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ABSTRACT This paper investigates the relationship between the frequency support by voltage-source
converter based high-voltage direct current (VSC-HVDC) systems and the deloaded wind power operation
considering the frequency stability constraints. The frequency stability is incorporated as additional con-
straints in the optimal power flow (OPF) analysis. The reserve capacity of the wind power plants should
be provided for frequency support, which requires wind power output suppression during the steady-state.
On the contrary, this wind output curtailment is unnecessary if the frequency stability constraints can be
satisfied by the fast frequency controller of the VSC-HVDC system. The optimal wind power deload ratio
can be determined by the OPF calculation. A hybrid AC/VSC-HVDC system model is designed based on
the IEEE 39-bus system. The inertia emulation control (IEC) method is applied to the slack converter for the
primary frequency support. Sensitivity analysis on the frequency stability constraints, and the capacities of
wind power plants and HVDC systems are carried out. It is validated that the primary frequency support of
VSC-HVDC systems can reduce the wind power output suppression.

INDEX TERMS Deloaded wind power, frequency stability constraint, HVDC, inertia emulation control,

optimal power flow, primary frequency support.

I. INTRODUCTION

A. BACKGROUND AND MOTIVATION

With the aim of developing more sustainable electric power
systems, the share of renewable energy sources (RES), such
as wind and solar generation, is increasing globally. In
this context, voltage-source converter based high-voltage
direct current (VSC-HVDC) systems have been evaluated as
effective approaches for the RES integrations [1], [2], [3].
Unlike conventional line-commutated HVDC systems, which
require significant reactive power consumption for commu-
tation, the active and reactive power outputs of VSC-HVDC
systems can be controlled independently [4], [S]. Owing to
this benefit, VSC-HVDC systems can be installed in AC
grids with high AC voltage variations and unpredictable wind
output fluctuations [6].
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However, power-electronics-interfaced nonsynchronous
wind power plants (WPPs) and VSC-HVDC systems do not
provide inertia to AC grids [7]. This inertia reduction is a sig-
nificant issue since the frequency deviation and rate of change
of frequency (ROCOF) can be increased [8]. For instance,
the increased frequency deviations after the output fluctuation
of WPPs can trigger generator trip and load-shedding events
[9], [10]. In order to cope with this problem, fast primary
frequency regulations by VSC-HVDC systems have been
proposed in previous studies.

Similarly, WPPs can participate in AC grid frequency
support. The deloaded operation of WPPs is necessary to
acquire reserve capacity. This deloaded operation leads to
operation cost increments due to reduced wind power pro-
duction. Meanwhile, deloaded wind power production is not
necessary if the AC grid frequency does not violate the oper-
ation constraint. Hence, deloaded production can be avoided
when AC frequency is supported by a VSC-HVDC system.
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In this context, the relationship among the system frequency
constraints, curtailed wind output, and the controllability of a
VSC-HVDC system should be discussed.

B. LITERATURE REVIEW

Previous studies [7], [11], [12] have focused on improving
the frequency stability of power system models using multi-
terminal VSC-HVDC systems. The frequency regulations by
offshore WPPs are investigated in [13], [14], [15], and [16].
Frequency support by DFIG-type wind turbines is discussed
in [17]. The frequency regulation through the coordination
of wind turbines and synchronous generators is developed
in [18]. The inertial response of wind turbines to improve
the secondary frequency response is evaluated [19]. The
adjustable frequency control of WPPs fed by multi-terminal
HVDC grids is studied in [20]. Hybrid control strategies
based on DC grid capacitors of VSC-HVDC systems and the
kinetic energy of WPPs are proposed to improve the power
system inertia responses in [21] and [22].

In particular, grid-forming-based converter control strate-
gies have attracted significant attention for the frequency reg-
ulation. The controllers mimic the dynamic behaviors of syn-
chronous generators. For example, the grid-forming-based
converter can imitate the swing equation of a synchronous
generator. This can be implemented in conventional AC grids
with high compatibility. The effects of grid-forming con-
verter placements on the primary frequency responses and
small-signal stability are studied in [23] and [24] respectively.
Dynamic performance improvements of WPPs by grid-
forming-controlled battery energy storage systems are pro-
posed in [25]. In a micro-grid system model, it is revealed in
[26] that decentralized grid-forming converters are effective
for system voltage control. The capabilities of low-frequency
oscillation damping by VSC-HVDC systems are explained
in [27] and [28]. The grid-forming control of a VSC-HVDC
system feeding AC grids with low short-circuit ratios is dis-
cussed in [29].

