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ABSTRACT This paper proposes a new coordinated control for multiple wind power plants (WPPs) based on
two stepwise inertial control (SIC) methods to effectively release the kinetic energy of the permanent magnet
synchronous generators (PMSGs) and improve their inertial response. When a large disturbance occurs, the
conventional SIC method increases the output power from the PMSG instantly to arrest the frequency nadir
(FN). However, in low wind speed conditions, it may not be able to provide a sufficient inertial response.
Therefore, the proposed coordinated control applies the new SIC method to some WPPs by decreasing the
output power from their PMSGs for a short period before increasing it. This results in initially accelerating
the rotor speed of the PMSGs and reserving their releasable kinetic energy. This means that they are ready to
extract more powers without causing the over-deceleration (OD) problem. Also, the proper selection of two
SIC methods for multiple WPPs is able to prevent the rate of change of frequency (RoCoF) from increasing.
The effectiveness of the proposed coordinated control is verified with several case studies on the IEEE
benchmark 39-bus test system. The results show that it effectively improves the frequency stability of the
power system without raising the RoCoF in various conditions. Moreover, this enhancement becomes more
apparent when the penetration level of wind power is high.

INDEX TERMS Coordinated control, frequency nadir, frequency stability, penetration level of wind power,
rate of change of frequency, rotor speed, stepwise inertial control.

I. INTRODUCTION

Frequency is an important index to evaluate the stability of
a power system due to a large event. In particular, there
are two points to analyze in the dynamic response of fre-
quency. One is the frequency nadir (FN), which is the lowest
frequency point during the transient state. The other is the
settling frequency. Note that the automatic generation control
is activated to recover the system frequency to its nominal
value from the settling frequency.

To secure the frequency stability of the power system,
the governors of the conventional synchronous generators
(SGs) handle the primary frequency control [1]. Thus, when
they are replaced with distributed generators (DGs) based on
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renewable energies such as photovoltaic and wind, etc., it is
crucial to take the appropriate control actions for the DGs and
energy storage system (ESS) to maintain frequency stability.
In particular, many studies have developed novel control
methods for ESS to provide fast active power response and
enhance power system inertia to secure frequency stability
problems [2], [3], [4]. Also, virtual synchronous generators
(VSG) have been proposed in many studies to provide sim-
ilar frequency and inertia responses to support frequency
stability [5], [6], [7].

The most widely used control method for the permanent
magnet synchronous generator (PMSG) is the maximum
power point tracking (MPPT) control method [8], [9]. How-
ever, because it does not participate in the frequency support
of the system, it can aggravate the frequency stability when
a large disturbance occurs. Moreover, as the penetration
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level of wind power (PLW) increases, this adverse impact
will become more severe [10], [11], [12]. To overcome this
problem, the PMSGs are required to provide the appropriate
ancillary services with respect to frequency support [13]. The
inertial control of PMSGs is a good example.

There are two representative inertial control methods for
the PMSGs. One is the frequency-based inertial control
(FBIC) method [14], [15], [16], [17], and the other is the
stepwise inertial control (SIC) method [18], [19], [21]. The
former uses the droop control with the rate of change in fre-
quency and its deviation signals. On the other hand, the latter
utilizes the rapid change of active power. In other words, the
FBIC method is dependent on the system frequency, whereas
the SIC method is independent of it. Therefore, it can be
preferably used for more applications. Several SIC methods
have been reported to increase the frequency stability with
a focus on the FN [19], [20], [21]. They are implemented
in the deceleration and acceleration stages. In the former
stage, the PMSG releases more power to arrest the FN higher.
In contrast, it decreases the power while resulting in a return
to the MPPT control method in the latter stage. In partic-
ular, the study in [20] sharply increases the output power
from the PMSG up to its torque limit, and it decreases the
power while considering its minimum speed limit. However,
because the power already reaches the torque limit, it needs
to decrease the output power before arresting the FN rather
than keep releasing it. This results in a late response to
arrest the FN even though a large amount of real power is
supplied from the PMSGs. Moreover, this problem becomes
worse when the PLW is high. To figure it out, the research
in [21] initially increases the output power by considering
the releasable kinetic energy, and thereafter it maintains
the increased power until the FN is arrested. This helps to
raise the FN higher, and therefore it improves the frequency
stability further. Moreover, instead of newly developing a
controller, recent studies have focused on how to apply
existing inertial control methods more effectively to multiple
wind power plants (WPPs) [22], [23], [24]. Nevertheless,
there are no solutions for still maintaining their performance
at low wind speeds. This means that the releasable kinetic
energy of PMSGs is temporarily insufficient in this low wind
speed condition to provide the additional powers to arrest
the FN.

