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Abstract: This work develops an underfrequency preventive control strategy for an islanded power
system with a high penetration of wind power generation. First, the preventive control strategy
uses the frequency nadir forecasting module to analyze the frequency stability under largest diesel
generator tripping (N-1) contingency events. If predicted frequency nadir is too low, four frequency
support methods are then analyzed and used for preventing potential frequency stability problem.
They include generator rescheduling (GR), the use of battery energy storage system (BESS), direct load
control (DLC) and emergency demand response program (EDRP). In terms of the GR method, the
optimal diesel generator dispatch is obtained, with sufficient frequency stability and minimal fuel cost
and start-up cost. In the BESS method, the optimal instantaneous power output from BESS is obtained
based on its frequency support capability. With the DLC or EDRP method, the optimal contract-based
load-shedding or the load-reduction to provide frequency support is obtained, respectively. Then,
the operating costs of each method to support frequency are analyzed. The research methods and
simulation results are very useful to the low-frequency protection of actual power systems with
high renewable power generation. This work proposed a complete defense strategy in a microgrid
system. It combines GR, BESS, DLC and EDRP. Therefore, the system operators have many options to
implement their defense strategies, based on the operating costs of various methods. In other words,
the proposed defense strategy provides a more flexible solution for the protection of micro grids
with a high renewable power penetration. Therefore, the solution considers the system safety and
economical aspects.

Keywords: preventive control strategy; islanded power system; wind power generation; generator
rescheduling; battery energy storage system; direct load control; emergency demand response program

1. Introduction

On an islanded power system, ensuring the balance between power generation and load demand
is very important. When an unpredictable generation unit tripping, N-1 contingency occurs, the
imbalance between generation and load causes a transient frequency dip, which may trigger the
involuntary underfrequency load shedding (UFLS) scheme or even cause a complete blackout [1–3].
This work proposed a complete control strategy that includes four frequency support methods to
balance the power generation and load demand. The four methods include the short-term power
supports from both generation side and demand side. Generally, the re-dispatch and start-up operations
of diesel generators can be executed in a short period of time around several minutes; BESS can
provide instantaneous power support in few milliseconds of battery response time [4–8]. Therefore,
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the GR and BESS-based methods are good choices to improve frequency stability. On the demand side,
the demand response (DR) methods can effectively improve frequency stability by controlling loads.
Typically, DR can be categorized into two basic categorizes—price-based demand response (PBDR) and
incentive-based demand response (IBDR) [9–14]. PBDR offers the time-varying electricity rate while
IBDR offers the incentive payments or rate discount to DR participants; in exchange, DR participants
agree to provide contract-based load-reduction or load-shedding services.

In this work, the IBDR methods, including the DLC and EDRP, are used for frequency support. DLC
allows utility directly shuts down or cycles participants’ certain electrical appliance (e.g., air conditioners
and water heaters) on a very short notice [9–14]. That is, using the load-relay or load-controller, DLC
can directly shed the load and provide frequency support when a contingency occurs. As for the EDRP
method, it notifies participants 15 min to 2 h ahead and requests for voluntary load-reduction [9,15].
With the information about the historical demand, electricity price and short-term load forecasting
results, the EDRP method can be scheduled to reduce the peak load and thus provide frequency
regulation service [9,14,16,17].

The economic analysis in a power utility is significant. Therefore, for the proposed preventive
control strategy, the operating costs for each of the four different methods are discussed. For instance,
based on the GR method, the fuel cost and start-up cost of diesel generators are considered. For the
DLC and EDRP methods, the costs for those methods can be regarded as the incentive payments or
rate discount which power utility should pay to the demand-response participants [9], as they belong
to the incentive-based demand response.