One of the popular grid-forming controller methods is
inertia emulation control (IEC), which mimics the inertial
characteristics of synchronous generators [30], [31], [32],
[33], [34], [35]. Based on an energy-storage system, a con-
verter controller is designed to provide additional virtual
inertia during a short-term period. Consequently, the fre-
quency response of an AC grid can be improved due to
the increased system inertia. The impacts of HVDC systems
with the IEC on the primary frequency regulations are ana-
lyzed in [11], [11], and [36]. The effect of IEC utilizing the
electrostatic energy stored in DC-link capacitors is empha-
sized in [11]. It is demonstrated in [11] that IEC can be
applied to multi-terminal VSC-HVDC systems. Frequency
regulation by the IEC with adjustable emulated inertia is
developed in [36].

Although these previous studies have accomplished
notable outcomes for the primary frequency regulations, the
following limitations remains.
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1) The influence of the frequency support by a VSC-
HVDC system on the reserve capacity of WPPs has
not yet been analyzed. Previous studies have only
focused on the frequency support of either WPPs or a
VSC-HVDC system separately. However, WPPs have
been integrated into power systems via VSC-HVDC
systems in many projects. Therefore, the frequency
stability analysis considering the frequency control of
both WPPs and VSC-HVDC systems is essential.

2) The formulation for such an analysis has not been
developed. Optimal power flow (OPF) analysis is an
effective approach for determining the power system
operations while satisfying feasible constraints. It is
discussed in [38] that the frequency stability of a
power system model can be handled as additional con-
straints in the OPF analysis. The frequency stability
constrained OPF considering the dynamics of governor
systems is studied in [47]. Nevertheless, the OPF anal-
ysis with frequency stability constraints considering
the frequency support of both WPPs and VSC-HVDC
systems is not found.

C. CONTRIBUTION IN THIS PAPER

In order to cover these limitations, the frequency constraints,
the frequency control effects of a VSC-HVDC system, and
the amount of WPPs curtailment should be formulated in
an integrated OPF analysis. This can be adopted by power
system operators to determine the optimal amount of wind
output suppression minimizing the system operation cost.
Compared to previous works, the main contributions of this
paper are summarized as follows:

1) The frequency stability constrained-optimal power
flow (FSC-OPF) model that schedules the active power
outputs and reserve capacities of generators, WPPs,
and HVDC systems is formulated. The power outputs
and reserve capacities which minimize the generators’
operation costs are determined. The frequency stability
of a hybrid AC/HVDC model is handled as additional
constraints in the OPF analysis.

2) The benefit of the HVDC frequency support is investi-
gated from the perspective of wind output curtailment.
The deloaded operation of WPPs results in increased
power production of generators. This is undesirable for
the minimization of the system operation cost. Never-
theless, the deloaded wind operation is required to offer
additional reserve capacity when the frequency support
by HVDC systems is not effective in satisfying the fre-
quency constraints. On the other hand, the wind power
output curtailment is unnecessary if the frequency can
be well-controlled by the HVDC system.

3) The proposed FSC-OPF method is applied to the sensi-
tivity analysis of the wind deload ratio. The influences
of the frequency stability constraints, the capacities of
HVDC systems, and WPPs on the wind deload ratio are
discussed.
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FIGURE 1. Average value model of a point-to-point VSC-HVDC system.

The remainder of this article is organized as follows. The
VSC-HVDC system model with a frequency controller is
described in Section II. Section III illustrates the WPP model
with deloaded operation. The FSC-OPF analysis is presented
in Section IV. A hybrid AC/HVDC power system model is
explained in Section V. The numerical results are discussed
in Section VI.

Il. VSC-HVDC SYSTEM MODEL

A. AVERAGE VALUE MODEL

Modular multi-level converter (MMC) HVDC systems have
been installed in many large-scale VSC-HVDC systems
recently. The most accurate MMC HVDC model considers
the individual behaviors of all sub-modules which yields
a high computational process. On the contrary, detailed
sub-module behaviors can be neglected in the average value
model (AVM). The AVM model can be adopted for dynamic
behavior analysis with reduced calculation burden and rea-
sonable accuracy [39], [40].

The average value model of a point-to-point VSC-HVDC
system is described in FIGURE 1. Each bus number is
denoted by the letters ‘i’ or ‘j’. The slack converter VSC i
is in charge of controlling the DC bus voltage. VSC j controls
the active power output. In addition, each VSC converter can
control the reactive power output.

