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Abstract

As the penetration level of renewable energy sources (RESs) increases, the output power of RESs needs to be curtailed to
balance the power supply and load demand. Nevertheless, depending on the curtailment control strategy for wind power
plants (WPPs), while the total amount of output power curtailment remains the same, the overall stored inertial energy within
WPPs may vary. Furthermore, this stored inertial energy within WPPs can be used during disturbances to enhance frequency
stability. This paper proposes a novel curtailment control strategy based on the sequential quadratic programming (SQP)
optimization algorithm to effectively curtail WPPs and increase the overall stored inertial energy within WPPs. Then, the
proposed solution can enhance frequency stability by providing a more inertial response from WPPs during disturbances. To
verify the effectiveness of this novel curtailment control strategy, several case studies are conducted using the IEEE 39-bus
system. The results show that the proposed curtailment control strategy effectively increases the stored inertial energy within
WPPs while satisfying the required output power curtailment.

Keywords Curtailment control strategy - Frequency stability - Inertial energy - Sequential quadratic programming

1 Introduction

Increasing global concerns on climate protection have led
to a significant transition from the traditional fossil fuels
to environmentally friendly the renewable energy sources
(RESs) for the power generation. However, these RESs can
pose a substantial challenge to the power system stability.
For instance, the variability of these sources can cause sig-
nificant fluctuations in the RESs output power, which can
lead to a significant frequency deviation in the power system
[1]. Additionally, these output power fluctuations can cause
imbalance between the power supply and load demand.
Moreover, the most commonly used control method for the
RESs is the maximum power point tracking (MPPT) control
method, which aims to maximize the output power based
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on its conditions of sources, to enhance power efficiency
[2]. Unfortunately, this control method aggravates the power
supply imbalance problem [3]. Therefore, a certain amount
of output power from the RESs must be curtailed to effec-
tively address this issue.

Currently, in line with the global trend, the South Korean
government is striving to transform Jeju island into a car-
bon-free island by replacing all the traditional synchronous
generators with the RESs. Note that in Jeju island, RESs
are primarily consists of wind power plants (WPPs), where
individual wind generators are clustered, and photovoltaics
(PVs). However, these RESs are currently operated using
the MPPT control method without a proper curtailment con-
trol strategy. Note that operating the RESs without proper
curtailment control strategy can significantly increase the
power supply, and this may cause frequency to arise beyond
its nominal value [4, 5].

In addition, the increasing penetration level of RESs
poses a significant challenge to the frequency stability.
While the traditional synchronous generators were syn-
chronously connected to the grid, these RESs are connected
through inverter-based components. In other words, they
are decoupled from the grid and cannot provide the inertial
to the grid. Moreover, these RESs are commonly operated

@ Springer


http://orcid.org/0000-0001-5911-8335
http://orcid.org/0000-0003-2858-7846
http://crossmark.crossref.org/dialog/?doi=10.1007/s42835-024-01810-1&domain=pdf

910

Journal of Electrical Engineering & Technology (2024) 19:909-918

using the MPPT control method, which means they do not
have a power reserve. Consequently, during disturbances,
such as generation loss, the high penetration level of RESs
can increase the rate of change of frequency (RoCoF), which
is typically measured as soon as disturbance occurs in the
power system. In addition, frequency nadir (FN) and settling
frequency are correspondingly decreased, which may result
in significant challenges to the frequency stability [6, 7].

In order to address the frequency stability problems
caused by the increasing penetration level of RESs, vari-
ous studies have been conducted to enable the frequency
responses through WPPs. For instance, to provide the iner-
tial response using WPPs, researchers have developed meth-
ods such as the frequency-based inertial control (FBIC) and
stepwise inertial control (SIC) methods [8—11]. Note that the
FBIC method provides the frequency response based on the
frequency deviation similar to the droop response. On the
other hand, the SIC method provides the frequency response
by increasing the output power, considering the available
response capacity of WPPs.