As for the BESS method, the cost for BESS method is determined by the system architecture. In the
market-based power system, power utility can regard the BESS cost as the bidding ancillary service
payments to BESS provider [18]; whereas in this work, for the island power system operators, the BESS
cost should consider the BESS initial investment cost, operation-and-maintenance fees and electricity
bill for battery recharging [4,18]. To simplify the BESS cost analysis, the battery cycle cost, defined
as battery investment cost divided by battery lifetime, is utilized in the proposed preventive control
strategy [19,20]. Due to the frequency support requirement is generally highly variable, the battery
charging/discharging pattern is usually various and depends on the utility’s application, implying that
the battery lifetime is hard to be estimated accurately [4,21]. Therefore, this work has been discussed
with Jian-Shan Thermal Power Plant and considers the battery as a back-up power source directly
controlled by system operators and the battery lifetime used for this preventive control strategy is
assumed to be 5000 cycles.

This work is a continuation of our past researches. In addition to the consideration of generation
redispatch, additional useful mechanisms, such as energy storage and demand response strategies,
have been added into this work, which makes the overall defense planning more comprehensive.
The proposed algorithm is applied to actual isolated island power systems and the developed software
is established in the dispatch center. In other words, the proposed algorithm should be easily applied to
an actual system and the equations must be presented in a form where they are easily understandable.
Nonetheless, the developed system has been applied to Penghu Island.

In an Island system or micro grid, the penetration of a single online generating unit is high.
Therefore, once a generator trips offline, the frequency drop will be a critical problem. That is,
maintaining the frequency stability in such a system is significant. Several works have discussed this
issue [22–26]. However, few research works consider various control methods, such as GR, BESS, DLC
and EDRP, simultaneously. Additionally, few works calculated the economics value for each control
method to identify the priority of various defense strategies.

This work contributes to developing a complete underfrequency control strategy that includes
four different frequency support methods to ensure system security and minimal operating cost.
This paper is organized as follows. Section 2 introduces the proposed underfrequency preventive
control strategy for an island or micro-grid power system. Section 3 describes the establishment of the
database utilized in the control strategy. Section 4 describes the models that are used in the control
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strategy, including the frequency nadir forecasting module, frequency support capability forecasting
module and their formulation relationship. Section 5 analyzes the cost for different frequency support
methods. Section 6 introduces the testing system. Section 7 examines the accuracy of the forecasting
modules. Section 8 presents the results of cost analysis. Section 9 analyzes the capacity requirements
of different frequency support methods. Finally, Section 10 draws the conclusion.

2. Proposed Preventive Control Strategy

This work develops an underfrequency preventive control strategy for an isolated micro-grid
or islanded power system with a high penetration of renewable generation, in which four different
methods to provide frequency support is proposed and available to be implemented. The developed
control strategy includes five main modules—the frequency nadir forecasting, GR, BESS, DLC and
EDRP modules. Firstly, the frequency nadir forecasting module is used to predict the frequency nadir
under an N-1 contingency event [1,2]. Generally, the N-1 contingency test has been utilized in many
isolated island power systems to examine the system frequency stability. If the predicted frequency
nadir is below the predetermined frequency threshold, then one of the four methods can be selected to
provide frequency support to solve potential frequency stability problems.

Following the proposed underfrequency preventive control strategy, next the optimal scheme
for diesel generator re-dispatch, instantaneous active power output from BESS, contract-based
load-shedding in DLC and contract-based load-reduction in EDRP are determined. The developed
control strategy ensures the system is operating with sufficient frequency stability and minimal
operating cost.

The proposed underfrequency preventive control strategy is composed of several main
steps—including the prediction of frequency nadir and four preventive control methods, that is,
GR, BESS, DLC and EDRP for frequency support. Figure 1 shows the overall structure of the flowchart
of the proposed control strategy.
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2.1. Step 1: Real-Time Data from SCADA

Step 1 is to read the real-time data from supervisory control and data acquisition (SCADA),
the measured data include the power output of diesel generators, the power output of wind turbines,
the power output of photovoltaics and system load. These data collected by SCADA have a significant
influence on the transient frequency response, thus they are used to forecast the frequency nadir
(fmin (Hz)).

2.2. Step 2: Forecast the Frequency Nadir

Step 2 is to forecast the fmin and analyze the frequency stability. If fmin is higher than the
predetermined threshold, meaning that the occurrence of N-1 contingency event will not excessively
affect the system, then the system will remain stable throughout the analyzed period. If fmin is lower
than the predetermined threshold, then one of the proposed frequency support methods, including the
GR, BESS, DLC and EDRP, will be applied.