The hybrid AC/VSC-HVDC system is interconnected via
point of common coupling (PCC) buses. R. and L. cor-
respond to the AC transformers and filters of these inter-
connections. The angular frequency of the AC grid is
denoted as w.
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Equations (1) and (2) represent the voltage relationships
between v and v, in the synchronously rotating dq axis. The
outputs of the vector current outer controllers are notated
in iyy and iy,;. Kirchhoff’s current law at DC bus i is given
by (3). For example, Vpc,; and Cpc ; correspond to the DC
bus voltage and capacitance, respectively. The active power
and current injected at DC bus i are represented by Ppc_; and
Ipc.i- Ipc line means the DC current flow between DC buses
i and j. Thus, equation (4) determines the DC transmission
line current flow. The active and reactive power outputs of
the VSC converter at bus i can be denoted as Py ; and Qg ;
in (5) and (6), respectively.

digqi : .
c dstl = —Reiggi + a)Lclsqi + Vedi — Vsdi 1

disgi . .
I = _Rclsqi — wLiggi + Vegi — Vsqi (2)

dVpc.i Ppc.i
C = — ~ +Ipc.i 3
pC— Ve, T ipci (3)
dIDC,line

LDC__:E__'z —RpclIpc iine + Vpc,i — Vpe,j  (4)
Py = vyailsai + Vsqiisqi (5)
Os,i = Vsqiisdi - Vsdiisqi (6)

B. INERTIA EMULATION CONTROL

As regards the primary frequency control of the VSC-HVDC
system, the inertia emulation control (IEC) in [11] and [36] is
implemented in the VSC slack in FIGURE 1. The DC voltage
reference Vpc_rr can be adjusted by the IEC. The inertial
behavior of the synchronous generators is reflected in the
Vb _rer adjustment.
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The inertia constant of a synchronous generator H is
defined in (7), which is the ratio of the rotational kinetic
energy to the generator machine rating Sg. J represents the
moment of inertia. The subscript 0 indicates the steady-state,
thus, the angular rotational speed of the generator is notated
in wo.

In the IEC, the inertia constant of the slack VSC, H,;. can
be defined in a similar way in (8). The numerator indicates the
electromagnetic energy of the DC grid capacitor Cpc. The
VSC converter rating is notated in Sy.

172
5J
H=2% )
SG
%CDC V/%c 0
Hvsc = - (8)
Svsc

The transient rotational characteristics of the synchronous
generator are described by (9). The mechanical power input
and electrical power output are represented by P, and P,
respectively. f stands for the AC grid system frequency.
S indicates the power rating of the synchronous generator.
Based on the approximation f =& fy in the per-unit system,
equation (9) can be simplified in (10).

2HS df

? i Py — P, [MW] 9)
2—H@ =P, P, ] (10)
o di =Py —P, [pu

The underlying principle of the IEC can be introduced
based on the analogy between the behavior of synchronous
generators and VSC converters. The notations H and f of
the generators can be replaced by the inertia constant H.
and the DC bus voltage Vpc of the VSC slack converter.
As a consequence, the following relationship in (11) can be
obtained. P;, and P,,; in (11) represent the active power input
and output values of the VSC slack converter respectively.

CpcVpc dVpc

T [p.u.] (11)

Based on (10) and (11), the relationship in (12) can be
defined from the perspective of active power flow. By inte-
grating both sides of (12), equations (13) and (14) can be
derived. The DC bus voltage controller of the IEC can be
defined in (15) by letting Vpc_rr = Vpc.

The definition of the IEC in (15) shows that the DC voltage
reference value Vpc ref (= VZ‘;C) of the VSC slack converter
can be adjusted by the AC grid frequency deviation ratio f/fy.
If an AC grid frequency drop is detected, Vpc_.s reference
value decreases to release the active power into the AC grid.

2Hysc df _ CpcVpc dVpc

= Piy — Pous

= (12)
fO dt Syse dt
/ 2H,5¢ Yo¢ CpeVipe
—=df = / ———dVpc (13)
f() Vbe.o vsc
Jo
2H, Cpc
T —fo) = 52 (Ve = Vico) (14)
fO 2vac
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48,scHyse
VDC.ref = \/ Vico+ W(% -0 (15

Ill. WIND POWER PLANT MIODEL WITH DELOADING
CONTROL

A. WIND POWER PLANT MODEL

The aggregated wind power plant model is depicted in
FIGURE 2. The wind turbine is connected to the AC grid via
the rotor-side and grid-side converters. The dynamic behavior
of these converters is typically very fast. Therefore, it is
assumed that the active power output of the wind turbine Pyr
can follow the reference value without delay [20].

The VSC technology is widely applied to the rotor-side
and grid-side converters. Not only the active power, this VSC
type converter can also regulate the reactive power output.
For the simplicity, the contribution of active power output
is simulated while the reactive power regulation is neglected
in this paper. The dynamic behaviors by the reactive power
controllability will be discussed in the future.