Moreover, various methods exist in the power system to
balance the power supply and load demand. For instance,
these methods include demand response, energy storage
systems, dispatchable distributed generators, and ancillary
service market [12—15]. However, in case of operational and
technical limitations on these methods, it is necessary to
curtail the output power of RESs. Note that, there have been
other studies on developing curtailment control methods for
WPPs. In particular, the study in [16] introduced two curtail-
ment control methods. One is the proportional curtailment
control strategy (PCS) method, which curtails proportion-
ally based on the current output power level. The other is
the constant curtailment control strategy (CCS) method,
which curtails a constant amount regardless of current out-
put power level. Nevertheless, none of these studies consider
the unique characteristics of individual WPPs, including the
source conditions and mechanical characteristics like rotor
speed acceleration, which can significantly influence the
stored inertial energy [17].

This paper proposes the novel curtailment control strat-
egy to calculate the appropriate amount of output power
curtailment for each WPP using the sequential quadratic
programming (SQP) optimization algorithm, which is an
optimization program for solving nonlinear problems. This
strategy takes into account the rotor speed to increase the
stored inertial energy. When a disturbance, such as genera-
tion loss, occurs in the power system, WPPs can provide the
effective frequency support with the larger stored inertial
energy. Consequently, it can provide the more inertial energy
during disturbances. As the result, the frequency stability
is effectively improved for the power system with the high
penetration of RESs. The major contributions of this paper
are summarized as follows:
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e A novel curtailment control strategy is proposed to maxi-
mize the stored inertial energy within WPPs. The pro-
posed curtailment control strategy effectively allocates
the required amount of output power curtailment to each
WPP based on the SQP optimization algorithm. There-
fore, WPPs can provide the larger inertial response dur-
ing disturbances.

e The effectiveness of proposed curtailment control strat-
egy is verified under the various penetration levels of
wind power (PLWs) and wind speeds in the IEEE-39
bus system using the DIgSILENT PowerFactory® and
MATLAB® software.

This paper is organized as follows. Section 2 introduces
WPPs curtailment control strategies and inertial control
method. Then, the proposed curtailment control strategy is
described in Sect. 3 to increase the inertial energy while
providing the required output power curtailment. In Sect. 4,
the effectiveness of proposed curtailment control strategy
is verified with several case studies using the DIgSILENT
PowerFactory® and MATLAB® software, based on the
IEEE-39 bus system [18]. Finally, conclusion is addressed
in Sect. 5.

2 Operation Strategy of Wind Power Plants

2.1 MPPT Control Method

The mechanical power from WPPs is calculated based on
the wind speed and its characteristics as

mec

1
P = Ean%j,cp(,a, i) 1)

A=— )

where P,,,. is the mechanical power, p is the air density, R is
the rotor radius, v,, is the wind speed, Cp is the power coef-
ficient, A is the tip speed ratio, f is the pitch angle, and w is
the rotor speed. In the equations given above, it is observed
that the value of P,,,. varies based on the change in the value
of C,. Note that this C, is determined by the value of 4 and
p. Therefore, even at the same wind speed, the value of P,
may vary depending on the operation of WPPs.

In order to maximize the output power of WPPs, the
MPPT control method is used to optimize the value of C,
[19, 20]. To do so, the value of f must be maintained at 0,
and the tip speed ratio, at which C,, is maximized, must be
appropriately determined. Then, the maximum output power
by the MPPT control method, P,,ppy, is defined as
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opt
where 4, is the optimal tip speed ratio, C,, ., is the maxi-

mum power coefficient, and k,,, is the MPPT curve coeffi-
cient. In this paper, 4,,,, C and k,, are setto 7.2,0.441,

> opt> ~ p,max>

and 0.420, respectively.

opt

2.2 Curtailment Control Strategy

In order to maintain the balance between the power supply
and load demand, the transmission system operator (TSO)
may require some WPPs to curtail their output power. In
general, there are the PCS and CCS methods for WPPs to
curtail their output power [16]. Note that the PCS method
curtails the output power from WPP proportional to its
current output power. On the other hand, the CCS method
curtails a fixed amount of output power regardless of wind
speed. In other words, while the amount of output power
curtailment varies with the wind speed for the PCS method,
the CCS method curtails the same amount of output power.

