preliminary
tuning process.

The proper DC capacitor ratingCDC is important for effec-
tive IEC performance. A low CDC rating leads to infeasibly
huge deviations of the DC voltages after the IEC is activated.
An excessively high CDC rating is not economical consid-
ering the investment cost. The explanations to determine
feasible CDC are provided in [12], [30], and [43]. Based on
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these preliminary approaches,CDC rating is 2ms of each VSC
capacity in this paper.

VI. RESULTS AND DISCUSSION
A. REDUCED DC VOLTAGE FLUCTUATION BY WIND
OUTPUT CURTAILMENT
This section discusses the time-domain simulation results to
validate the effect of the wind output curtailment on the DC
grid voltage. Three cases with Hvsc from 0.1 ∼ 0.3 seconds
are considered to reveal the impact of the IEC.

The installed capacities of the VSC-HVDC system and the
wind farm are 1000MVA and 600MW respectively. As the
disturbance, the load is connected at t = 1 second.
The speed curve of generator G7 is shown in FIGURE 7.

When theHvsc value of the slack VSC is 0.1 s, the nadir value
is 59.9Hz. When a frequency drop is detected, the VSC slack
can supply active power to the AC grid by activating the IEC
control. The frequency deviation decreases as the Hvsc value
increases in FIGURE 7.

FIGURE 7. Rotational speed trajectories of generator G7.

FIGURE 8. DC voltage reference VDC ∗ of VSC 1.

On the other hand, the IEC yields the deviation of the DC
voltage reference since the active power should be extracted
from the DC grid side. The DC voltage reference devia-
tion increases as the Hvsc value increases. The relationship
between the DC voltage reference deviation and Hvsc is
shown in FIGURE 8.

FIGURE 9. Impact of wind output curtailment on DC voltage reference
VDC ∗ (Hvsc = 0.3 s).

One of the novel points of this paper is to maintain the
DC voltage reference deviation and satisfy the constraint (47)
using the wind-side reserve capacity. If the steady-state pro-
duction of a wind model is reduced to obtain the reserve
capacity, active power can be supplied from the wind gen-
eration after a disturbance. In other words, system operators
can substitute the wind-side frequency regulation for the IEC
of a VSC-HVDC. Consequently, the DC voltage reference
deviation triggered by the IEC can be reduced if the wind-side
reserve capacity is available. The benefit of the curtailed wind
output in reducing the DC grid voltage reference deviation
can be seen in FIGURE 9 where Hvsc is fixed to be 0.3 s.

B. SENSITIVITY ANALYSIS ON DC VOLTAGE CONSTRAINTS
The OPF analysis is performed under various DC voltage
constraints. The optimal curtailed wind operation ratio RWT
results are listed in Table 1. When the OPF solution cannot
be found, such cases are notated by ‘X’. The capacities of
the VSC-HVDC system and the wind farm are 1000MVA
and 600MW respectively. Different Hvsc values from 0.1 to
0.3 seconds are tested. Regarding the frequency constraints
in (43) and (44), the deviation range frange is 0.1Hz.
When the DC voltage deviation constraint VDC∗

,range is
0.14 p.u., the optimal wind operation ratio is 0.972 if Hvsc
is either 0.1 s or 0.2 s. In other words, it can be inferred
that 2.8% of the rated wind output is needed as the reserve
capacity considering the DC voltage constraint. The DC volt-
age fluctuation increases when Hvsc is 0.3 s. In this case,
more wind-side reserve capacity is required. Therefore, the
operation ratio is reduced by 0.007.

When Hvsc is 0.1 s, the DC voltage fluctuation is not
significant compared to the cases with higher Hvsc values.
Thus, the optimal wind operation ratio RWT is the same for
all DC voltage constraint scenarios in Table 1.
On the contrary, the optimal RWT ratio is 0.940 when Hvsc

is 0.2 s and VDC∗
,range is 0.09 p.u.. In order to comply with

the DC voltage constraint, 6% of the rated wind production is
required. If VDC∗

,range is lower than 0.09 p.u., no OPF solution
is found.
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The results when Hvsc is 0.3 s show a similar tendency.
The optimal RWT ratio value decreases as the DC voltage
constraint VDC∗

,range becomes stricter. When VDC∗
,range is less

than 0.12 p.u., OPF solutions are not obtained.
The results can be summarized as follows. The IEC control

of the VSC-HVDC system results in a DC voltage reference
deviation. If the DC grid voltage constraint is considered,
a curtailed wind output operation RWT is required. More-
over, the DC voltage deviation increases as the Hvsc value
increases. The optimal ratio RWT should be reduced in such
cases.

C. SENSITIVITY ANALYSIS ON WIND MODEL CAPACITY
The cases under various wind farm capacities are simulated.
A 1000MVA VSC-HVDC system is installed. The frequency
deviation range frange in (43) and (44) is 0.1Hz.

TABLE 1. Curtailed wind operation ratio RWT with different DC voltage
constraints.

In this section, the OPF analysis is performed in two sepa-
rate stages. In the first stage, the minimum deviation range
of the DC voltage reference constraint VDC∗

,range is calcu-
lated in Table 2. This aims to find the strictest DC voltage
constraint for each wind capacity scenario. For instance, the
result of 0.095 implies that when the wind farm capacity
is 300MW, the minimum DC voltage reference deviation is
0.095 p.u.. The OPF solution does not exist if VDC∗

,range is
0.094 p.u.. Hence, the results in Table 2 correspond to the
strictest constraints from the viewpoint of DC voltage. Based
on these results, the optimal wind operation ratio values RWT
are calculated in the second stage in Table 3.
First of all, a feasible solution is not foundwithHvsc = 0.1 s

when a 300MW wind farm is installed. The frequency con-
straint (43) of G7 cannot be satisfied since Hvsc = 0.1 s is
too low. In such a low Hvsc scenario, the primary frequency
support of the wind-side generation is required. However, the
wind-side reserve capacity cannot be secured due to the lack
of wind capacity.