The rotational behavior of the wind turbine can be repre-
sented as (16)-(17). The inertia constant of the wind turbine
is notated in Hwyr. w, is the rotor speed of the wind tur-
bine. Py, wr corresponds to the mechanical power input value
which is equal to the steady-state wind power output.

dw,
ZHWTwr7 = Ppwr — Pwr [p.u.] (16)
dor __1_p Pwr Dlpul  (17)
— — Uu.
dt 2Hwr w, mWI wr

The active power output of the wind model is deter-
mined by the maximum power point tracking (MPPT) con-
troller (18). The coefficient Cyr depends on the blade radius,
the air density, and the ratio of the wind speed to the rotor
speed. In addition, the AC grid frequency controller in (19)
is implemented in the wind model. The controller measures
the frequency fwr and produces the active power adjustment
Py when a frequency deviation from the nominal frequency
Jfwr .o is detected. The wind power output Pyt consists of the
sum of Pyppr and Py in (20) — (21).

Puyppr = Cwro; (18)
Py = ke(fwr.o — fwr) (19)
Pwr = Puppr + Py (20)
Pwr = Cwro? + ke(fwr.0 — fwr) (21

B. DELOADING CONTROL

Instead of maximum power point tracking, the deloading
control of a wind turbine can be implemented to secure the
reserve capacity for AC grid frequency control [41]. The
major methods for the deloading control are rotor overspeed
control and pitch-angle control [41], [42].

Compared to the rotational speed on the MPPT curve, the
output of a wind turbine can be reduced by the rotor-speed
adjustment. Both increasing and decreasing the speed can
reduce the output. However, the decreased speed of operation
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FIGURE 3. Overspeed method of WT for deloading control [41].

may result in a stability issue caused by a small interference.
Hence, the overspeed rotor control method is adopted in
general.

If the operation point for the maximum power output pro-
duction is at point A in FIGURE 3, the wind turbine can
be operated at the shifted point B. The active power output
is reduced from Py to P, by adjusting the rotational speed
from wg to w>. When a frequency drop is observed, the speed
decreases from wq to w; to increase the power output from
P; to Py at point C.

The pitch angle of a wind turbine is maintained at zero
during normal operation. On the contrary, the wind turbine
can be operated in a deloaded state if the pitch angle increases.
The angle decreases to support the AC grid frequency when
a frequency drop is observed. Wind power output can be
adjusted over a wide range by using this method. Nonethe-
less, the pitch angle control method is not feasible when the
wind speed is slow. Furthermore, it is not suitable for fast
response speed implementations due to the mechanical inertia
behavior. Therefore, it is assumed that the overspeed control
of a wind turbine is applied for the fast primary frequency
control.
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IV. OPTIMAL POWER FLOW WITH FREQUENCY
STABILITY CONSTRAINT

A. OPTIMAL POWER FLOW FORMULATION

The OPF analysis of the hybrid AC/VSC-HVDC system with
deloaded wind operation can be summarized in (22) — (25) as
follows:

foGo, o) = D~ (Cy + BuPy + AnP) (22)
neG

8o(Xo, p) =0 (23)

ho(Xo, o) <0 (24)

hy(xge, ) < 0 (25)

where the vectors of control and state variables are denoted
by u and x respectively. The objective function (22) is defined
as the total operation cost of all generators.

The operation cost of a generator n is the quadratic func-
tion of the active power output P,. A,, By, and C, are the
coefficients of the quadratic cost function. The equality g
and inequality 4 constraints for the steady-state operation
are represented in (23) and (24), respectively. The inequality
constraint after the disturbance k is considered in (25).

Regarding the equality constraint (23), the balance of
active and reactive power in the AC grid bus j_AC is included
in (26) and (27). On top of that, the balance of the active power
in the DC grid bus j_DC is considered for hybrid AC/HVDC
systems in (28).