As shown in Fig. 1, when WPP is curtailed using the
PCS method, the amount of output power curtailment also
increases for the region at the high rotor speed. Also, the
amount of output power curtailment for the PCS method,
AP, pcs, is defined as

APy pcs = (1= p)Pyppr “)

where p is the PCS coefficient, which has the value between
0 to 1. Note that if the value of p is 0, it means that all of its
output power is curtailed from WPP. On the other hand, if
its value is 1, the output power is not curtailed from WPP.
In other words, the lower value of p increases the amount of
output power curtailment. On the other hand, when WPP is
curtailed using the CCS method, the same amount of output
power is curtailed regardless of wind speed (see the red and
green lines in Fig. 1).

Torque limit

Active power (pu)

MPPT control method
- = = =Proportional curtailment strategy
Constant curtailment strategy

Rotor speed (pu)

Fig. 1 Output power curtailment curve of WPP according to the rotor
speed

2.3 Stepwise Inertial Control

When a disturbance, such as generation loss, occurs in the
power system, the power system frequency decreases due to
an imbalance between the power supply and load demand.
Also, during disturbances, the stored inertial energy in the
large rotating mass of traditional synchronous generators
supports the frequency stability. However, the growing use
of inverter-based RESs decreases the system inertial, lead-
ing to increase in RoCoF and lower FN [21-23]. To address
these stability problems, WPPs applied with the SIC method
can provide the inertial response to compensate for distur-
bances. In particular, the output power of WPP operating
with this method instantly increases as soon as disturbance
occurs in the power system. Then, this can provide the
dynamic frequency support, particularly in RoCoF and FN.

Various studies have developed inertial control methods
for WPPs. In particular, the SIC method introduced in [24]
is proven to effectively support the frequency stability for
the high penetration of RESs. The overall control process of
SIC method is explained in stages, as shown in Fig. 2. Stages
I and II are implemented to arrest the frequency decrease
and enhance the frequency stability. Note that these stages
are activated as soon as disturbance is detected, and WPPs
instantly increase the output power from the MPPT control
method operating point to provide the frequency response.
The output power increment using the SIC method, APg;,
is defined as

APgc = [Pr_j(wg) — Pyl - (wg — o), )

where P, and w,, are the initial output power and rotor speed
before disturbance, respectively, Py ;. (@) is the torque limit
output power at @, ®,,;, 1s the minimum rotor speed, and
n is the parameter depending on the PLW. Note that if the
parameter of n increases, APy, also increases in (5). How-
ever, in Stages III, IV, and V (for the rotor speed recovery),
an excessive output power reduction may cause a secondary
frequency dip [25]. Therefore, an appropriate parameter for

= SIC method

Stage :A—B
| Stage II:B—C C
Stage II1:C—D
Stage IV:D -E
Stage V:E - A

T

Mechanical
power curve

Active power (pu)

-

Rotor speed (pu)

Fig.2 Stepwise inertial control method
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n is selected based on the PLW to prevent such a secondary
frequency dip.

In Stages I and II of SIC method shown in Fig. 2, the iner-
tial response size of APy is provided to support frequency
stability. This is maintained until the system frequency
reaches FN, resulting in a gradual decrease in RoCoF and a
higher FN. After the providing inertial response, the rotor
speed of WPP needs to be restored. Therefore, Stage III is
implemented to prepare for the rotor speed recovery. In this
stage, the output power is gradually decreased as

w—w

P = (Py + APgc) W, forop <o <om (6)
@

FN ~ @Ppin

where wp, is the rotor speed at FN. Lastly, Stages IV and V
are implemented for the rotor speed recovery. In Stage IV,
the output power is supplied below the mechanical power
curve to recover the decelerated rotor speed and reach the
MPPT curve. Then in Stage V, WPP is operated back to the
MPPT control method.