2.3. Step 3: Selection of Control Methods

Step 3 is the selection of four parallel control methods. In this step, the system operators have to
choose one of the four methods to improve the fmin. The first one is the GR method. The operation of
the GR method is illustrated in Figure 2. For the GR method, the generator re-dispatch or the start-up
of additional diesel generator could ensure the sufficient frequency stability. System operators will
re-dispatch the online diesel generators to share the same power generation output for each unit at first.
If the predicted fmin is still below the predetermined threshold, then the preventive control system
will be activated by starting another diesel unit and again re-dispatch the online diesel generators.
The increase of spinning reserve by activating additional diesel unit certainly can improve frequency
stability. This process of starting an additional diesel unit is continued until fmin is higher than the
predetermined threshold. Then the next process is implemented to obtain the optimal online diesel
generator dispatch with sufficient frequency stability and minimal operating cost. For the second stage
of GR method, the economic dispatch, including the fuel cost and start-up cost of diesel generators,
are considered. Each online diesel generator is re-dispatched according to its fuel-cost curve. If the
predicted fmin is below the predetermined frequency threshold, then the Pmax (MW) constraint on
each online diesel generator will be updated, by limits the maximum power generation of each diesel
generator to increase the overall spinning reserve. Finally, the optimal GR is obtained, which ensures
both the sufficient frequency stability and minimal operating cost.

The GR method is simple and efficient; however, its main disadvantages are the possible economic
and environmental constraints of diesel generators. Therefore, the proposed control scheme further
develops other methods by applying energy storage or demand management. The operation of the
BESS method is depicted in Figure 3. In the developed BESS method, based on the simulation results
and approximate method, it can establish the formulation relationship between fmin and the improved
frequency nadir fmin,BESS (Hz) by BESS. The equation is shown as:

fmin,BESS = fmin + kBESSPBESS, (1)

where PBESS (MW) is the active power output of the BESS; kBESS is the slope of linear regression of
Equation (1). Different operating modes have different kBESS values and they are obtained throughout
a trained neural network. The offline historical data were used to train the neural network; then the
PBESS,opt (MW) is determined, which ensures the sufficient frequency stability and minimal requirement
of BESS. The frequency nadir is improved and should be higher than the predetermined frequency
threshold of power system, which is achieved with the sufficient output capacity of BESS.
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On the other hand, the operation of the DLC method is demonstrated in Figure 4. For the DLC
method, based on the simulation results and approximate method, the formulation relationship between
fmin and the improved frequency nadir fmin,DLC (Hz) by DLC has been established. The equation is
shown as:

fmin,DLC = fmin + kDLCPDLC, (2)

where the PDLC (MW) is the amount of the load shedding and kDLC is the slope of linear regression of
Equation (2). Different operating modes have different kDLC values and they are obtained throughout
a trained neural network. The offline historical data are used to train the neural network; then the
required minimal load shedding of DLC (PDLC,opt (MW)) to support frequency response is determined,
which ensures the sufficient frequency stability and minimal requirement of DLC. The frequency nadir
is improved and should be higher than the predetermined frequency threshold of the power system,
which is achieved with a sufficient load-shedding of DLC.
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Next, the operation of the EDRP method is presented in Figure 5. In terms of the EDRP method,
based on the simulation results and approximate method, the formulation relationship between fmin
and the improved frequency nadir by EDRP has been established. The equation is shown as:

fmin,EDRP = fmin + kEDRPPEDRP, (3)

where the PEDRP (MW) is the amount of the load reduction and kEDRP is the slope of linear regression
of Equation (3). Again, different operating modes have different kEDRP values and they are obtained
throughout a trained neural network. The offline historical data are used to train the neural network;
then the required minimal load-reduction of EDRP (PEDRP,opt (MW)) to support frequency response
is determined, which ensures the sufficient frequency stability and minimal requirement of EDRP.
The frequency nadir is improved and should be higher than the predetermined frequency threshold of
power system, which is achieved with the sufficient peak-load reduction of EDRP.
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3. Establishment of the Database Used in the Proposed Preventive Control Strategy

In the proposed preventive control strategy, the frequency nadir and the kBESS, kDLC and kEDRP

values under an N-1 contingency event for every 5min were simulated. To ensure the proposed
preventive control strategy is worthy of trust, the frequency nadir forecasting module and the kBESS,
kDLC and kEDRP forecasting modules must be sufficiently robust to provide accurate results. Before the
forecasting modules are developed and the neural networks are trained, the offline database must be
established first. The steps for establishing the database for module training are as follows.