To improve the inertial response of multiple WPPs in entire
operating conditions (including at low wind speeds), this
paper proposes a new SIC method by instantly decreasing
the output power for a short period right after detecting a
disturbance. This results in accelerating the rotor speed of
PMSGs. In other words, it adds the supplementary acceler-
ation stage at the beginning of control before arresting the
FN. This enables reserving the releasable kinetic energy of
WPPs momentarily. Thus, it can extract more powers than the
conventional SIC methods. Moreover, when it is increasing
the power to arrest the FN (the rotor speed is therefore
decreasing), the risk of over-deceleration (OD) problem can
be avoided because the rotor speed is already raised in the
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supplementary acceleration stage. In summary, the new SIC
method can arrest the FN more effectively and efficiently than
the conventional SIC methods while therefore improving the
frequency stability. On the other hand, initially decreasing
the output power from the PMSGs might cause to increase
the rate of change of frequency (RoCoF), while resulting in a
severe impact [25]. Moreover, this problem becomes critical
in the power system with low inertia. Therefore, the proposed
coordinated control properly combines the new SIC method
with the conventional one for multiple WPPs not to increase
the RoCoF while still providing an effective inertial response.
The major contributions of this paper are summarized as
follows:

e The drawbacks of the conventional inertial control
methods for low wind speed conditions have been
analyzed.

e A supplementary acceleration stage has been added for
the new SIC method to improve the inertial control
capability of the wind generator. Therefore, this new
method is able to provide larger frequency stability
support than conventional SIC methods.

e Coordinated control for multiple WPPs based on con-
ventional and new SIC methods has been proposed to
improve FN while considering high RoCoF prevention.

e The proposed coordinated control with the new SIC
method operates the multiple WPPs to improve the
frequency stability for various PLW and wind condi-
tions, and its efficiency has been verified under various
PLW and wind speed conditions using DIgSILENT
PowerFactory® software.

This paper is organized as follows. In Section II, the
new SIC method for PMSGs is explained in detail with
the theoretical analysis. Section III proposes the coordinated
control for multiple WPPs by properly selecting two SIC
(proposed and conventional) methods. Then, several case
studies on the IEEE benchmark 39-bus test system are car-
ried out in Section IV with the DIgSILENT PowerFactory®
software [26]. In particular, its performances on various wind
speeds and PLWs are compared with those by the MPPT
and only conventional SIC methods. Finally, conclusion and
future work are given in Section V.

Il. TWO STEPWISE INERTIAL CONTROL METHODS

As mentioned previously, two SIC methods are effectively
combined by the proposed coordinated control. The first
adopts the existing method in [21] (which initially increases
the output power from the PMSGs), and the second is newly
proposed for this study by providing the supplementary accel-
eration stage, which initially decreases the output power from
the PMSGs.

The structure of PMSG is shown in Fig. 1. It consists of
the rotor-side converter (RSC) and grid-side converter (GSC).
In this study, the active power is controlled by using the RSC,
whereas the DC-link voltage and reactive power are regulated
by the GSC. The mechanical power, P, obtained from wind
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FIGURE 1. Structure of PMSG.
TABLE 1. PMSG parameters.
Parameter Value
Rated power capacity 2.3 MW
Rated stator voltage 33kV
Nominal frequency 60 Hz
Inertia constant (H) 6s
Rated wind speed 10.7 m/s
Cut-in wind speed 4 m/s
Cut-out wind speed 24 m/s
is calculated [20] as
Po = 2pmrudep(u 1
m = =PI vy cp( tips B) (1

2

where p is the air density, r is the rotor radius, v,, is the
wind speed, cp is the power coefficient, A, is the tip speed
ratio, and g is the pitch angle. When the rotor speed is in
the ranges from lower to upper speed limit, which are 0.7 pu
and 1.25 pu, respectively, B is maintained to 0° by the pitch
control. Then, cp in (1) is only related to A, and it has the
maximum value when A, is optimally selected by the MPPT
control method [27]. The parameter specifications of PMSG
are given in Table 1.

A. SIC METHOD-1

Like the other conventional SIC methods, the SIC method-1
increases the power right after detecting a disturbance. In par-
ticular, this increased power is maintained until the FN is
arrested, as shown in Fig. 2. The increased power by the SIC
method-1, APsjc_1 is calculated [21] as

APsic — 1 = [Pr—iim(®o) — Pol - (0 — @) (2)

where P( and wy are the initial output power from the PMSG
and steady-state rotor speed before a disturbance occurs,
respectively. wpip is the minimum speed limit, Pr_ jjm(wo) is
the power referring to the torque limit at wg, and superscript
n is the parameter depending on the PLW. Because the power
is maintained after it is increased by (2), this supports the
frequency stability with the other SGs, which have a relatively
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late response. As the result, the FN can be raised higher.
After arresting the FN, the active power is decreased (see
the dash-dotted blue trajectory in Figs. 2 and 3(a)). Then,
the rotor speed (w,) is recovered to wy so as to generate the
maximum power in the MPPT curve (which is indicated by
the dotted green line in Fig. 2). If APsic—1 in (2) is excessive
during the arresting period of FN, the amount of decrease in
the active power and its decreasing rate also become high.
This means that the other SGs with a relatively late response
are required to compensate for the decreased power. Thus,
this can cause more decline in the FN while making the
frequency response late. Moreover, the OD problem is subject
to occur in the region of low wg. To solve this problem, the
value of the term in the second bracket or 7 in (2) needs to be
small to reduce APsic—i. This means that the SIC method-1
enables the PMSG to provide effective frequency support at
high wind speeds. However, it is difficult to do so in low wind
speed conditions.