3 Proposed Curtailment Control Strategy

As mentioned previously, with the increasing penetration level
of RESs, there are several challenges in maintaining the power
supply and load demand balance [26, 27]. Therefore, in case
of excessive power supply, WPPs are required to curtail their
output power. When the output power from WPP is curtailed,
the rotor speed is accelerated, which increases the stored iner-
tial energy. However, as shown in Fig. 3, the amount of stored
inertial energy increment during acceleration varies depend-
ing on the wind speeds. When the output power is curtailed
from WPP operating in the MPPT control method, the oper-
ating point shifts from Point A to F on the mechanical power
curve, as shown in Fig. 3. A comparison between V| and V,
shows that, even though the same amount of output power
is curtailed, the rotor speed accelerates differently. Also, this

T —7 T
o
» Vl < V2 < V3 < V4 MPPT curve A 4

04

g [
Mechanical power curve

Active power (pu)

0,71

cur,V'1

.-
o3

“o.r1 Ceur,v1%0,v4 “Ceurv4

Rotor speed (pu)

Fig.3 Relationship between the rotor speed and the output power
curtailment
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indicates that the stored inertial energy within WPPs increases
differently.

Consequently, maximizing the stored inertial energy
within WPPs enables the larger inertial response using the
SIC method during disturbances, thereby enhancing frequency
stability. Therefore, this section formulates the optimization
problem based on the SQP optimization algorithm while con-
sidering WPPs characteristics [28].

3.1 Definition of Objective Function
and Constraints

In order to maximize the total stored inertial energy within
WPPs during the output power curtailment, the objective func-
tion, f, is defined as

f(X) = max {Z KEi} @)
i=1

where the vector X=[w_,,.|, ®¢yr2> -+ Dy ] 15 formed
with the rotor speed and KE; is the increased stored inertial
energy of i-th WPP after the output power curtailment [17].
Note that KE; is defined as

[ [

1
KEi = Ejgen»i(wzur,i - wé,i) (8)

where J,,, ; is the inertial of generator of i-th WPP.

For the constraints in the optimization problem, the total
amount of output power curtailment must be maintained to
the required amount for power balance. Also, the rotor speed
must not accelerate beyond the maximum limit during the out-
put power curtailment. Therefore, the constraints used in the

optimization problem are defined as

n
P curtotal — Z P cur,i (9)
i=1

o < a)mgx,isVi = 1, 2, . n (10)

cur,i

where @, ; 1S the maximum rotor speed limit based on the

max,i
characteristics of i-th WPP. Note that P, ; is defined as

L 3
Py = Pyppri — szivw,icp,i(}”i’ﬁi) (11
where these parameters are determined by the wind speed
and mechanical characteristics of i-th WPP. The parameter
specifications of mechanical characteristics are given in
Table 1.
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Table 1 WPP parameters

Parameter Value
Rated power capacity 2.0 MW
Rated voltage 690.0 V
Nominal frequency 60 Hz
Inertial constant (H) 6s
Cut-in wind speed 3.0 m/s
Rated wind speed 11.0 m/s
Rotor speed, max (wy;,,) 19.0 rpm
Inertial of generator (J,,,) 169 kgm?
Gear box ratio 1:101

3.2 Implementation of Proposed Curtailment
Control Strategy Framework Based
on Sequential Quadratic Programming

The proposed curtailment control strategy, which involves
solving the defined optimization problem using the SQP
optimization algorithm, is shown in Fig. 4. In Step 1, the
proposed strategy is activated when the output power gen-
eration exceeds the load demand, requiring the output power
curtailment for RESs. Note that the system operator can
detect this power supply imbalance by an increase in sys-
tem frequency.

Next in Step 2, WPPs are firstly selected for output power
curtailment. Then, for those selected WPPs, the value of Cp is
calculated, which is used in (11), based on their wind speed

Detection of imbalance between the power supply
and load demand

Calculation of required amount of output power
curtailment

I Select WPPs for power curtailment |

Analyze the current wind speed and mechanical
characteristics of WPPs

| Initialize the iteration number (k = 0) | Example

and the WPPs rotor speed (x,)

Define the objective function to calculate the amount of
output power curtailment for WPPs that maximizes the
total stored inertial energy

—

Solve the sequential quadratic programming
using the quasi-Newton method

Output X,

and mechanical characteristics. Finally, the iteration number
(k) and the amount of output power curtailment for each WPP
are initialized.