Unlike the case with a 300MW wind farm, the wind-side
reserve capacity can be provided when the wind capacity
is 400MW. The corresponding minimum deviation range

VDC∗
,range in Table 2 is 0.047 p.u.. This DC voltage deviation

can be reduced by 0.003 p.u. if the wind farm capacity is
increased by 200MW.

When Hvsc is higher than 0.2 s, feasible OPF solutions
can be obtained for the 300MW wind farm cases. The min-
imum range of VDC∗

,range is 0.095 p.u. with Hvsc = 0.2 s.
The fluctuation of VDC∗

,range is 0.130 p.u. with Hvsc = 0.3 s
since more active power is extracted from the DC grid by
the IEC. The minimum range of VDC∗

,range can be reduced
if the wind farm capacity increases. For example, the min-
imum deviation of the DC voltage reference is 0.081 p.u.
with Hvsc = 0.2 s when the wind farm capacity is 600MW.
Similarly, the lowest DC voltage deviation of 0.113 p.u. is
observed among all the wind capacity scenarios when Hvsc
is 0.3 s.

The results in Table 2 can be concluded as follows. As the
wind farm capacity increases, the available wind-side reserve
capacity also increases. Hence, stricter DC voltage con-
straints can be imposed.

TABLE 2. Minimum value of DC voltage reference constraint VDC
∗
,range

with different wind capacity.

TABLE 3. Curtailed wind operation ratio RWT with different wind
capacity.

For the scenario with a 300MW wind farm, the opti-
mal wind operation ratio RWT is 0.927 for Hvsc = 0.2 s
in Table 3 When VDC∗

,range of the DC voltage constraint is
0.095 in Table 2. When Hvsc is 0.3 s, the minimum DC
voltage deviation range VDC∗

,range increases. This means the
wind-side reserve capacity can be reduced. As a consequence,
a higher RWT ratio value of 0.933 is obtained for Hvsc = 0.3 s
in Table 3. A similar tendency can be seen in 600MW
wind capacity scenarios. Compared to the RWT result with
Hvsc = 0.1 s, a higher optimal ratio of 0.955 is obtained
when Hvsc is either 0.2 s or 0.3 s. The RWT ratio differences
for 400MW wind capacity are relatively insignificant. In this
case, the optimal RWT ratio can be applied to all the threeHvsc
cases.
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D. SENSITIVITY ANALYSIS ON HVDC CAPACITY
Various VSC-HVDC system capacity scenarios are examined
in this section. The wind farm capacity is 600MW. The inertia
constant Hvsc of VSC 1 is 0.2 seconds. frange of the frequency
constraint is 0.1Hz.

As explained in the previous section, the minimum devia-
tion range of the DC voltage VDC∗

,range is calculated for each
case. The optimal wind operation ratio RWT is determined
based on this strictest DC voltage constraint VDC∗

,range. The
minimum DC voltage reference constraints VDC∗

,range and the
corresponding RWT values are listed in Table 4.

TABLE 4. Curtailed wind operation ratio RWT and minimum value of DC
voltage reference constraint VDC

∗
,range with various HVDC system

capacities.

Considering the frequency stability constraint (43), the
400MVA HVDC system is not sufficient to offer reserve
capacity. Therefore, an OPF solution cannot be obtained.
If the 600MVA VSC-HVDC system is installed, the mini-
mum value of VDC∗

,range is 0.120 p.u. and the corresponding
wind operation ratio RWT is 0.916. As the HVDC capac-
ity increases, the reserve capacity from the HVDC side
also increases. Thus, the wind-side reserve capacity can be
reduced. As a result, the optimal wind operation ratio RWT
increases and the minimum value of VDC∗

,range decreases as
the HVDC system capacity increases. Therefore, the lowest
wind output curtailment and the strictest VDC∗

,range constraint
0.081 p.u. are calculated for a 1000MVA HVDC system.

VII. CONCLUSION
The methodology for wind power output curtailment opti-
mization is proposed. It is based on the OPF analysis in a
hybrid AC/VSC-HVDC system with inertia emulation con-
trol. The limitation of DC grid voltage range is included
as an additional constraint to maintain the DC grid voltage
deviation within a feasible range. If the curtailed wind pro-
duction is considered, the IEC of the VSC-HVDC system can
be substituted for the wind-side frequency regulation. This
contributes to the reduced DC grid voltage deviation to satisfy
the DC voltage constraint. It is revealed in the sensitivity
analysis that a strict DC voltage constraint leads to a large
wind output curtailment. The curtailed wind operation ratio
increases as the wind power plant capacity increases. If the
capacity of a VSC-HVDC system is sufficient to supply the
reserve capacity, the curtailment ratio of wind production
decreases.

The role of reactive power regulation by the wind turbine
model will be studied in the future. In addition, a distributed
controller based on a multi-terminal HVDC configuration
will be implemented. On top of that, the results with multiple
wind farms and different control system parameters can be
discussed. The proposed methodology can be applied to other
power system models considering different disturbance types
and locations.

APPENDIX
See Figs. 10, 11, and Tables 5–7.

FIGURE 10. IEEE Type 1 excitation model [42].

FIGURE 11. Turbine-governor model [32].

TABLE 5. Parameters of AVR model.

TABLE 6. Parameters of turbine-governor model.
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TABLE 7. Parameters of VSC-HVDC control system.
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