Pn,j - Ploud,j + vac,j = PjﬁAC (26)
Qn,j - Qload,j + stc,j = Qj_AC (27)
Py.pc.j — Ppc_ivad j + Pvse,pc.j = Pj pc (28)

The inequality constraint in (24) contains the lower and
upper limits of the power system steady-state operation.
In (29) — (31), the active P, reactive Q, and apparent power S
outputs of generator n are constrained. For hybrid AC/HVDC
systems, the VSC power outputs should also be limited (32)—
(34). The deviations of voltage magnitudes at all AC and
DC buses below 0.9 p.u. or above 1.1 p.u. are not allowed
in (35) and (36). In (37) and (38), the active power flow
via a transmission line and tap transformer ratios should be
operated within their respective ratings.

phin < p, < pmax (29)
omin < 0, < O (30)
S T 31)
PN < P < PIX (32)
O < Qyge < O (33)
SN < g e < gmax (34)
VI < Yy < Vi (35)
VBE < Vpe < VB (36)
i < Pline < PR 37)
RPN < Rpup < RPN (38)
104445
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Not only the power balance in the AC and DC grids
in (39)- (41), the frequency stability of the power system
model is also analyzed after the disturbance k. The frequency
of each generator f;, is monitored to avoid deviating above
the frequency criterion range frange in (42). Similarly, the
fluctuation of the frequency at the center of inertia fco; above
JSrange 18 also prohibited in (43) [43], [44].

A significant DC bus voltage fluctuation can occur when
the IEC is activated. The DC bus voltage magnitude is main-
tained not to deviate below 0.9 p.u. or above 1.1 p.u. to prevent
this phenomenon in (45).

Pujk — Pioad jk + Pyscjk = Pj_ac k (39)
Onjk — Qload j.k + Ovscjk = Qj_AC k (40)
Pu.pC jk — PDC_load jk + Pyse,pcjk = Pipck  (41)
Jo =fn0 £ frange n=12,---,G (42)
feor k = fcor,0 £ frange 43)
fecor = anH—I;I:l (44)
neG
VB < Vbex < VBES (45)

In order to supply additional reserve capacity from the
wind power side, wind power plants can be operated under
deloaded conditions in the steady-state. However, the amount
of the wind output curtailment should be determined carefully
since the curtailment leads to an increased production of
generators. As a result, the objective function value in (22)
can be increased. In this paper, the deload ratio of wind power
plants is determined by the FSC-OPF analysis.

The upper limit of the deload ratio Ryr is one, which
means that there is no wind output curtailment. The lower
limit of the ratio Ryr can be determined considering the
performance of the wind turbine rotor-speed adjustment and
pitch angle control. This can be incorporated as an inequality
constraint in the steady-state operation in (24). During the
optimization procedure, the deload ratio Ry is optimized as
one of the control variables u within the constraint (46).

RWF < Rwr < R (46)

B. OPTIMIZATION ALGORITHM

Differential evolution is adopted as the optimization algor-
ithm. Compared to conventional mathematical approaches
such as interior point methods, dynamic power system stabil-
ity constraints can be simply integrated into the OPF analysis
as additional constraints by this metaheuristic-based method.
Nevertheless, a large computational burden is required if
the number of optimization parameters increases. In order
to overcome this disadvantage, the optimization process can
be revised by adding the filtering out process [37], [38] in
FIGURE 4.

First of all, the control vector component values ‘u’ are
initialized randomly within their respective minimum and
maximum operational ranges. The parent control vector set
‘u_set’ is composed of these control vector components.
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The feasibility of each u vector should be checked. Power
flow analysis is performed for each control vector u. The
control vector is feasible if the constraints (23) — (41) are not
violated. A large penalty value is added to the fitness function
of an infeasible control vector.

As regards the dynamic stability constraints (42) — (45),
the time-domain simulation is performed. However, it is
inefficient from the viewpoint of computational time if the
time-domain simulation is conducted for all control vectors.
Instead, the stability constraints (42) — (45) are checked only
for the feasible vectors [38]. The fitness function of a feasible
vector is penalized by adding the penalty value ‘e’ when one
of the constraints (42) — (45) is violated. The filtering penalty
value ‘B’ is added to all other infeasible control vectors. For
an effective filtering process, the penalty value « should be
smaller than 8.

The trial vector set ‘w_set’ is produced after the muta-
tion and crossover stages. Power flow analysis and the
time-domain simulation with the filtering out are carried out
for these trial vectors.

The fitness functions of u,, and w,, are compared to select
a superior vector. A vector with a lower fitness function
value is chosen to minimize the objective function value.
The optimization process repeats the entire sequence for the
maximum iteration number.

V. POWER SYSTEM MODEL

The power system model is described in FIGURE 5. The
model is designed based on the IEEE 39-bus system. The
operation cost coefficients of the generators in [45] are
adopted. Loads in the AC grid are modeled as constant power
models.

A wind farm is installed near generator G7. It is assumed
that the wind farm can be deloaded by 0~10% during the
steady-state operation to secure the reserve capacity. For
example, the steady-state power production of a 600MW
wind farm can be suppressed by 60MW. This reserve capacity
can be utilized to support the AC grid frequency when a
frequency deviation occurs. The inertia constant of the wind
turbine Hyr is 4 seconds.

