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Abstract: In this paper, the appropriate rated power of battery energy storage system (BESS) and the
operating limit capacity of wind farms are determined considering power system stability, and novel
output control methods of BESS and wind turbines are proposed. The rated power of BESS is
determined by correlation with the kinetic energy that can be released from wind turbines and
synchronous generators when a disturbance occurs in the power system. After the appropriate rated
power of BESS is determined, a novel control scheme for quickly responding to disturbances should
be applied to BESS. It is important to compensate the insufficient power difference between demand
and supply more quickly after a disturbance, and for this purpose, BESS output is controlled using
the rate of change of frequency (ROCOF). Generally, BESS output is controlled by the frequency
droop control (FDC), however if ROCOF falls below the threshold, BESS output increases sharply.
Under this control for BESS, the power system’s stability can be improved and the operating limit
capacity of wind farms can be increased. The operating limit capacity is determined as the smaller of
technical limit and dynamic limit capacity. The technical limit capacity is calculated by the difference
between the maximum power of the generators connected to the power system and the magnitude
of loads, and the dynamic limit capacity is determined by considering dynamic stability of a power
system frequency when the wind turbines drop out from a power system. Output of the dynamic
model developed for wind turbine is based on the operating limit capacity and is controlled by blade
pitch angle. To validate the effectiveness of the proposed control method, different case studies
are conducted, with simulations for BESS and wind turbine using Power System Simulation for
Engineering (PSS/E).

Keywords: battery energy storage system (BESS); kinetic energy; rate of change of frequency
(ROCOF); operating limit capacity; blade pitch angle

1. Introduction

In recent year, renewable generators such as solar photovoltaic (PV), and wind turbines have
received significant attention in power systems. Among the types of renewable generators, wind
turbines are some of the most attractive renewable generators in many countries due to their technical
and economic feasibility. Global wind power generation increased by 54,600 MW in 2016, and the total
by the end of the year was 486.8 GW, representing a cumulative market growth of more than 12 percent.
South Korea had a total wind turbine capacity of just over 1000 MW following the installation of
200 MW new generators in 2016 [1]; however, this wind turbine capacity is still insufficient compared
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with that in other energy advanced countries. Hence, Korea Power Exchange (KPX: the wholesale
electricity market operator for South Korea) has a long term plan to increase the proportion of new and
renewable power generation in accordance with the 8th basic plan of South Korea. The cumulative
capacity of renewable generators in the 8th basic plan is 58,461 MW by the year 2030, of which the
wind turbine capacity is 17,674 MW [2]. To install wind turbines for power generation, it is essential
to select a feasible site, typically, windy islands or mountainous areas. Jeju island has the highest
average wind speed in South Korea, with an annual wind speed on the east and west coasts of about
7 m/s [3,4]. Good wind conditions have led to increasing wind power generation, and public and the
Jeju Energy Corporation (JEC: Jeju island Energy Institute of Technology Corporation in Jeju Special
Self-Governing Province, Jeju-city, Jeju-do, Korea) of Jeju Province projects that by 2030, offshore wind
power generation will rise to 2 GW [5].

Increasing wind power generation has some advantages such as reduced pollutant emissions and
economic benefits; however, large-scale penetration of wind turbines can adversely affect the stability
of power systems. The irregular wind speed causes fluctuations in wind power generation, which may
lead to unbalanced power supply and demand [6-8]. The power system stability therefore need to be
considered when installing wind turbines. Several previous studies have investigated the increasing
penetration of wind turbines based on a transient operation of the power system. Above all, a method
has been developed to calculate the operating limit capacity of wind farms according to the system
situation. The operating limit capacity is determined by the minimum value of the technical limit
capacity from the difference between minimum and maximum power of penetrated generators and
the dynamic limit capacity by the simulation for stability [9,10].

To mitigate the power fluctuations in wind power generation, an Energy Storage System (ESS)
is used in the power system. In particular, batteries are widely used for ESS, which constitute a
Battery Energy Storage System (BESS). Although South Korea is one of the world’s leading battery
manufacturers, the country has little experience in BESS technologies such as flywheel and flow
batteries [11]. Nevertheless, to increase the penetration of wind turbines, appropriate BESS technologies
should be developed. BESS can help the primary frequency response against frequency deviations due
to the fast response characteristics of batteries when the disturbance such as large-scale wind farm loss
occurs [12-16]. Previously, the BESS output has been controlled by the Frequency Droop Control (FDC)
to respond to frequency deviations [17,18]; however, the FDC does not effectively use the fast output
characteristics of BESS. Hence, Rate of Change of Frequency (ROCOF) is used for control BESS output
to respond to any power disturbance more quickly [14,19,20]. When ROCQOF falls below the threshold,
BESS outputs the maximum value of that. In this case, it is necessary to calculate the appropriate rated
power of BESS according to the state of the power system to prevent power over-compensation or
under-compensation. Therefore, this paper proposes a calculation method of the appropriate rated
power of BESS and a flexible output control using ROCOEF. At the beginning of a transient caused by
a disturbance such as a load increase and loss of generators, the rated power of BESS was estimated
by releasable kinetic energy from the remaining generators [16]. Initial ROCOF is determined by the
magnitude of the initial power difference between supply and demand [14,21,22]; then, the larger
the power deviation, the more the ROCOF falls. Using this function, it is possible to estimate the
threshold of ROCOF for a specific power deviation that affects the power system stability. If ROCOF
falls below the threshold value, BESS quickly outputs the appropriate power. Therefore, the power
system stability can be improved by BESS using ROCOF.