In Step 3, using the information on wind speed and the
mechanical characteristics of selected WPPs from the previous
steps, an optimization problem is formulated with its objective
function and constraints to maximize the total stored inertial
energy. Then, in order to solve this optimization problem, the
SQP optimization algorithm, which is recognized in the field
of engineering for addressing nonlinear optimization problems
[29, 301, is applied. This algorithm operates iteratively by solv-
ing the local quadratic programming (QP) of objective func-
tion with its constraints. Consequently, for each k-th iteration,
the QP is defined as

max{ %Q{sz(ik)ék + Vf(ﬁk)TQk +f(§k)}
S't'Vhi(ik)Tgk + hi(ik)(), Vi=1,2,..,n

Ve(x)'d, +8(x,) =0

12)

where d; is the Newton step, X, is the current estimate
(which is the rotor speed of WPPs after the output power
curtailment), and A(x,;) and g(x,) are the constraints at k-th
step, respectively.

Then, in order to solve this QP, the Lagrange function is
defined for the QP of (12) as

Ld,.p .00 = F(d) +p Hi(d) +0,G(d) (13)

The value is increased compared The value is decreased compared
to the previous iteration to the previous iteration
Iteration Output power curtailment for each WPP Ir}creésed The value of
number inertial total stored
erer; B :
WPP, WPP, cee WPP,, WPP, &Y |inertial energy
within WPPs
Deur,1.0 Deur2.0 Deyrn-1,0 Deyrn0 Z is maximized
O | p P e P D KE,,
cur,1,0 cur,2,0 cur,n-1,0 cur,n,0 Py "
Dcur1,1 DOcur2,1 Dcurp-1,1 Dcurn,l R
PP P e P KE,
cur,1,1 cur.2.1 cur.n-1,1 cur.n1 = v
Dcur,12 Dcur2 Dcur.p-1.2 Dcurn2 <
2 | p P e P KE,,
cur,1,2 cur2.2 cur,n-12 cur.n2 e &
. . . . . .
. . . coe . . .
. . . . . .
Dy k-1 Deyr2 Je-1 wcur,n—l,k—l D cyppf-1 -
B | P | 0t | P Parin | 2KE s
cur,1.k-1 cur,2.k-1 cur,n-1.k-1 cur,n.k-1 = L
i=]
2 Oourik | Por2k | ., | Pewrnrk | Deurnk Z": KE
P, cur,l.k I cur2.k 17 cur,n-1.k I cur,nk = 1k

Fig.4 Framework for implementing the proposed curtailment control strategy for WPPs
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where L, is the Lagrange function, p, and g, are the
Lagrange multipliers, F(d,) is the objective function, H;(d,)
is the inequality constraint, and G(d,) is the equality con-
straint of QP. Then, the Newton step of d, is determined
by solving the Lagrange function using the quasi-Newton
method. As the result, X, is updated using the calculated
d, as

Xt =%~ 4 (14)
Finally, the QP is repeatedly solved until the below con-
straint is satisfied.

lF(x) —F(x )| <€ (15)

where ¢ is the error tolerance for optimal value. In this paper,
€ is set to 0.00001, respectively. Then, Xopps which refers
to the optimal rotor speed of all WPPs for maximizing the
stored inertial energy, is obtained. As the result, WPPs are
ready to provide the optimal inertial response in the event
of disturbances.

An example of a previously explained flowchart process
is also given in Fig. 4. Initially, the iteration number is set
to 0, and the initial rotor speed of WPPs, x,, is determined
based on their wind conditions. Also, the initial amount of
output power curtailment for the i-th WPP, P, ; o, is initial-
ized. In the next iteration (k=1), X, is determined to maxi-
mize the overall sum of KE; ;. Consequently, after determin-
ing x,, P,,,; for each i-th WPP can be calculated. Note
that depending on the value of d; in k-th iteration, the rotor
speed and the amount of output power curtailment for each
WPP may either increase or decrease in the next (k+ 1)-th
iteration.

For example, when the iteration number is 2 (k=2) in
Fig. 4, the rotor speed and the amount of output power cur-
tailment of WPP, are increased compared to the previous
iteration (k=1). On the other hand, these values for WPP,
are decreased. As the result, while the objective function in
(7) maximizes the total stored inertial energy within WPPs
during the iteration process, the constraint in (9) ensures that
the total amount of output power curtailment is maintained.
Then, this iterative process continues until (15) is satisfied.
Finally, in the last iteration, Xopt is obtained, which maxi-
mizes the total stored inertial energy within WPPs.