3.1. Step 1

Step 1 is to identify the parameters of the system network and obtain the system operating
data. The system operating data include the power output of diesel generators, the power output of
wind turbines, the power output of photovoltaics, system load, computed system moment of inertia,
computed spinning reserve and the power loss owing to an N-1 tripping event.

3.2. Step 2

In Step 2, the power system simulation software (PSS/E) is used to simulate the transient frequency
nadir fmin and then obtain the corresponding PBESS, PDLC and PEDRP every 5 min using (1)–(3).

3.3. Step 3

In Step 3, the offline database concerning frequency response is established. This database includes
the historical system operating data, the used PBESS, PDLC and PEDRP and corresponding fmin under
the N-1 contingency event. The offline database is utilized to train the fmin, kBESS, kDLC and kEDRP

forecasting modules.
For the BESS method, the battery is considered as a back-up power source, which is directly

controlled by system operators [8,27]. Many researches investigate the control methods for battery
outputs and those methods affects the frequency support capability of BESS [21,28,29]. This work
assumes that the BESS will provide the active power output directly when a contingency is detected
and it assumes the battery response time to be 100 ms [4,30]. Figure 6 shows an example for frequency
response with and without using BESS—the solid red line and the dash red line represent the frequency
response with 0 and 0.8 MW BESS, respectively. In this operating status, the relation between the
power output from BESS and frequency nadir is summarized in Table 1 and it can be described by a
linear regression with the slope of 0.0368.
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Table 1. The frequency support capability of BESS—case study.

BESS Output
(MW)

Frequency Nadir
(Hz)

Frequency Support
(Hz/0.1 MW BESS)

0 57.1103 -
0.1 57.1471 0.0368
0.2 57.1839 0.0368
0.3 57.2206 0.0367
0.4 57.2574 0.0368
0.5 57.2941 0.0367
0.6 57.3309 0.0368
0.7 57.3676 0.0367
0.8 57.4044 0.0368
0.9 57.4410 0.0366
1.0 57.4779 0.0369
1.1 57.5146 0.0367
1.2 57.5513 0.0367
1.3 57.5880 0.0367
1.4 57.6246 0.0366
1.5 57.6613 0.0367

Furthermore, the DLC method provides load participants with incentive payments or rate
discount and it allows system operators directly shuts down or cycles participants’ certain electrical
appliance [9–14]. The certain electrical appliance (e.g., air conditioners and water heaters) can be
directly shed via the load-relay or load-controller. Whether the load-relay or load-controller is activated
or not, load participants receive the incentive payments or rate discount. Many researchers investigated
different UFLS relay settings and the corresponding frequency support capability by DLC [3,31–33].
This work assumes the load participants to provide the UFLS service using the rate of change of
frequency relay. Figure 7 shows an example for frequency response with and without the use of
DLC—the solid red line and the dash red line represent the frequency response with 0 and 0.8 MW
DLC, respectively. Within the same operating status, the relation between the amount of load shedding
and frequency nadir is summarized in Table 2 and it can be described by a linear regression with the
slope of 0.037.
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Table 2. The frequency support capability of DLC–case study.