B. NEWLY PROPOSED SIC METHOD-2

The operational characteristic of the proposed SIC method-2
is represented by the thick-solid red trajectory on the plane
of power versus rotor speed in Fig. 2. The corresponding
time-domain characteristic is also shown in Fig. 3(b). Again,
the SIC method-1 increases the power right after detecting
a disturbance in the power system. However, the FN is not
arrested as soon as the disturbance occurs. Instead, it takes
about a few seconds to arrest the FN [1]. Therefore, the
proposed SIC method-2 adds the new step of stage I (from
point A to B in Figs. 2 and 3(b)) to accelerate w,. This
can reserve the releasable kinetic energy of PMSGs such
that they are ready to extract more power to arrest the FN
higher without causing w, to decrease dramatically. As the
result, the SIC method-2 is particularly useful in low wind
speed conditions to provide an effective inertial response. The
detailed operations in six stages for the SIC method-2 are
explained below.

1) Stage I — Reserving the Releasable Kinetic Energy:
The first stage of the proposed method aims to reserve the
releasable kinetic energy of PMSGs as a disturbance occurs.
To do so, the SIC method-2 starts to accelerate w, by decreas-
ing the reference power for the PMSG, P,r, as

Prf(t) = Py — APg_y, fortg <t <t (3)

where 7 is the time period to accelerate w, from wq to wp.
Meanwhile, P, is firstly decreased at 7o, and thereafter it is
maintained for ¢g (from point A’ to B in Figs. 2 and 3(b)). The
period of stage I is short because the PMSG must increase the
power in later stages. Normally, as the FN occurs around 5 s
to 10 s after a disturbance occurs, fp is set to the short period
of 1 s, which is sufficient for the PMSG to reserve additional
releasable kinetic energy without disturbing the later stages.

APélcfz in (3) is set by considering the current stored
kinetic energy of the PMSG. In the region of high wy, it has
sufficient kinetic energy. Thus, the relatively small AP‘S*IC_2
can be used. In contrast, because it has low kinetic energy

VOLUME 10, 2022



S. Lim et al: Effective Inertial Response With New Coordinated Control for Multiple WPPs

IEEE Access

m= =« == SIC method-1
SIC method-2

Stage [: A—B
Stage II: B—B’
Stage III: B’—C

Torque limit

s .
aannnnee®® o
UL *

Active power (pu)

Stage IV: C—D
Stage V: D—E : O
[Stage VI: E=A | _~"APY - ; SIAT 'B Mechanical
""‘"MPPT curve i E i i power curve
wc Wg Wy WB WOnax
Rotor speed (pu)

FIGURE 2. Comparison of operational characteristics by two SIC methods on the plane of power versus rotor speed.
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FIGURE 3. Operational characteristic in time-domain by (a) SIC method-1,
(b) SIC method-2.

in the region of low wy (low wind speed conditions), the
large value of AP‘§‘IC_2 is selected. In particular, w, cannot
be beyond the maximum speed limit, ;4. Then, AP‘L;:‘IC_2
is determined as

APSc , = P+ ok 4)

where k is the constant that considers the inertia of the power
system. When a system has large inertia, the power decrement
of AP/S'\IC_2 will not cause the RoCoF problem. However,
it becomes serious for the power system with low inertia.
Thereby, the smaller AP‘SXI(}2 must be decreased from the
PMSG. Note that the system inertia constant of the IEEE
benchmark 39-bus test system is about 4.5 s, and k is set to
4. In addition, the RoCoF problem is further solved by the
proposed coordinated control described in the next section.
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2) Stage Il — Preparing to Arrest the FN: In this stage,
the proposed SIC method initially increases P,,; to support
the frequency stability similar to that of the SIC method-1.
However, since the power is increased after the rotor speed is
accelerated, the power increment in this stage (Apglcfz) is
higher than APsyic—1. Thus, it is calculated at wp (after the
acceleration of w, is carried out in stage I) as

Prr(t) = Po+ APgic _ 5 at t =1, )

APE. 5 = [Pr_iim(wB) — Pol - (@} — &l':)  (6)

where P7r_1im(wB) is the power referring to the torque limit
at wp. Again, if APsic—1 and APE’IC_2 are excessive, this
can cause other SGs to compensate for the decreased power at
stage I'V, while resulting in more decline of the FN. Therefore,
the values of nin (2) and (6) are set to 1.35,0.75, and 0.5 when
the overall PLWs are 20%, 40%, and 60%, respectively, for
this study.