4 Case Studies

The effectiveness of proposed curtailment control strategy
is verified in the IEEE 39-bus system using the DIgSILENT
PowerFactory® software. Note that the IEEE 39-bus system
is divided into four areas, as shown in Fig. 5, and the wind
speed and PLW for each case study are given in Table 2.

@ Springer

Fig.5 IEEE 39-bus system with 4 WPPs

Also, the output power of synchronous generators (SGs) and
WPPs are given in Table 3.

In order to validate the effectiveness of proposed strategy,
the conventional curtailment control strategy, which curtails
all WPPs by 10% of their output power, is conducted for
each case study. In particular, the amount of each WPP out-
put power curtailment for both conventional and proposed
curtailment control strategies is given in Table 4. Also, for
the event of disturbance, SGgq is suddenly disconnected at
10 s for all case studies.

4.1 Case A at PLW of 10%

Again, for the conventional curtailment control strategy, all
WPPs are equally curtailed by 10% of their output power.
As the result, WPPs in areas 1, 2, 3, and 4 are curtailed by
4.2 MW, 4.0 MW, 0.5 MW, and 2.2 MW, respectively. Then,
their rotor speeds are accelerated from 1.5 rad/s, 1.1 rad/s,
0.5 rad/s, and 0.8 rad/s to 1.7 rad/s, 1.3 rad/s, 0.6 rad/s, and
0.9 rad/s, respectively. Consequently, the total stored inertial
energy from WPPs is increased by 79.6 MJ.

On the other hand, the proposed curtailment control
strategy curtails WPPs in areas 1, 2, 3, and 4 by 1.2 MW,
2.1 MW, 4.7 MV, and 2.9 MW, respectively. Then, the rotor
speed is accelerated to 1.6 rad/s, 1.3 rad/s, 0.8 rad/s, and
1.0 rad/s, respectively. This result is an increase in the total
stored inertial energy from WPPs by 87.2 MJ. As the result,
when compared to the conventional strategy, the proposed
strategy increases the total stored inertial energy by 13%.

In order to validate the effectiveness of increased stored
inertial energy from WPPs, the frequency stability is ana-
lyzed. Since the stored inertial energy from WPPs using
the proposed strategy is higher than that of conventional
strategy, it can provide the more inertial response during
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Table2 Wind speed and PLW

. Case Area 1 Area 2 Area 3 Area 4
for case studies
V., PLW v, PLW V., PLW V., PLW
(m/s) (%) (m/s) (%) (m/s) (%) (m/s) (%)
A 9 1.1 7 22 3 33 5 33
B 9 22 7 4.4 3 6.7 5 6.7
C 9 33 7 6.7 3 10.0 5 10.0
Table 3 Initial output powers from SGs and WPPs
Case Output power (MW)
SG, SG, SG; SG, SG; SGg SG, SGg SGy SG
A 1000 714 603 632 508 650 480 610 830 0
B 1000 714 603 632 508 538 480 610 830 0
C 1000 714 603 521 508 538 480 610 830 0
Case Output power (MW)
WPP, WPP, WPP, WPP,
A 42.6 40.1 4.7 21.9
B 85.1 80.1 9.5 43.8
C 127.7 120.1 14.2 65.7
Table 4 Th? amount of output Case Curtailment amount ~ WPP, WPP, WPP; WPP, Total
power curtailment for each (MW)
WPP
A Conventional 4.2 4.0 0.5 22 10.9
Proposed 1.2 2.1 4.7 29 10.9
B Conventional 8.5 8.0 0.9 4.4 21.8
Proposed 24 4.2 9.4 5.8 21.8
C Conventional 12.8 12.0 1.4 6.6 32.8
Proposed 3.6 6.2 14.2 8.8 32.8

disturbances. As shown in Fig. 6a, the values of APy, for
the conventional and proposed strategy are 75.2 MW and
87.9 MW, respectively. As the result, the FN of proposed
strategy reaches 59.363 Hz, which is 0.011 Hz higher than
that of conventional strategy that reaches 59.352 Hz. Also,
the values of RoCoF are reduced from 0.236 to 0.233 Hz/s.