In this paper, the operating limit capacity of the wind farms is increased by attaching BESS to the
power system and controlling this using ROCOF. When the wind power generation fluctuates due
to a change in wind speed, BESS controlled by using ROCOF is used to compensate the insufficient
power quickly, and the frequency transient state is mitigated. In this way, the operating limit capacity
of the wind farms can be increased. Once the capacity of a wind farms is determined, the output
power of wind turbines is controlled by the pitch angle control depending on the operating limit
capacity [23-26]. In this paper, the above theory is summarized and proved by using the Jeju island
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power system. As shown Figure 1, the Seongsan wind farm is connected to the Seongsan S/S east
side of the Jeju island and the Hanrim wind farm is connected to the Hanrim S/S west side of Jeju
island. BESS also is connected to the Hanrim S/S because the Hanrim wind farm is excluded from the
power system on the simulation. To perform the simulation, Power System Simulation for Engineering
(PSS/E: the software for power system analysis) was used, and BESS and wind turbine model are
user-defined model coded in FORTRAN, respectively [27-30].

[Jeiu 075
=

S/S uoayoor

s/s nlalbuoqg

Seongsan S/S

e

Seongsan
Wind Farm

0/0 wiuey

[ s/s niniuis]

wiiuey

2
3
a
-
2
3

S/S wuiuey
S/S BIUBH | ¢

S/S unsokd

S '—': I;
Hanrim
Battery ESS

S/S ImBoasulg

Figure 1. Jeju island power system with wind farms and battery [31].

2. Operation Method of BESS for Frequency Response

To connect BESS with wind farm, it is essential to determine the appropriate rated power and
control schemes of BESS. Hence, in this section, we will define a method for calculating the rated
power and output control scheme of BESS.

2.1. Calculations for the Rated Power of BESS

To operate power system effectively and economically with BESS, it is important to determine the
appropriate rated power of BESS for the power system. If the rated power of BESS is more than the
requirement, economic losses due to excessive battery installation costs and power instability due to
extreme power compensation occur. In the opposite case, BESS can'’t fulfill its frequency regulation
role. In this paper, the appropriate rated power of BESS is calculated by citing reference [16] on power
system characteristics.

When a synchronous generator is operated under the rated state, the kinetic energy EEG stored in
the rotor is:

1 1
k= 5Jwi = SPNT)(T) = 2H) (1)

where | is the moment of inertia of the generators, w; is the synchronous speed, Py is the rated power
of generator and Tj is the inertia time constant, which is equal to 2H. The kinetic energy of synchronous

E

generator varies with the change in the system frequency. In this paper, the permissible instantaneous
maximum frequency deviation of the power system is determined as 60 + 0.3 Hz (1.0 £ 0.005 pu) with
reference to [32]; then, the permissible maximum deviation of kinetic energy AEZS. ax 18 expressed by
Equation (2):

1 1 1
AES = (1= 0.995%)w? = 5 % 0.009975]w? = 5 % 0.009975PRC T ¢ )
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This kinetic energy deviation is allowed in the power system when any disturbance occurs in a
transient state. When the wind turbines are excluded from the power system, the total kinetic energy
without the permissible energy deviation of the lost wind turbines AE% 1a] 18

1
AEW, 1 = ~J(0.995% — 1)w? =

1
5 0.0990025]w? = 5 X 0.990025P% T} (3)

N =

BESS and other synchronous generators should compensate the insufficient power between
supply and demand after losing wind turbines. Therefore, the released energy from BESS during the
period 0 ~ t; is the same as difference between the total kinetic energy of the lost wind turbines and
the permissible energy deviation of the other synchronous generator:

5]
AEppss = AER, ., — AERS = fo PgEss(t) dt = Puypessti 4)

In the Equation (4), AEpgss is the released energy of BESS, Pprss is the power of BESS and Pyprss
is the mean power value of BESS. By rearranging (4), the mean power value of BESS is:

Total
f1 f 1

AEN — AESS - 0.5x0.990025P T}¥ 0.5 x 0.009975P3° T;¢

Pmpess = ®)
The power of BESS Pp%;(t) is not less than mean power value Pypgss, and the rated power of

BESS Pypess should also not be less than PRR2s(t). Therefore, the mean power value Pypgss is the

theoretical minimum value of the rated power of BESS, the rated power of BESS is determined by:

™ TSG
Pgess ~ 0.495P f - 0.005135',‘31{—1 6)
Typically, a larger inertia time constant T; will lead to a larger t;. The inertia time constant T
of synchronous generators is in the range of 4-18 s [16], and the time #; is for the system to reach
the maximum frequency deviation after disturbance, usually 7-15 s [33]. Therefore, the time t;
is approximately equal to the inertia time constant T;. Consequently, the rated power of BESS is
determined in the way given by Equation (7):

Pness ~ 0.495PF — 0.005P3C 7)

where the rated power of BESS is determined as the difference between 49.5% of wind farm and 0.5%
of the synchronous generators.