3) Stage III — Arresting the FN: This stage aims to arrest
the FN at the highest. As mentioned previously, the power
is maintained by the SIC method-1 until the FN is arrested.
In contrast, the SIC method-2 keeps increasing power steadily
with the releasable kinetic energy obtained in stage I until the
FN is arrested as

Prop(t) = R-(t — 1g) + Pryr(tpr), for tg <t < 1pN
(N

where R is the slope of the line from point B’ to C in
Fig. 3(b). If its value is high, the support for arresting the
FN is reinforced by extracting more power. However, when
it is too excessive, Py increases extremely, causing w, to
decrease dramatically. This study focuses on extracting more
additional power by the SIC method-2 than the SIC method-
1 without decreasing the lowest value of w, (preventing the
OD problem). Based on many simulation studies in various
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conditions, the value of R is set to 0.02, 0.013, and 0.01 when
the overall PLWs are 20%, 40%, and 60%, respectively.

4) Stage IV — Preparing Acceleration for Recovery: After
providing frequency support in previous stages, this stage
ensures that w, can recover back to wg, at which the MPPT
control method is applied back. To do so, wp at point D, where
Py, and P, are the same, must be greater than wy,;,,. Then,
P,,r is computed by

Pref (wc)

————— (Wy — Omin),
WC — Wmin

Pref(wr) =

forop < w, < wc (8)

Because P is less than P, after point D, w, starts to
accelerate to wq in the next stage.

S) Stages V and VI — Accelerating Back to the MPPT
Control Method: After implementing the SIC method-2 in
these stages, the PMSG will be operated in the MPPT control
method. In particular, the following two issues are empha-
sized in these stages. First, a second frequency dip must be
prevented while recovering to the MPPT control method.
Second, the time period in stage V (from point D to E) of
returning to the MPPT control method must be short for the
case of further disturbance. Then, P, in stage V is obtained
as

1
Prer(wy, 1) :kopt(l)r3 + APISDIC _ 2(—E([ — )+ 1) ,

forop < w, < wg (9)

where AP]s)Icfz is the power difference between P,y and the
power of the MPPT curve at wp (see Fig. 2), and AT is the
time interval of points D and E (see Fig. 3(b)). The small value
of AT gives the fast recovery to stage VI, in which the MPPT
control method is used. However, the second frequency dip
can occur because it might cause to excessively decrease Pyef.
In contrast, the large value of AT slows the recovery, whereas
it prevents the second frequency dip. In this study, AT is set
to 15 s, 25 s, and 35 s when the overall PLWs are 20%, 40%,
and 60%, respectively.

In summary, the proposed SIC method-2 is able to increase
P more (in stages II and III) than the conventional SIC
methods after accelerating w, (in stage I), which prevents
causing the excessive decreasing rate in P, after arresting
the FN and OD problem.

IIl. PROPOSED COORDINATED CONTROL FOR

MULTIPLE WPPS

As mentioned previously, even though the SIC method-2
is able to extract more power than the SIC method-1, the
initially decreased power in stage I may increase the RoCoF.
Thus, to avoid this, the proposed coordinated control newly
determines the operation of multiple WPPs in one of two
SIC methods. To do so, the objective function, J is firstly
formulated to maximize the inertial response from all WPPs
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with the constraint of preventing the high RoCoF as

M
J = max ZWPPIRJ (vwj» S))

M
s.t. ZWPPim‘l,j (vaj, Sj) >0 (10)
j=1

where v, and S are the wind speed and power capacity
of WPP, respectively, and M is the total number of WPPs.
Also, the inertial response (WPPjg) and initial power change
(WPP;,i) of WPP are defined as

WPPr (v, S)
APsic—1 if WPP is operated in SIC method — 1
- !Apglcz if WPP is operated in SIC method — 2
1D
WPPinir (v, S)
S - APsic—1 if WPP is operated in SIC method — 1
- {—S . APéIC—2 if WPP is operated in SIC method —2
(12)

According to various wind conditions, the releasable
kinetic energy required for the inertial response of each
WPP is different. In order to maximize J in (10) with the
given constraint, the SIC method-2 is mostly applied to the
WPPs, which can effectively increase their releasable kinetic
energy in stage I. On the other hand, the SIC method-1 is
applied to the WPPs with the least effect in the supplementary
acceleration stage. This is because if the WPPs already have
sufficient releasable kinetic energy, stage I of the SIC method-
2 will only worsen the risk of increasing the RoCoF. The
difference in power increment between two SIC methods for
each WPP, P;r, is defined as

Pyr = AP _ 5 — APsic—) (13)

If the value of Pgy is high, it means that the WPPs
can reserve enough releasable kinetic energy in stage I
by the SIC method-2. Particularly when the WPPs have
a small releasable kinetic energy at low wind speeds, the
SIC method-2 is very effective for increasing their inertial
control capability. As the result, it is preferably applied to the
WPPs with high Pyr. In contrast, the WPPs with low Py
already have sufficient releasable kinetic energy. Thus, they
need to increase their power outputs by the SIC method-1 to
compensate for the decreased power from the other WPPs (by
the SIC method-2) during stage I. Finally, the function Jin
(10) can be modified for this study as

M
J = max Z {Pd,-f)jg(j)}

j=1
M
s.t. Z {SjAPSIC—l,j [~ x()] - SjAP'glc_z,jéO')} >0
j=1

(14)