DLC Load Shedding
(MW)

Frequency Nadir
(Hz)

Frequency Support
(Hz/0.1 MW DLC)

0 57.1103 -
0.1 57.1472 0.0369
0.2 57.1841 0.0369
0.3 57.2211 0.0370
0.4 57.2581 0.0370
0.5 57.2950 0.0369
0.6 57.3320 0.0370
0.7 57.3690 0.0370
0.8 57.4060 0.0370
0.9 57.4430 0.0370
1.0 57.4799 0.0369
1.1 57.5169 0.0370
1.2 57.5539 0.0370
1.3 57.5909 0.0370
1.4 57.6279 0.0370
1.5 57.6648 0.0369

The EDRP method provides load participants with incentive payments or rate discount;
it notifies participants 15 min to 2 h ahead and requests for voluntary load-reduction service [9–15].
By implementing the proposed preventive control method and the short-term renewable and load
forecasts, system operators can predict and reduce a certain amount of load in advance [9,14,16,17],
regardless either a contingency event really occurs or not. In this work, the EDRP scheme notifies
load participants 15 min in advance, which is common for a general EDRP scheme. Figure 8 shows
an example for frequency response with and without using EDRP—the solid red line and the dash
red line represent the frequency response with 0 and 3.6 MW EDRP load-reduction, respectively.
Within the same operating status, the relation between the amount of load shedding and frequency
nadir is summarized in Table 3 and it can be described by a linear regression with the slope of 0.026.
It is noted that the EDRP method needs more load reduction in order to provide spinning reserve,
which increases the overall operating cost and reduces the efficiency. However, it is still an option for
frequency regulation for emergency cases; additionally, it sheds the voluntary participants in advance
and avoids unplanned load shedding.
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Table 3. The frequency support capability of EDRP–case study.

EDRP Load Reduction
(MW)

Frequency Nadir
(Hz)

Frequency Support
(Hz/0.3 MW EDRP)

0 57.1103 -
0.3 57.1369 0.0266
0.6 57.1631 0.0262
0.9 57.1896 0.0265
1.2 57.2160 0.0264
1.5 57.2421 0.0261
1.8 57.2685 0.0264
2.1 57.2947 0.0262
2.4 57.3205 0.0258
2.7 57.3467 0.0262
3.0 57.3724 0.0257
3.3 57.3984 0.0260
3.6 57.4243 0.0259
3.9 57.4499 0.0256
4.2 57.4758 0.0259
4.5 57.5015 0.0257

4. Establishment of Forecasting Modules for Frequency Nadir and Frequency Support Capability

4.1. Frequency Nadir Forecasting Module

In the proposed preventive control strategy, the frequency nadir forecasting module is trained
by back-propagation artificial neural network (BP-ANN), which capable of accurately predict the
system frequency nadir under an N-1 contingency [1,2]. The frequency nadir forecasting module using
BP-ANN is illustrated in Figure 9. The input data include the power output of diesel generators (PDG
(MW)), power output of wind turbines (Pwind (MW)), power output of photovoltaics (PPV (MW)),
system load (PLoad (MW)), computed system moment of inertia (H) and computed spinning reserve
(∆SR) and the power loss owing to an N-1 tripping event (∆P). The output data of the module are the
frequency nadirs without any frequency-support control.
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4.2. Frequency Support Capability of BESS, DLC and EDRP

The relationship between frequency nadir and frequency support capability, including BESS, DLC
or EDRP, are constructed via the BP-ANN and the linear regression. For the BESS method, the value of
kBESS in equation (1) is nearly a constant if the system continuously operates at the same condition.
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For example, kBESS in Table 1 is approximately to 0.0367 Hz/MW and it varies under different operating
conditions. Therefore, this work first utilizes the linear regression technique to approximate the values
of kBESS under various operating conditions. Then, the BESS frequency support capability forecasting
module is developed to predict the optimal kBESS under various system operating conditions. It is
trained by the BP-ANN and illustrated in Figure 9. The input data include all the system operating
data from the database established in Section 3 and the output data are the optimal kBESS calculated by
linear regression. Additionally, this work can establish the formulation relationship between frequency
nadir and BESS frequency support capability, presented as (1). For the DLC and EDRP method, the
optimal kDLC and kEDRP values are obtained by the similar process and the formulation relationship
are established and presented as (2) and (3).

If only the BESS method is considered, the optimized output capacity of BESS PBESS,opt is
determined by (4). For the DLC method only and EDRP method only, the optimized load-shedding
of DLC PDLC,opt and optimized peak-load reduction of EDRP PEDRP,opt are determined similarly,
presented as (5) and (6), respectively.