2.2. BESS Output Control for Frequency Response

2.2.1. BESS Output Using FDC

Frequency Droop Control (FDC) is the basic control method for controlling BESS. Therefore, we
calculated BESS output with FDC and confirmed the effect to the power system stability. Figure 2
shows BESS output according to FDC. FDC is to increase BESS output in proportion to magnitude of
frequency deviation from the rated system frequency. BESS with FDC is operated when the system
frequency is out of the Dead Band (DB):

Pgess = ki(f — fu — faeadr) - (f — fu < faeaar)
Pppss = 0-vvvvvveennnns (faeaar < f = fu < faead2) 8
Pgess = ka(f — fu — faead2) - (f — fn > faead2)

Pppss is the BESS output, ki and kj are the coefficients of frequency droop. In this paper,
the coefficient of frequency droop is set to 0.5% because the BESS output power is at a maximum at
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59.7 Hz. The system permissible instantaneous frequency in the transient state after disturbance is
59.7 Hz. f, is the rated frequency of the system 60 Hz in South Korea, f is measured frequency. fje.q 1,
fiead 2 are the DB of FDC, range of DB is determined as 60 =+ 0.017 Hz [34]. A user-defined model was
developed in PSS/E based on (8) for FDC.
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Figure 2. Battery energy storage system (BESS) output with Frequency Droop Control (FDC) according
to the power system frequency [14].

2.2.2. BESS Output Using ROCOF

To improve the system stability, any power deviation between supply and demand should be
compensated for more quickly after a rapid increase in load or loss in generating units; to this end,
the method using ROCOF should be applied to BESS output control. A greater power deviation means
a greater drop in ROCOF. Thus, BESS output is increased in proportion to the magnitude of the drop
in ROCOF when ROCOF falls below the threshold. Normally, BESS output is controlled by FDC.

Figure 3 shows the operational sequence for BESS. First, BESS output is increased in proportion to
the magnitude of ROCOF deviation from 0 Hz/s when ROCOF falls below the threshold (a). After that,
BESS output remains constant while ROCOF is increased because this time is required to increase the
output of the other generators (b). Once other generator’s reserve power is inserted, BESS output
should be slowly decreased to reduce the impact on the system stability (c).

P_ref

P_maX f———mm-mmmmmmmmmomemeea oo e e

—=—Droop Control
—e—ROCOF Control

Figure 3. BESS output graph with FDC according to the system frequency and using Rate of Change of
Frequency (ROCOF) [14].
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Before applying ROCOF control to BESS, the thresholds value should be determined.
When ROCOF is lower than the thresholds, BESS using ROCOF control is operated. The threshold of
ROCOF is associated with the power deviation between supply and demand. The time derivative Af

can be estimated as [14]:
dAf

_ (t) —Pe(t) _ ,AP()
ar

= Jo
ZEKeq ZEKeq

folm ®)

where Eg,,[MWs] is the total kinetic energy stored at rated speed in the rotating masses of the
generator, and Py, (t) and P, (t) [MW] are the power generation and demand. Equation (8) is expressed
in Equation (9) [14]:

dNf _APPH(t) A DPPU(Y)
7 = fo 2y fo 2y ©)
Heg = Ekeq/ VApase[MWs/MVA] and Mg [s] are the equivalent inertia and mechanical start time

constants of the considered power system. The total time constant of generators connected to the
power system is given by the following Table 1 (The base is 100 MVA).

Table 1. Inertia time constants of each generator.

Generators Inertia Time Constants [MWs/MVA]
Jeju GT#1 1.30
Jeju GT#2 1.30
Jeju TP#2 5.24
Jeju TP#3 5.24
Jeju DP#1 3.02
Jeju DP#2 3.02

Hanrim GT#1 3.00
Hanrim GT#2 3.00
Hanrim ST#1 3.00
South Jeju TP#3 7.71
South Jeju TP#4 7.71
Total 43.54

Initial power deviation of the ROCOF control for BESS operation is determined from the
permissible maximum deviation of kinetic energy of synchronous generators in the power system.
Equation (11) can be derived from Equation (2):

SG SGTSG
AEXS _ 0.5 x 0.009975P3~ T}

= 0.005P5° (10)
t t

Pryit =
Therefore, the initial power deviation is determined to be about 4 MW (0.04 pu) because the total

rated power of generators in the Jeju island power system is 880 MW. The threshold of ROCOF control
operation is determined as:

dA f APP(E) —0.04

BESS output using ROCOF control increases in proportion to the magnitude of ROCOF drop and
BESS output is set as 2 MW, which is half of the initial power when ROCOF is —0.028 Hz/s.