VOLUME 10, 2022



S. Lim et al: Effective Inertial Response With New Coordinated Control for Multiple WPPs

IEEE Access

(start )

Step 1: 2

Initialization | Analyze current wind condition and hosting capacity of WPPs
and v

preparation Initialize iteration number ( / = 0), initial power increment

from WPPs operated in the SIC method -1 (P, 4, =0), and
initial power decrement from WPPs operated in the SIC
method-2 (Pdow,,_,m= 0)

¥

Calculate the values for SIC methods-1 ( APg;c 1) and 2
(AP&. _, and APE._,)and Pg for every WPPs

Step 2: Selection of
control method

P

up_tot 2 Pdownvtot 7

Find WPP; with minimum value of Pyy; x(j) =b; =0;
update P, o by (15)

Find WPP; with maximum value of Py;; x(j) =b;=1;
update Pdown_tot by (16)

b;=0:SIC method-1 b;=1:SIC method-2 X:Unknown

Step 3: Confirmation 5 " >
: ’< -
of high RoCoF Yes up_tot = Tdown_tot

No
Assign the SIC method -1 to
the last WPP | output x |

End

WPP,(WPP,(WPP,| .. [WPP,,,| WPP,,
/ Condition
Binary variable
0 |Puroc=0 x | x | x X X
Pdown_tot =0
P up_tot =P, down_tot
Example| 1 (and WPP, hasthe| X 1 X X X
highest Py
if Pup_tot 2 Pdown_mt
and WPP,,, has X il X it X
> -the highest P
if Pup_[ot % Pdown_mt
and WPP; hasthe| X 1 0 X X
lowest P‘i"!
lid up_tot 2P, down_tot
M-1|and WPP,, has X 1 0 0 1
the highest Pair
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FIGURE 4. Flowchart to implement the proposed coordinated control for multiple WPPs.

where the vector x [b1, by, ..., by]’ is formed with
binary variables, b;. Note that if b; is 0, the WPP; operates
by the SIC method-1. In contrast, if b; is 1, it operates by
the SIC method-2. The bitwise NOT operation, ~ in (14)
denotes inverting the value of b; from O to 1, or vice versa.
Then, the proposed coordinated control for multiple WPPs is
implemented as shown in Fig. 4, while maximizing the value
of J in (14). Firstly, the variables, vy, S, N, and [ (number of
iterations) are initially defined. Also, P, 1or and Pgown_ror are
defined as the total power initially increased and decreased by
the WPPs operated in the SIC methods 1 and 2, respectively.
Their values are initially set to zero, and they are updated in
every iteration during the decision process as

Pup_tor + SjAPs1C—1,
Pdawn_tot + SjAPQIC—Z,j

(15)
(16)

P up_tot

P down_tot

Thereafter, APsic—1, AP§c_,, and AP, , are computed
for all WPPs by (2), (4), and (6), respectively. While consid-
ering the prevention of high RoCoF, step 2 in Fig. 4 starts
to process in the first iteration by firstly assigning the SIC
method-2 to the WPP with the highest value of Py in (13)
among all WPPs (therefore maximizing J). From the next
iteration, if the value of P,,_s,; becomes lower than Pyopn_ror,
the SIC method-1 is applied to the WPP with the lowest value
of Pgjr in (13) among the remaining WPPs except for the
WPPs selected in the previous iteration. Again, as the WPP
with the lower value of Py already has sufficient releasable
kinetic energy, it should be operated in the SIC method-1
to prevent the high RoCoF. On the other hand, if the value
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of Pyp_sor becomes higher than Pgoyn_sor, the SIC method-2
is applied to the WPP with the highest value of Pgjr. This
decision process is repeated until / reaches N.

When [ is equal to M, the value of P ,,,, ;o might be larger
than that of P, 1, due to the last WPP assigned by the SIC
method-2. For this case, the SIC method-2 must be switched
to SIC method-1 for this WPP to prevent the high RoCoF
in step 3 of Fig. 4. Finally, the output x represents the final
selection of SIC methods 1 and 2 for all WPPs such that
it provides the most effective dynamic frequency response
without increasing the RoCoF in stage 1.

An example of the flowchart process is also given in Fig. 4.
As shown in the figure, Pyp_so; and Pgown_ror are initialized
when [ is 0. In the next iteration (/ = 1), since the value
of Pyp_sor is equal to Poyn_ror» SIC method-2 is assigned to
WPP with the highest P, which is WPP,. Thereafter, until
[ reaches M, if the value of Pgown_ror becomes higher than
Pyp_tor, SIC method-1 is assigned to WPP with the lowest
Pyif. In contrast, SIC method-2 is assigned to WPP with the
highest Py if Pyp_1or Temains higher than Pgoyn_sor. At the
lastiteration (I = M) if the value of Pgpy_ror s larger than that
of Pyp_sor due to the last WPP assigned by the SIC method-2,
this WPP is switched to SIC method-1 to prevent the high
RoCoF.

IV. SIMULATION RESULTS

To evaluate the performance of proposed coordinated control,
several case studies are carried out on the IEEE benchmark
39-bus test system [28] in Fig. 5 with various v,, (of 7 m/s and
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TABLE 2. Test conditions used for case studies.