As the disturbance type, a sudden switchable load addition
near G7 is simulated. The active and reactive power con-
sumptions of the switchable load are S00MW and 150MVAR
respectively. Generators G1 ~ G9 are equipped with the
AVR and GOV models in the Appendix. The IEEE Type
1 excitation [46] and reheated steam turbine models [47] are
adopted. The parameters of the AVR and GOV models are
listed in Tables 4 and 5, respectively, in the Appendix.

The power system is reinforced by a S00kV point-to-point
VSC-HVDC system. VSC 1 and VSC 2 control the DC
voltage and active power output respectively. The IEC control
is implemented in the slack converter VSC 1 for the primary
frequency support. The DC bus voltage reference value of
VSC 1 is 1.0 p.u. in the steady-state. After the disturbance,
this reference can be adjusted by the IEC. The control system
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FIGURE 4. Algorithm of OPF with filtering out process [37], [38].

parameters of the VSC-HVDC system are tuned by a prelim-
inary process, which are listed in Table 6, Appendix.

In order to obtain effective IEC performance by the VSC-
HVDC system, the DC capacitor rating Cpc should be
determined properly. If a large Cpc capacity is required,
additional storage devices such as super-capacitors can be
added. As a result, the installation cost of the VSC-HVDC
system increases. A low rating of Cpc yields large deviations
in DC bus voltages when the IEC is activated. Therefore, it is
difficult to satisfy the DC bus voltage constraint with a low
Cpc rating. Proper Cpc ratings for effective IEC implemen-
tations are discussed in [11], [36], and [48].

VI. SIMULATION RESULTS
A. TIME-DOMAIN SIMULATION RESULTS
Depending on the frequency constraints and system con-
figurations, three cases are classified in the time-domain
simulation analysis. In this section, Hy. is zero in Case 3.
The capacity of the VSC-HVDC system is I000M VA in Case
3. The rated output of the wind power plant is 600MW with
the unity power factor.

Casel : No HVDC, frange = 0.15Hz

Case2 : No HVDC, frange = 0.14Hz

Case3 : Hybrid AC/HVDC system, frange = 0.115Hz
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FIGURE 5. Modified IEEE 39-bus system model (Hybrid AC/HVDC).

A switchable load is added at r = 1 second. The rotational
speed trajectories of generators G6 and G7 near the switch-
able load are plotted in FIGURE 6. The trajectories of G6
and G7 are drawn in black and blue lines respectively. The
active power output curves of the wind farm are described in
FIGURE 7.
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TABLE 1. Deload ratio of wind power plant Ry with different frequency
stability constraints.

s Hybrid AC/HVDC

i = f No H,e (sec)

59.98 Jrange HVDC vsc
o 0 0.5 1
T 59.96
= 0.15Hz 1 1 1 1
%w ] o P i 0.14Hz 0.945 1 1 1
Sl | - 66, Case2 i 0.13Hz 0.945 1 1 1
g ) 0.12Hz X 0.997 1 1
& s00 — Go, Case 3 ]

. ] 0.11Hz X 0.949 0.988 1
oms| | T e N/ (Case ) 0.10Hz X 0.949 0.972 1
el | T TG g 0.09Hz X X 0972 0.980
— G7, Case 3 FEEE zu Ts

0 0.5 1 1.5
Time (s)

FIGURE 6. Rotational speed trajectories of generators G6 and G7.
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FIGURE 7. Active power output of wind power plant.

It can be seen in FIGURE 6 that the nadir values of G6
and G7 are 59.85Hz in Case 1. On the contrary, those values
can be supported by 0.01Hz in Case 2 owing to the frequency
support of the wind power plant. When a frequency drop at
the PCC bus of the wind power plant is detected, the active
power output of the wind power increases by 23MW for the
frequency support in Case 2. To this end, the wind power
plant is deloaded to guarantee the reserve capacity during
the steady-state operation. The deload ratio Ry of the wind
power plant is 0.945 in FIGURE 7.

It should be noted that in Case 3, the wind power plant is
not deloaded as shown in FIGURE 7. The same result can
be obtained for fy4nge = 0.15Hz ~ 0.115Hz in Case 3. This
indicates that the deloaded operation of the wind power plant
is not necessary owing to the fast frequency control of the
HVDC system.