4.2 Case B at PLW of 20%

For this case study, the overall PLW increases from 10 to
20%, and the total amount of output power curtailment
increases from 10.9 to 21.8 MW. When the conventional cur-
tailment control strategy is applied, the total inertial energy
stored within WPPs increases to 159.2 MJ. On the other
hand, the proposed curtailment control strategy increases
the stored inertial energy to 174.4 MJ.

In order to validate the effectiveness of proposed strat-
egy, the frequency stability improvement is analyzed for

disturbance. Since the stored inertial energy within WPPs
is higher for the proposed curtailment control strategy, it can
provide the higher inertial response during disturbance. As
the result, the values of AP for the conventional and pro-
posed strategy are 152.6 MW and 180.6 MW, respectively,
as shown in Fig. 7a. Consequently, the FN is increased from
59.418 to 59.442 Hz, as shown in Fig. 7b. Moreover, the
values of RoCoF are reduced from 0. 214 to 0.208 Hz/s.

4.3 Case Cat PLW of 30%

In the last case, the PLW increases from 20 to 30%, and the
total amount of output power curtailment is increased to
32.8 MW. For this case, the output power is curtailed using
the conventional and proposed curtailment control strat-
egy, as given in Table 4. Then, these strategies increase the
stored inertial energy in all WPPs to 238.8 MJ and 261.6 MJ,
respectively.
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In the event of disturbance, the inertial response is
provided using the conventional and proposed curtail-
ment control strategies by 230.6 MW and 276.0 MW,
respectively (see Fig. 8a). Consequently, the FN increases
from 59.482 to 59.510 Hz, while the value of RoCoF is
decreased from 0.191 to 0.181 Hz/s. Therefore, the three
case studies show that the effectiveness of frequency stabil-
ity improvement by the proposed strategy becomes clear
as the PLW increases.

The results are summarized in Table 5 and Fig. 9. Based
on these case studies, it is observed that the amount of
stored inertial energy within WPPs can vary depending on
the curtailment strategy. The proposed strategy increases
the stored inertial energy by approximately 13% more com-
pared to the conventional strategy in all cases. As shown
in Fig. 9, the difference in stored inertial energy increases
linearly with the increasing penetration level, given that
the wind speed was not changed for this case study. This,
in turn, enables to provide more inertial energy during dis-
turbances, resulting in an increase in the FN and a decrease
in RoCoF.
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Fig.8 Results of Case C. a Total output power of WPPs, b System
frequency
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Table 5 Comparison of results Method Case A Case B Case C
for all cases
Increased inertial Conventional curtailment strategy 79.6 159.2 238.8
energy (MJ) Proposed curtailment strategy 87.2 174.4 261.6
FN (Hz) Conventional curtailment strategy 59.352 59.418 59.482
Proposed curtailment strategy 59.363 59.442 59.510
RoCoF (Hz/s) Conventional curtailment strategy 0.236 0.214 0.191
Proposed curtailment strategy 0.233 0.208 0.181

300 o Conventional curtailment control strategy 2616

250 ™® Proposed curtailment control strategy 238.8
200 1744
159.2
150
100 796 872
i l .
0

Case A Case B Case C

Increased inertial energy (MJ)

Fig.9 Comparison of increased total stored inertial energy within
WPPs

5 Conclusion

This paper proposed novel output power curtailment control
strategy to maximize the stored inertial energy within WPPs
by using the SQP optimization algorithm. To do so, an effi-
cient output power curtailment strategy was implemented
by considering the mechanical characteristics and wind
speeds of each WPP. Then, the effectiveness of proposed
curtailment control strategy was verified through several
case studies on the IEEE-39 bus system using the DIgSI-
LENT PowerFactory® and MATLAB® software under the
various wind speeds and PLWs. The results showed that the
proposed curtailment control strategy can store more inertial
energy than that of conventional curtailment control strategy.
Therefore, the proposed strategy was able to provide higher
inertial energy during disturbances to improve dynamic fre-
quency stability, particularly for the FN and RoCoF.
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