Area 2 Area 3 Area 4 Overall
Case vw PLW | v, PLW | v, PLW PI(;W
ms) ) [ s (%) | ms (%) |
1 7 32 | 85 68 7 10 20
7 65 | 85 135 7 20 40
3 7 97 | 85 203 7 30 60
TABLE 3. Parameters used for case studies.
Case 1 Case 2 Case 3
PLW - 20% PLW - 40% PLW - 60%
V-7 m/s v, -85 m/s| v,-7 m/s v,-8.5 m/s| v,,-7 m/s |v,-8.5m/s
Po(pu)| 0.8 0.5 0.28 0.5 0.28 0.5
wo(pu)|  0.82 0.997 0.82 0.997 0.82 0.997
APsic-1| g7 0.156 | 0.046 | 0.096 | 0.033 0.067
(pw)
A
APsic-z| 012 | 0087 | 012 | 0087 | 012 | 0087
(%u)
Afgﬁiz 0087 | 0165 | 0052 | o101 | 0037 | 007

TABLE 4. Output powers from SGs and WPPs before a disturbance occurs.

c Output power (MW)
ase
SG, SG, SG; SGs SGs SGs SG; SGs SGo SGy
1 | 780 500 440 480 470 483 - 565 610 670
2 | 780 500 480 480 - 483 - 620 620 670
3 | 780 600 - 622 - 423 - 528 630 670

WPP, WPP, WPP; WPP, WPP; WPP, WPP; WPPs
1 19 29 40 57 82 64 46 38
2 38 57 30 114 165 128 92 77
3 57 36 120 171 247 192 138 115

8.5 m/s) and PLWs (of 20%, 40%, and 60%). In particular, the
frequency stability improvement by the proposed coordinated
controlis compared with that of the MPPT control and con-
ventional SIC method in [20] for each case study. The PLW
[21] is defined as the ratio of the total installed capacity of
WPPs and total load, which is 5337 MW in this study. Table 2
shows the test conditions of three cases according to different
vy and PLW. Correspondingly, the output powers from all
SGs and WPPs for three cases are given in Table 4 before
SGjg is suddenly disconnected at 15 s.

A. CASE 1 WITH WIND SPEED OF 7 m/S AND 8.5 m/S
-OVERALL PLW OF 20%

When v,, is 7 m/s, the initial values for releasable kinetic
energy, wo, and output power from WPPs are 1.1 s (it is
calculated by H(w} — w2, [29]), 0.82 pu, and 0.28 pu,
respectively. On the other hand, when v,, is 8.5 m/s, the initial
values of releasable kinetic energy, wp, and output power
for WPPs are 3.02 s, 0.997 pu, and 0.5 pu, respectively. For
WPPs with v,, of 7 m/s, it is shown that P, is increased
from 0.28 pu to 0.73 pu at maximum, and it is then decreased
during the FN arrestment when the conventional SIC method
is applied. However, by the SIC method-1, Py is increased
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FIGURE 6. Comparison results for case 1: (a) Trajectories on the plane of
Pef versus oy for WPPs with vy, of 7 m/s, (b) Output power from WPPs

with vy of 7 m/s, (c) Rotor speed of WPPs with vy, of 7 m/s,

(d) Trajectories on the plane of P s versus o, for WPPs with vy, of

8.5 m/s, (e) Output power from WPPs with v, of 8.5 m/s, (f) Rotor speed
of WPPs with vy, of 8.5 m/s.

up to only 0.35 pu by (2). Thereafter, it is maintained until the
FN s arrested. In contrast, when the SIC method-2 is applied,
Py is initially decreased by 0.12 pu by (4). Thereby, w, is
slightly accelerated from 0.82 pu to 0.83 pu while increasing
the releasable kinetic energy from 1.1 s to 1.2 s. Then, P,y is
increased to 0.36 pu by (5), and it is kept increasing steadily
by (7) until the FN is arrested. Also, it is observed from
Fig. 6(c) that the lowest value of w, drops to 0.72 pu by the
conventional SIC method. On the contrary, it drops to 0.76 pu
by the SIC methods 1 and 2. This clearly verifies that the
SIC method-2 avoids the risk of OD problem effectively even
though it produces more power than the SIC method-1.
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FIGURE 7. Results of case 1. (a) System frequency, (b) Total output power
from WPPs.

In contrast, for WPPs with v,, of 8.5 m/s, the conventional
SIC method increases P from 0.5 pu to 0.89 pu at max-
imum, and it is then decreased during the FN arrestment.
Because wy is higher than that of WPPs with v,, of 7 m/s,
the decreasing rate of P,s becomes smaller. This means
that the defective impact of the conventional SIC method
on the FN can be relieved to a certain degree when wy is
relatively high. For the SIC method-1, P, is increased up
to 0.65 pu by (2), and it is maintained until the FN is arrested.
On the contrary, the SIC method-2 initially decreases Py by
0.087 pu according to (4). As the result, w, is accelerated to
1.004 pu, and the releasable kinetic energy is increased to
3.11 s. Thereafter, P, is increased to 0.66 pu by (5), and
it is kept increasing by (7) until the FN is arrested.