B. SENSITIVITY ANALYSIS ON FREQUENCY STABILITY
CONSTRAINTS

The OPF formulation with different frequency stability con-
straints is carried out. The wind deload ratio Ry of the power
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system models with and without the VSC-HVDC system is
presented in Table 1. The notation ‘X’ indicates the OPF solu-
tion is not found, which means such scenarios are infeasible.
As regards the hybrid AC/HVDC system, the capacity of the
HVDC system is 1000MVA. The pre-disturbance active and
reactive power output of the wind power plant is 600MW and
zero respectively. Three cases with different H,;. parameters
are tested for the hybrid AC/HVDC system.

When the frequency stability constraint fi,g. is 0.15Hz,
the deloaded wind operation is not necessary for all cases.
Without the HVDC system, the wind power plant output
should be deloaded by 5.5% compared to the rated output
of 600MW when the constraint fy,g. is both 0.14Hz and
0.13Hz. No feasible solution is found when the frequency
constraint fru,ge 18 less than or equal to 0.12Hz.

On the contrary, the deloaded wind power operation is not
required in the hybrid AC/HVDC system models for 0.14Hz
or 0.13Hz frequency constraints. When H,. is zero, 0.3%
wind power output curtailment is necessary if the constraint
Srange 1s 0.12Hz. When the frequency constraint fy4,ge is both
0.11Hz and 0.10Hz, the pre-fault wind power output should
be suppressed by 5.1% to guarantee the reserve capacity. The
feasible OPF solution cannot be obtained when the constraint
Srange 1s less than or equal to 0.09Hz.

The primary frequency support can be provided by the
IEC control when H, is positive. Consequently, the wind-
side-source does not have to secure the reserve capacity. As
a result, the deload ratio Ryr can be reduced. When H,
is 0.5 seconds, the deloaded wind operation is not required
for the 0.12Hz constraint fy,g.. Similarly, no wind power
output suppression is needed for the case of 0.10Hz frequency
constraint fr4,ge When Hy is 1 second.

In summary, the system operation without the HVDC sys-
tem is not feasible when the frequency constraint fruge is
0.12Hz. In contrast, feasible OPF solutions of the hybrid
AC/HVDC system can be obtained if the deloaded wind
operation is taken into account. The deloaded operation is not
necessary if the IEC control is implemented for the primary
frequency control. Therefore, the lowest deload ratio values
can be obtained for the scenarios of all frequency stability
constraints fuuge When H. is one.
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TABLE 2. Deload ratio of wind power plant Ry, with different wind
capacity.

TABLE 3. Deload ratio of wind power plant Ry with different HYDC
system capacities.

Wind Hybrid AC/HVDC HVDC capacity (MVA)
. No HVDC H,,. (sec) 300 400 500 600 1000
Capacity -
0 1 Active
200MW X 0914 1 power X 336 335 417 396
400MW X 0.922 1 MW)
600MW X 0.949 1 P ratio X 0.839 0.670 0.696 0.396
Reserve
capacity X 64 165 183 604
C. SENSITIVITY ANALYSIS ON WIND CAPACITY (MW)
Scenarios with three different wind power plant capacities are R ratio X 0.161 0330 0.304 0.604
investigated. The deload ratio results Ryr of the wind model Rt X 0.954 0.954 0.986 0.997

are listed in Table 2. In this section, the HVDC system capac-
ity is 1000MVA. The frequency stability constraint fuge
is 0.12Hz.

No feasible operation solution is calculated for the pure AC
system model. This implies that the wind power plant cannot
provide a sufficient reserve capacity to satisfy the frequency
stability constraint in all three scenarios.

On the contrary, feasible solutions can be found in
the hybrid AC/HVDC system models. When H,. is zero,
the deload ratio results are not one. In other words, the
pre-disturbance wind power plant outputs should be curtailed
if the IEC control is not applied. In particular, the lowest
ratio value is obtained when the wind power plant capacity
is 200MW. Thus, it can be concluded that the amount of
wind power output suppression decreases if the installed wind
power plant capacity increases.

If Hys is 1 second, the deload ratio value is always one for
all wind capacity scenarios. In this case, the frequency sta-
bility constraint can be satisfied by the frequency support of
the HVDC system. Hence, the frequency control by the wind
power plant is unnecessary regardless of the wind capacity.

D. SENSITIVITY ANALYSIS ON VSC-HVDC SYSTEM
CAPACITY

The cases with different HVDC system capacities are dis-
cussed in Table 3. The active power output of the wind power
plant is 600MW. The frequency stability constraint fy,ge is
fixed to be 0.12Hz. H . value of the IEC control is zero.

In Table 3, the ‘Active power’ row shows the active power
transmission via the HVDC system. The ratio of this active
power transmission to the HVDC system capacity is denoted
as the ‘Pratio’. The ‘Reserve capacity’ indicates the available
reserve capacity of the HVDC system. ‘R ratio’ corresponds
to the ratio of this reserve capacity to the total HVDC system
capacity. If the reserve capacity of the HVDC system is zero,
the frequency support cannot be obtained due to the upper
limit constraint of the VSC output power.