2.2.3. Case Study of BESS Output

To confirm the effect of FDC and ROCOF control, we have used CBEST BESS model supplied in
Power System Simulation for Engineering (PSS/E) and simulated several cases. The structure of the
CBEST BESS model is shown in Figure 4.
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Figure 4. Diagram of CBEST BESS model from PSS/E [28].

The CBEST BESS output is controlled by P4yx and Pinjr. Payx is the input value and Pyt
is the initial value of the CBEST BESS model. The others are values of output range. In this paper,
initial value Pryr is set as 0 because it is impossible to control the P;yjr. Therefore, only the input
value P4y is set by FDC. The other setting values are shown in [35]. The initial load of the Jeju power
system is set as 709 MW and the rated power of wind farm is set as 112.5 MW. Then, the rated power
of CBEST BESS model is set as 51.5 MW, and the initial output is set as 0 MW. CBEST BESS model is
connected to the Hanrim S/S in the Jeju power system.

As shown in Figure 5, after 30 s of simulation, the system load is increased by 2 MW to confirm
the DB for FDC and ROCOF threshold. Consequently, there is no BESS output and the power system
frequency changes in the same way as the no-BESS scenario because the nadir of the power system
frequency is 59.995 Hz, within the DB and nadir ROCOF is —0.0124 Hz/s, above the threshold. In this
case, BESS output using FDC and ROCOF is not operated.
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-0.01 o

Load (MW)
ROCOF (Hz/s)

b~
708 H
-0.02
-0.03
705 T T T T T T
0 20 40 60 29 30 31 32 33 34
Time (s) Time (s)
(a) (b)
60.02
—=—No BESS
s —e—FDC —=—No BESS
—a—ROCOF —e—FDC
60.01 -] —4—ROCOF

IS
1

oo _4‘_\_/—‘\_.”—4—_.

59.99 o

BESS output (MW)
Frequency (Hz)

o
I
p
;
3
3
3
I

T T T 59.98 T T T T
30 40 50 29 30 31 32 33 34

Time (s) Time (s)

(c) (d)

Figure 5. Power system load is increased by 2 MW: (a) Power system load; (b) Rate of Change of
Frequency (ROCOF); (c) BESS output; (d) Power system frequency.

As shown in Figure 6, after 60 s, the system load is increased by 5% (=35.5 MW) of total load to
compare BESS with FDC and ROCOF control operation when the system frequency is out of the DB
and ROCOF is below the threshold. BESS with FDC output is increased in proportion to the deviation
of the system frequency, so BESS with FDC improves the system frequency stability by compensating
the power deviation between supply and demand more quickly than no BESS. BESS using ROCOF
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output is increased in proportion to the magnitude of ROCOF deviation from 0 Hz/s. When ROCOF
is below the threshold, BESS output is immediately increased because the power deviation should
be more quickly compensated than BESS with FDC. Thus, Figure 6d confirms that the power system
frequency stability should be more improved by using ROCOF. However, once ROCOF falls below
the threshold, since BESS is operated according to the operation order, ROCOF does not affect BESS
operation even though ROCOF again falls below the threshold during BESS operation in that order.

0.4

0.2 4

S

-0.4

740 H

Load (MW)
ROCOF (Hz/s)

720 4

T T T T
0 30 60 90 59 60 61 62 63 64
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rrrrrrrrrr DB
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= g |
5 S
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) g 59.95+
a Iy
o 4
0 ™~ - 59.90

T T T T T T T
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Time (s) Time (s)

(c) (d)

Figure 6. Power system load is increased by 5%: (a) Power system load; (b) Rate of Change of Frequency
(ROCOF); (c) BESS output; (d) Power system frequency.

In conclusion, the system frequency stability can be improved by using ROCOF to compensate
the power deviation more quickly in the transient state. In the next section, the operation limit capacity
of wind farms will be determined in the Jeju island with BESS using ROCOFE.

3. Wind Turbine Control Based on the Operating Limit Capacity

The output of wind turbine is unstable due to the variation of wind speed. Therefore, it is
essential to determine the operating limit capacity of wind farms and control the wind turbine output
considering the power system stability. In this section, the operating limit capacity of wind farms is
calculated and the control method is proposed for wind turbine in Jeju island power system.

3.1. Calculations for Operating Limit of Wind Farm

The appropriate operating limit capacity should be calculated in the power system in consideration
of economic efficiency and stability. The calculated operating limit capacity is the standard for wind

turbine output. The operating limit capacity PS,, of wind farms is determined as minimum value of

ax
the technical limit P, and the dynamic limit capacity P2, .:

Prgax = min(Prgaxr Pgax) (12)

The technical limit and dynamic limit capacity are described in Sections 3.1.1 and 3.1.2, respectively.
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3.1.1. The Technical Limit Capacity of Wind Farms

The technical limit capacity P, is determined by the difference between the system load Py and
the sum of minimum power of generators which were connected to power system ) . c;Py:

Prjrlax =P - Zk Py (13)