Next, x is determined by the flowchart shown in Fig. 4 such
that APsic—_1, AP‘§‘IC_2, and APIS?'IC_2 are 0.07 pu, 0.12 pu,
and 0.08 pu for WPPs with v,, of 7 m/s, and 0.156 pu,
0.087 pu, and 0.165 pu for WPPs with v,, of 8.5 m/s,
respectively. As mentioned in Section III, the kinetic energy
is sufficient in the region of high wp when compared to
the region of low wq. Thus, the SIC method-2 is preferably
applied to WPPs in Areas 2 and 4, which is in the region
of low wg. As the result, while the SIC method-2 is applied
to four WPPs (WPP;, WPP,, WPPg, and WPP5), the SIC
method-1 is applied to the other WPPs (WPP3, WPP4, WPPs,
and WPPg).

The results are shown in Fig. 7. It is observed that the total
output power from WPPs is maintained at about 375 MW
during stage I. This is because APsic—; and AP[Schfz are
compensated. Also, the corresponding maximum RoCoF is
kept to 1.83 Hz/s, which is the same as the case by applying
the MPPT control method. Also, it arrests the FN at 59.53 Hz,
which is higher than the MPPT control and conventional
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SIC methods by 0.11 Hz and 0.04 Hz, respectively. When
the conventional SIC method is applied, it is shown that the
total output power from WPPs is dramatically increased, and
then it is decreased before the FN is arrested. Therefore,
it operates the governors of other SGs with a relatively late
response to compensate for power. This results in causing
more decline in the FN (see Fig. 7(a)) while making the
frequency response late. In other words, it delays the time
occurrence of FN by 2.58 s than the MPPT control method
with 20.06 s. In contrast, the proposed method arrests the FN
faster by 0.34 s than the MPPT control method. As the result,
it is clearly observed from Fig. 7(a) that it enables to arrest
the FN highest and fastest without increasing the RoCoF.

B. CASE 2 WITH WIND SPEED OF 7 m/S AND 8.5 m/S
-OVERALL PLW OF 40%

For this case study, v, is kept to 7 m/s (for Areas 2 and 4)
and 8.5 m/s (for Area 3) like case 1. The only overall PLW is
increased from 20% to 40%. Therefore, the initial values of
releasable kinetic energy, wg, and output power from WPPs
are the same as those in case 1. The system responses by the
MPPT control and conventional SIC methods are not changed
even though the overall PLW is increased twice. For the SIC
method-1, the WPPs with v,, of 7 m/s and 8.5 m/s increase
Pyer by 0.046 pu and 0.096 pu, respectively. They are lower
than those of case 1. This is because the value of n in (2)
becomes smaller from 1.35 to 0.75. When the SIC method-2
is applied, the value of n in (6) is changed from 1.35t0 0.75 in
stage II. Thus, P of WPPs with v,, of 7 m/s and 8.5 m/s
are increased by 0.052 pu and 0.101 pu, respectively. They
are also smaller than those of case 1. Thereafter, Py.r is kept
increasing steadily by (7) until the FN is arrested.

Then, the proposed coordinated control is applied as fol-
lows. While AP/S'\IC_2 is maintained at 0.12 pu and 0.087 pu
like case 1, respectively, for v, of 7 m/s and 8 m/s, APsic—1 is
decreased to 0.046 pu and 0.096 pu, respectively. Moreover,
AP}sglcfz for v,, of 7 m/s and 8.5 m/s is also decreased to
0.052 pu and 0.101 pu, respectively. Thereafter, five WPPs
(WPP3, WPP4, WPPs, WPP7, and WPPg) are determined to
operate by the SIC method-1 for this case. The other three
WPPs (WPP;, WPP,, and WPP¢) are operated by the SIC
method-2.

The results are shown in Fig. 8. It is observed that the pro-
posed coordinated control maintains the total output power
from WPPs to 751 MW during stage I of the SIC method-2.
As the result, the proposed method improves the dynamic
frequency response most effectively without exceeding the
maximum RoCoF when compared to the case when the
MPPT control method is applied. In particular, it arrests
the FN at 59.49 Hz, which is higher than the MPPT control
and conventional SIC methods by 0.15 Hz and 0.11 Hz,
respectively. Moreover, the proposed coordinated control
arrests the FN most rapidly without increasing the RoCoF.
In other words, the time occurrence of FN is faster than the
MPPT control and conventional SIC methods by 0.81 s and
5.94 s, respectively. In particular, the defective effect (which
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FIGURE 8. Results of case 2. (a) System frequency, (b) Total output power
from WPPs.

is the late response causing an adverse impact on FN) of
the conventional SIC method becomes more severe when the
overall PLW is increased. As the result, the frequency support
by the conventional SIC method becomes insignificant, and
it delays the time occurrence of FN by 5.13 s than the MPPT
control method.