First of all, it is revealed that the 300M VA HVDC system
is not sufficient for transmitting active power and securing
the reserve capacity. On the other hand, the OPF solution can
be found if the frequency stability constraint is larger than
0.12Hz in the preliminary simulation. The insufficient reserve
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capacity of the HVDC system is the most critical factor which
determines the feasibility of the solution.

Feasible solutions can be calculated when the HVDC
system capacity is at least 400MVA. The amount of active
power transmission by the HVDC system is 335~417MW.
It should be noted that when the HVDC system capacity
increases, the P ratio decreases and the R ratio increases
overall. The HVDC system should have sufficient capacity
for active power transmission. However, this transmission
does not necessarily increase proportionally to the HVDC
capacity above a certain value. The remaining capacity can
be utilized as the reserve capacity for the primary frequency
support. Owing to this reserve capacity, the necessity of the
wind power deload operation can be reduced. Therefore, the
lowest wind deload ratio can be obtained with the 1000M VA
HVDC system.

VII. CONCLUSION

The impact of the primary frequency support of the VSC-
HVDC systems on the wind power deload ratio is investi-
gated. A frequency stability constrained OPF analysis for
the hybrid AC/VSC-HVDC system models is formulated.
The optimal wind output deload ratio can be determined
by the FSC-OPF analysis. Inertia emulation control of the
slack VSC converter can be implemented for the primary
frequency support of VSC-HVDC systems. It is validated that
the output curtailment of wind power plants is required to
secure the reserve capacity and satisfy the frequency stability
constraints. In contrast, the wind output suppression can be

Saturation

VR.‘;’
1 +} Ki 4w
| —»o—» O Em
1 +sTr | - 1+5T4
sKr
1+sTr

FIGURE 8. IEEE Type 1 excitation model [46].
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reduced or avoided when the system frequency is supported
by the inertia emulation control of a VSC-HVDC system.

In the future, the effect of the reactive power regulation
by wind power plants will be assessed. Instead of the con-
centrated inertia emulation control method by the VSC slack
converter, distributed frequency control methods by multi-
terminal HVDC systems will be applied for future appli-
cations. The validity of the methodology will be discussed
in different power system models and disturbance types. In
addition, other stability issues such as rotor-angle and voltage
stability constraints can be incorporated into the OPF formu-
lation in future works.

1
|
1+sTs

1 1+5FTs
—> P
1+5T+ 1+sTs

1+sT2 | +}
.‘fz;Am —» —»O0—» [~
1+sT: -

FIGURE 9. Turbine-governor model [47].

TABLE 4. AVR parameters of IEEE 39-Bus system.

Tr T, Te Tr

o e e K
Gl 1 200 0.358 1 0.004  0.0529 1
G2 1 400 0.0200 1 0942 0.0300 1
G3 1 400 0.0200 1 0.942 0.0300 1
G4 1 400 0.0200 1 0.942 0.0300 1
G5 1 400 0.0200 1 0.942 0.0300 1
G6 1 400 0.0200 1 0.942 0.0300 1
G7 1 400 0.0200 1 0.942 0.0300 1
G8 1 400 0.0200 1 0.942 0.0300 1
G9 1 50 0.0600 -0.0393 0.440 0.0700 1

TABLE 5. Turbine-governor parameters of IEEE 39-Bus system.

Kq Ti(s) To(s) Ts(s) Tu(s) Ts(s) F

Gl 20 0.2 0.4 0.3 0 10 0.3
G2 20 0.2 0.4 0.3 0 10 0.3
G3 20 0.2 0.4 0.3 0 10 0.3
G4 20 0.2 0.4 0.3 0 10 0.3
G5 20 0.2 0.4 0.3 0 10 0.3
G6 20 0.2 0.4 0.3 0 10 0.3
G7 20 0.2 0.4 0.3 0 10 0.3
G8 20 0.2 0.4 0.3 0 10 0.3
G9 20 0.2 0.4 0.3 0 10 0.3
TABLE 6. VSC-HVDC control system parameters.
System Item Value [p.u.]
Outer active power controller (1,2)
( kpvn B knp ) ’
Outer reactive power controller (1,2)
PI (Koas Kig) ’
Controller Outer DC voltage controller (10, 20)
( kp,dc > ki,dc )
Inner current controller
1,20
(ky k) (1,20)
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APPENDIX
See Figures 8, 9, and Tables 4-6.
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