To prevent wear and improve the efficiency of power generation, each generator should output
the power generation over a certain value. Accordingly, the minimum power generation rate ¢y is
usually 30~50% of the rated power depending on the generator type [9]. The technical limit capacity
PI.. with the minimum power generation rate c is:

Phax=PL—=Y , cPe=Y P— Y, ckls (14)

The generation units with merit order 1 are penetrated into the Jeju power system. The generation
units in Table 2 are penetrated step by step when the system load Py is over the rated power of
penetrated generators. The technical limit capacity P[,, is determined by the difference between the
system load P;, and the minimum power of penetrated generators on each step. Thus, the technical

limit capacity PL,, is given:
PL. (1) = P, — 284 MW (284 MW < P; < 550 MW) (15)
Pl (2) = P — 334 MW (550 MW < P < 650 MW) (16)
PL..(3) = PL — 484 MW (650 MW < P < 800 MW) (17)
Pl (4) = P, — 510 MW (800 MW < P < 840 MW) (18)
PL.(5) = P — 536 MW (840 MW < P < 880 MW) (19)

Table 2. Rate power and minimum power of generation units.

Merit Order Generation Unit Rate Power Minimum Power
1 HVDC#1 150 75
1 HVDC#2 150 75
1 Jeju TP#2 75 42
1 Jeju TP#3 75 42
1 South Jeju TP#4 100 50
2 South Jeju TP#3 100 50
3 HVDC#5 75 75
3 HVDC#6 75 75
4 Jeju DP#1 40 26
5 Jeju DP#2 40 26

According to the above equation, the technical limit capacity PL,, is shown in Figure 7.
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Figure 7. The technical limit capacity of wind farms in Jeju island.

3.1.2. The Dynamic Limit Capacity of Wind Farms

Wind turbines have characteristic that large-scale wind turbines are able to fall out of the power
system at the same time. If a power system is vulnerable, the capacity of wind farms should be restricted
such that it does exceed a certain rate in consideration of the power system stability. The dynamic
limit capacity PL,, of wind farms is determined by simulations on wind turbines loss from the power
system. The wind generators are increased step by step within the range where the system frequency
does not fall below 59.7 Hz because the instantaneous minimum frequency reference is 59.7 Hz [32] in
the power system. In the Jeju power system, the wind farm model is connected to Seongsan S/S in
the east and Hanrim S/S in the west and BESS is also connected to Hanrim S/S for the simulation.
It is simulated that only the wind turbines of Hanrim S/S is lost, then, HVDC, other conventional
generators and BESS compensate insufficient power. The dynamic limit capacity of the power system
depends on BESS output control method or the situation without BESS. To compare the respective
result, the same power of wind farm (48 MW) was dropped out from the power system. The wind
farms of both regions were not lost simultaneously at the same time, the capacity of both wind farms
is same.

When the wind turbines are lost, BESS using ROCOF more quickly compensates for insufficient
power to the power system than BESS with FDC as shown in Figure 8. Therefore, since BESS using
ROCOF can contribute an increase in the dynamic limit capacity, it is applied to determine the dynamic
limit capacity PL,.. Each step’s the dynamic limit capacity P2

ax 15 determined at each generator
penetration step.

(Lowest point)
—=—No BESS 59.5031Hz
—e—FDC 59.6825Hz
—4—ROCOF 59.7073Hz

—=—FDC
2 —eROCOF 80-0 1

59.8 4

59.7 o

BESS output (MW)
Frequency (Hz)

59.6 4

0 59.5 4

T T T T T T T T
30 35 40 45 29 30 31 32 33 34

Time (s) Time (s)

(@) (b)

Figure 8. Power system frequency according to BESS output control when wind turbine is lost: (a)
BESS output; (b) Frequency of the power system.



Energies 2018, 11, 758 11 of 22

A wind farm with 48 MW was connected to each of Hanrim S/S and Seongsan S/S, and the
wind farm at Hanrim S/S is lost after 30 s from the start of simulation. At that time, the Jeju power
system falls to 59.7073 Hz. On the other hand, when 49.5 MW wind farms are connected to each S/§,
the Jeju power system falls to 59.6977 Hz. Specifically, the dynamic limit capacity at merit order 1 is
determined as 96 MW (48 MW x 2) because the allowable frequency reference is determined within
59.7 Hz from the Figure 9.

60.1 59.76
—=—48MW 59.7073Hz
—e—49.5MW 59.6977Hz

60.0 4

59.74 4
59.9

59.72 4
59.8 +

59.70

59.7 o

—=—48MW 59.7073Hz
—e—49. 5MW 59.6977Hz

Frequency (Hz)
Frequency (Hz)

T T T 59.68 . T
o 15 30 45 60 30.5 31.0 31.5 32.0

Time (s) Time (s)

Figure 9. Frequency of Jeju power system on the merit order 1 when the wind farm is lost.