C. CASE 3 WITH WIND SPEED OF 7 m/S AND 8.5 m/S
-OVERALL PLW OF 60%

In this case, because the PLW is increased to 60%, only
APsic—1 and APEIC_2 become different. Note that as » in
(2) and (6) is changed from 0.75 to 0.5 in stage II, they are
decreased to 0.033 pu and 0.037 pu for WPPs with v,,of 7 m/s,
and 0.067 pu and 0.07 pu for WPPs with v,, of 8.5 m/s,
respectively. Then, five WPPs (WPP3, WPP4, WPPs, WPP7,
and WPPg) are determined to operate by the SIC method-
1, and the other three WPPs (WPP;, WPP,, and WPPg) are
operated by the SIC method-2.

The results are shown in Fig. 9. The proposed coordi-
nated control arrests the FN at 59.42 Hz, which is higher
than the MPPT control and conventional SIC methods by
0.2 Hz and 0.24 Hz, respectively. This clearly verifies that the
proposed method is able to enhance the frequency stability
more effectively when the overall PLW is increased. In par-
ticular, the excessive power increment from the conventional
SIC method causes the frequency to go over the nominal
value (which is 60 Hz), and it also causes a severe impact
on the FN.

In addition, Fig. 10 shows the results of N — 2 contingency
(SGg and SGg disconnection). Since the size of the generation
loss is larger than N — 1 contingency, more severe frequency
problem is observed. Similar to previous case studies, the pro-
posed coordinated control improves the dynamic frequency
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FIGURE 10. Results of case 3 (N-2 contingency). (a) System frequency,
(b) Total output power from WPPs.

response most effectively without causing RoCoF problem.
In particular, it arrests the FN at 59.13 Hz, which is higher
than the MPPT control and conventional SIC methods by
0.27 Hz and 0.13 Hz, respectively.

Table 5 summarizes the operation of all WPPs for three
case studies. It is observed that the SIC method-2 tends to
be assigned to the WPPs (except for the WPPg) in the low
vy, regions. In contrast, the SIC method-1 does in the high
vy, regions. Table 6 compares the values of the FN and time
occurrence of FN by three methods. It is observed that the
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TABLE 5. Overview of WPPs operation in three case studies.

'WPP,(WPP,(WPP;|WPP,WPPs|WPP;WPP;| WPPs

vy, (m/s) 7 7 |85|85(|85] 7 7 7
s Case 1| 69 [ 104 | 81 | 115|166 |230| 166 | 138
MW) Case2| 138|207 | 161 | 230 | 331 | 460 | 331 | 276
Case 3| 207 | 311 | 242 | 345 | 497 | 690 | 497 | 414
Case 1| 2 2 1 1 1 2 2 1
Tyfqzt(l):;i]c Case2| 2 | 2 | 1 | 1 [ 1 |2 ] 1]1
Case3| 2 2 1 1 1 2 1 1
TABLE 6. Comparison of performances by three methods.
Case 3 Case 3
Method Case 1 Case2 (N-1 (N-2
contingency) contingency)
MPPT control | 59.42 59.34 59.22 58.86
Conventional
FN SIC 59.49 59.38 59.18 59
(Hz) Proposed
coordinated | 59.53 59.49 59.42 59.13
control
MPPT control | 20.06  20.65 21.03 21.13
Time Convgfé‘onal 2264 2578 2729 26.52
occurrence
of FN (s) Proposed
coordinated | 19.72 19.84 19.81 19.67
control

proposed coordinated control improves the frequency stabil-
ity by arresting the FN most effectively while maintaining the
RoCoF. Moreover, it provides better dynamic performance
than other methods, particularly when the PLW is increasing.

V. CONCLUSION AND FUTURE WORK

This paper proposed the novel coordinated control for WPPs.
It combined two different SIC methods. The first method is
the existing SIC method, which increases the power immedi-
ately as a disturbance occurs. The other method was newly
proposed with a new acceleration stage of rotor speed at
the beginning of its control action. This can increase the
releasable kinetic energy of PMSG. Also, it enables to extract
more real power while effectively avoiding the risk of OD
of rotor speed. Therefore, this new method is able to pro-
vide a larger inertial response to support frequency stability.
However, initially decreased power in the acceleration stage
of this method may cause high RoCoF. Thus, the proposed
coordinated control properly combines the new SIC method
with the conventional one for multiple WPPs so that it
improves the dynamic frequency response most effectively
without increasing the RoCoF.

The performances of proposed coordinated control were
evaluated by several case studies on IEEE benchmark 39-bus
test system in various conditions with different wind speeds
and PLWs. The results showed that the proposed methoden-
hances the frequency stability most effectively and efficiently
among other control methods. In particular, this improvement
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becomes clear when the PLW is increased. Thus, it would be
expected that the proposed coordinated control is preferably
used for the operation of a power system with high PLW.

Furthermore, while the additional releasable kinetic energy
obtained by the proposed SIC method was used to sup-
port dynamic frequency stability, this additional energy can
be used for various frequency responses. Therefore, future
work will focus on improving both dynamic and steady-state
frequency stabilities.
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