The dynamic limit capacity PL., of wind farms is determined at the other merit order in the
same way as shown in the Figures 10-13. Therefore, the dynamic limit capacity PD. . at each step is
determined as follows and is compared between each BESS output control using ROCOF and FDC in
the Table 3:

60.1 59.76
—=—64.5MW 59.7001Hz —=—64.5MW 59.7001Hz
—e—66MW  59.6964Hz —e—66MW  59.6964H
60.0
59.74 |
= s
L 599 i
g 3 59.72 o
o (7]
El
g El
2 598 2
59.70
59.7 4 V
T u T 59.68 v v
0 15 30 43 LU 30.5 31.0 31.5 32.0
Time (s) Time (s)

Figure 10. Frequency of Jeju power system on the merit order 2 when the wind farm is lost.
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Figure 11. Frequency of Jeju power system at the merit order 3 when the wind farm is lost.
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Figure 13. Frequency of Jeju power system at merit order 5 when the wind farm is lost.

Table 3. Dynamic limit capacity of ROCOF and FDC for each merit order.

Dynamic Limit Capacity ROCOF FDC
PR (1) 96 MW (48 x 2 MW) 84 MW (42 x 2 MW)
PR (2) 129 MW (64.5 x 2 MW) 111 MW (55.5 x 2 MW)
PR (3) 342 MW (171 x 2 MW) 306 MW (153 x 2 MW)
PR (4) 354 MW (177 x 2 MW) 321 MW (160.5 x 2 MW)
PR (5) 363 MW (181.5 x 2 MW) 333 MW (166.5 x 2 MW)

Figure 14 shows the dynamic limits of the Jeju island power system with BESS based on ROCOF
and FDC, and the system without BESS, with each dynamic limit capacity is determined through the
same simulation case. Finally, the operating limit capacity PQ,, of wind farms is set to a lower value
between the technical limit capacity P}, and the dynamic limit capacity PL,, for BESS using ROCOF
on the system load.
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Figure 14. The dynamic limit capacity of wind farms with the technical limit capacity in Jeju island.

3.2. Dynamic Model of Wind Farm

In this paper, PSS/E was used to develop a dynamic model of wind turbine. PSS/E includes a
wind turbine package, which provides libraries for various wind turbine manufactures, including
Acciona, Enercon, Fuhrlaender, GE, Mitsubishi, Siemens and Vestas. Since doubly fed induction
generators (DFIGs) are one of typical wind generator models installed in the Jeju power system,
the wind farm in this paper was composed of GE 1.5 MW DFIGs, and hence detailed data and
documentation on the DFIGs were available [27,36]. With PSS/E, the multiple wind turbines in a wind
farm are modeled as a single representative wind turbine with a common pitch angle. Therefore, for Jeju
power system (shown in Figure 1), we used a single 112.5 MW to describe the 75 EA, 1.5 MW wind
turbines in the wind farm, which was connected to the Hanrim and Seongsan S/S.

The wind speed was initially maintained constant at 10.5 m/s. At 90 s, the wind speed was
decreased to 6.5 m/s over a period of 5 s. This resulted in a decrease in the output power of the Hanrim
wind farm from 98 MW to 25 MW. We also considered an increase in the wind speed. The wind
speed was initially kept constant at 10.5 m/s and later increased to 14.5 m/s over a period of 5 s.
This resulted in an increase in the output power of the Hanrim wind farm from 98 MW to 112.5 MW.
We also considered wind speeds from 10.5 m/s to 8.5m/s, 9.5 m/s, 11.5 m/s and 12.5 m/s, and the
Figure 15 shows the result. As expected, the output power of Hanrim wind farm decreased with
decreasing wind speed and increased with increasing wind speed.

The output power of Hanrim wind farm did not reach its rated power despite sufficient wind
speed. The rated wind speed of the GE 1.5 MW DFIG is 11.5 m/s. and at this speed the output power
of Hanrim wind farm should be equal to the rated power of 112.5 MW. However, the output power
was only 107.2 MW with a wind speed of 11.5 m/s, as shown in Figure 14b. The pitch angle was 3.66°,
which should be decreased to generate more output power. This is because the PSS/E library provides
a simplified pitch angle control model for the GE 1.5 MW DFIG. To improve the accuracy of the
simulations with variable wind speed, the simplified model of pitch angle control should be modified.
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Figure 15. Simulation result with various wind speeds: (a) Wind speed; (b) Output power; (c) Rotor
speed; (d) Pitch angle.

The wind farms in the Jeju power system will operate based on the operating limit capacity P,
as presented in Figure 14; therefore, the output power should be controlled, which can be implemented
using pitch angle control. As shown in Figure 16, the pitch angle control model for the GE 1.5 MW
DFIGs has two controllable parameters: speed and power references [27]. Because PSS/E does not
provide a control model for the speed and power references, user-defined models were developed
using the model-writing functionality of PSS/E.

P +
@ K

gcmd 1

Figure 16. Pitch angle control model of the GE 1.5 MW DFIG.

3.2.1. Pitch Angle Control Based on Speed Reference

Rotor speed control of a DFIG wind turbine is fairly complex [36]. For modeling purposes, this
was approximated by closed loop control, with a speed reference that is proportional to the output
power, as shown in Figure 17.
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Figure 17. Relationship between the rotor speed set point and the output power of the GE 1.5 MW
DFIG model.

The speed reference is normally 1.2 pu; however, this was reduced to the output power below
0.46 pu This behavior was described using the library model with the following relationship, so that
the speed reference is given by:

Wyef = —0.75P? + 1.59P + 0.63, P <046 (21)

The speed reference slowly tracks the changes in output power using a low-pass filter with a time
constant of 5 s. The model includes a trip for low rotor speeds: if the rotor speed falls below 0.69 pu,
the wind turbine cuts out instantaneously. The model includes cut-in and cut-out threshold wind
speeds of 3 m/s and 25 m/s, respectively.

For the output power above the rated (1.0 pu) value, the rotor speed should be controlled such
that the output power be equal to the rated power, with the speed being allowed to rise above the
reference transiently. This behavior was implemented using the user defined model for the speed
reference control as follows:

0.00 0.00 < P <0.14
o —0.75P% +1.59P + 0.63 0.14 < P <046 )
ref 1.20 0.46 < P < 1.00
120+ (LO—P) - Bpiten 1.00 < P

where 0,1, is the pitch angle of the wind turbine. Figure 18 shows the simulation results with speed
reference control. As expected, it was found that the output power of the Hanrim wind farm was equal
to the rated power of 112.5 MW when the wind speed was 11.5 m/s or more.
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Figure 18. Cont.
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Figure 18. Simulation results with speed reference control: (a) Wind speed; (b) Output power; (c) Rotor
speed; (d) Pitch angle.

3.2.2. Pitch Angle Control Based on Power Reference

The wind turbine controller regulates the output power of the corresponding wind turbine using
the operating limit. This regulation can be implemented using pitch angle control based on the power
reference. Figure 16 shows pitch angle control of a wind turbine based on both power and speed
reference. The wind turbine controller enables us to use a single representative wind turbine to describe
the entire wind farm, so that the power reference of this wind farm was controlled to regulate the
output power of the wind farm.

Pitch angle control by power reference determines the power generation rate of the wind turbine.
When wind speed is sufficiently high, the wind turbine regulates the pitch angle to limit the output
according to the input power reference. Therefore, even if the wind speed is sufficient for the rated
power of wind turbine, the output should be limited by the power reference through the pitch
angle control.

Figure 19 shows that the wind farm output with the rated power of 48 MW is limited by the
power reference. At 50 s, the wind speed is increased to allow the wind turbine to output its rated
power. The wind turbine can output the rated power when the wind speed is 11.5 m/s or more [27].
However, the wind farm output is limited to 43.2 MW by pitch angle control because the power reference
is 0.9 pu. Thus, the output of the wind turbine can be controlled according to the operating limit.

Wind Speed (m/s)
Power Reference (pu)

T T T ™ T T
0 25 50 75 100 0 25 50 75 100

Time (s) Time (s)

(a) (b)

45

42

Pitch Angle (degree)
Wind Power (MW)

T T y v T y
o 25 50 75 100 o 25 50 75
Time (s) Time (s)

(0 (d)

Figure 19. Simulation results with power reference: (a) Wind speed; (b) Power reference; (c) Pitch
angle; (d) Wind power.
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4. Case Study: Wind Farms with BESS in Jeju Island

The BESS output control method proposed in the previous section was used to determine the
operating limit capacity of the wind farms, and it was confirmed that the wind farm output was
controlled according to the power reference. In this section, we will confirm the wind farm output
and BESS for changes of wind speed and load. The wind turbine should be able to control the output
according to the operating limit capacity, and BESS should be able to compensate quickly for the
insufficient power between supply and demand caused by the disturbance.

4.1. Output Control of Wind Farm and BESS on Wind Speed Increase

For the simulation, Jeju island power system is used, that is constructed as shown in the Figure 1.

In Figure 14, the operating limit capacity of wind farms at merit order 1 is 96 MW, with 48 MW installed

at each of Seongsan S/S and Hanrim S/S. The rated power of the other synchronous generators in

merit order 1 is 550 MW (refer to Table 2); therefore, the rated power of BESS can be calculated as in
Section 2.1:

Pppss = 0.495Py — 0.005Psc = 0.495 x 48 — 0.005 x 550 = 21 MW (23)

BESS is connected to Hanrim S/S, the initial pure load was set as 356 MW and the initial wind
speed as 10 m/s, and the wind farm output was 37.5 MW and an initial BESS output of 0 MW. At a
load of 356 MW, the power reference of wind turbine should be 0.75 pu, but this value that does not
consider the loss in the power system. The total system load is the sum of the system load and loss;
however, since it is practically difficult to measure the system load and loss, the system total load is
determined by the amount of power of penetrated generators.

Figure 20 shows the simulation results with power reference control in addition to speed reference
control. When the total load was 369.6 MW (i.e., a pure load of 356.5 MW and losses of 13.1 MW),
the technical limit capacity of the Jeju power system was 85.6 MW, which was calculated using (15).
As there were two wind farms with the same rated power of 48 MW, the operating limit capacity of
Hanrim wind farm was 42.8 MW and the power reference was set to 0.8917 pu (i.e., 42.8 MW /48.0 MW).
The wind speed was initially maintained constant at 10 m/s, and at 50 s was increased to 12.0 m/s
over a period of 1 s. The output power of a wind farm should not exceed the operating limit capacity,
even though the wind speed was sufficient to generate more output power. Therefore, the output
power of Hanrim wind farm was limited to 42.8 MW due to the operating limit capacity, as shown in
Figure 20d.
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(- 400
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Figure 20. Cont.
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Figure 20. Simulation result when wind speed is increased (0~100 s): (a) Wind speed and loads;
(b) Power reference; (c) Pitch angle; (d) Output of wind turbine.

Figure 21 shows frequency and BESS output with FDC and ROCOF respectively. The instantaneous
frequency fluctuation occurs for wind speed increase, and BESS is also charged and discharged accordingly.
However, BESS output control using ROCOF does not demonstrate any advantage over FDC for the
frequency regulation when the frequency fluctuation is small.

—=—FDC —e—ROCOF —=—FDC —e—ROCOF
60.06 -

60.04

60.02

60.00

-2
59.98
T T T -3 T T T
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Frequency (Hz)
BESS Power (MW)

Time (s) Time (s)

(a) (b)

Figure 21. BESS output and frequency result when wind speed is increased (0~100 s): (a) Frequency;
(b) BESS output.

4.2. Output Control of Wind Turbine and BESS on Load Increase

Figure 22 shows the simulation results when the total load of the Jeju power system increased.
Here, the wind speed was maintained constant at 12.0 m/s after 51 s, and a total load of Jeju power
system increased from 369.6 MW to 377.9 MW at 100 s. This increase in the total load resulted in
an increase in the operating limit capacity of the Hanrim wind farm from 42.80 MW to 46.95 MW.
Consequently, the power reference of the Hanrim wind farm increased from 0.8917 pu to 0.9780 pu
(i.e., 46.95 MW /48.0 MW). As expected, the output power of the Hanrim wind farm was successfully
limited to 46.95 MW. At 150 s, there was an additional increase in the total load from 377.9 MW to
397.5 MW. This caused the operating limit capacity of the Hanrim wind farm to follow the dynamic
limit capacity of 48.0 MW. Meanwhile, the power reference of the Hanrim wind farm increased from
0.9780 pu to 1.0 pu. As expected, the output power of the Hanrim wind farm increased to the rated
power, 48 MW.
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Figure 22. Simulation results when the power system load is increased (0~200 s): (a) Wind Speed and
loads; (b) Power reference; (c) Pitch angle; (d) Output of wind turbine.

Figure 23 also shows frequency and BESS output with FDC and ROCOF when the power system
load is increased. The increased loads are satisfied with the ROCOF threshold, and BESS using ROCOF
more quickly compensates for insufficient power than FDC. Fast power compensation can reduce the
instantaneous frequency deviation.
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Time (s) Time (s)
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Frequency (Hz)
BESS Power (MW)

Figure 23. BESS effects when the load is increased (0~200 s): (a) Frequency; (b) BESS output.

5. Conclusions

This paper has determined the rated power of BESS and the operating limit capacity of wind
farms for the power system. A novel control scheme is described for a BESS using ROCOF and wind
farms based on the operating limit capacity in the power system. To determine the rated power of
BESS, the maximum deviation of kinetic energy is used in the operation range of the power system
frequency. The rated power of BESS is determined by compensating the maximum deviation of kinetic
energy as BESS in the operation range of the power system frequency. Furthermore, to improve the
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system stability, the power deviation between supply and demand is more quickly compensated by
the proposed BESS output control method. In Section 2, the simulation results have showed that the
BESS using ROCOF control can raise the frequency nadir by compensating for the power deviation
more quickly than FDC after transient.

The operating limit capacity was defined as the minimum of the technical and dynamic limit
capacity. The technical limit capacity was determined mainly by the characteristics of the generating
units including two pairs of HVDC lines. The dynamic limit capacity was considered using the
simulation of the case of sudden loss of wind power generation. The calculated operating limit
capacity is the reference for the output of wind turbines, which is controlled by the pitch angle.
To confirm the result, PSS/E was used to develop the dynamic model of a wind turbine composed of
GE 1.5 MW DFIGs. The pitch angle control of wind turbine consists of the two controllable parameters,
which were the speed and power references. As PSS/E does not provide a control model for the
speed and power references, user-defined models were developed for the speed and power references.
Speed reference control was used to provide accurate simulations in which the wind speed was varied
and power reference control was used to implement the operating limit capacity. In the Section 4,
the simulation results have shown that the appropriate power of wind farm was output by pitch angle
control to response to variations in the wind speed and the total load of the power system.

As the research progresses, we could have increased the operating limit capacity of wind farms
by calculating the appropriate rated power of BESS and controlling the output of BESS using ROCOF,
and confirmed the usefulness of the operation of proposed BESS and wind farm by controlling the
output of wind turbine according to the operating limit capacity.
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