PBESS,opt = (fmin,threshold − fmin)/kBESS (4)

PDLC,opt = (fmin,threshold − fmin)/kDLC (5)

PEDRP,opt = (fmin,threshold − fmin)/kEDRP (6)

5. Cost Analysis for the Proposed Preventive Control Methods

5.1. Cost Analysis for the GR Method

Generally, the cost for GR method consists of the fuel cost and start-up cost of diesel generators.
The typical fuel cost function of a diesel generator is approximate to a quadratic equation, presented
as (7)

f(Pi) = aiP2
i + biPi + ci, (7)

where Pi (MW) is active power output from the diesel generator i. Because the coefficients ai, bi and ci
of each diesel generator are different, the re-dispatch of diesel generators would increase or decrease
the total fuel cost. In contrast, the start-up cost is considered only when starting additional diesel unit.
In this work, the start-up cost of one diesel unit is 80 L of diesel fuel.

In the Penghu Island power system, the fuel cost functions on the diesel generators are either
convex upward curves or convex downward curves. That is, the Penghu Island power system has a
non-monotonicity characteristic of the fuel incremental cost. Therefore, this work utilizes the mixed
integer linear programming (MILP) method to solve the economic dispatch problem. The MILP method
can achieve the optimal solution even when the incremental cost of system is non-monotonicity [1,34].

5.2. Cost Analysis for the BESS Method

In the proposed control strategy, the cost for implementing the BESS method also considers the
limited lifetime of BESS. First, the battery cycle cost is calculated as follows

CBatt,cycle = CBatt,investment/LBatt, (8)

where CBatt,investment (USD/kW) is the investment cost of 1 kW battery; LBatt (cycle) is the
lifetime of battery. The lifetime of battery is determined by many factors, including the battery
charging/discharging patterns, ambient temperature and others. However, since the requirement
on frequency support is highly variable, the required battery charging/discharging patterns cannot
be accurately predicted and they depend on the system operators’ applications [4,21]. Therefore,
this work assumes that a battery package is installed at Jian-Shan Thermal Power Plant and the LBatt is
5000 cycles and CBatt,investment is 2000 USD/kW [4,30,35–38]. Then, the CBatt,cycle (USD/kW/cycle) is set
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to 0.4 USD/kW/cycle, to support system frequency response. As a result, the corresponding cost using
the BESS method is calculated as (9).

CBESS = CBatt,cycle ×PBESS,opt. (9)

In the study, the historical and real-time requirement of PBESS,opt of Jian-Shan Thermal Power
Plant are analyzed and predicted and the cost for implementing the BESS method of power system can
be calculated.

5.3. Cost Analysis for the DLC and EDRP Methods

On the other hand, the cost for DLC and EDRP methods take into account the rate discount for
load participants. Generally, the rate discount depends on the electricity bill and demand-response
contracts. In Taiwan, Taiwan Power Company provides the discounts of demand charge and energy
charge to EDRP participants and the corresponding scheme concerning the Taiwan Power Company
EDRP is presented in Table 4. EDRP participants pre-register their contracts on the suppression capacity.
Participants can select to provide 2 h or 4 h load reduction and the average of load reduction (PEDRP,avg

(MW)) should be no less than the contracted suppression capacity. Therefore, the corresponding cost
for the EDRP method can be calculated by (10)–(13),

CEDRP = CEDRP,DC + CEDRP,EC (10)

CEDRP,DC = PCSCDDC (11)

CEDRP,EC = PEDRPDEC (12)

PEDRP,avg ≥ PCSC, (13)

where CEDRP (NTD) is the cost for the EDRP method; CEDRP,DC (NTD) is the cost for demand-charge
discount in one month; CEDRP,EC (NTD) is the cost for energy-charge discount; PCSC (MW) is the
pre-registered contracted suppression capacity; DDC (NTD/MW) is the demand-charge discount per
MW; DEC (NTD/MWh) is the energy-charge discount per MWh.

Table 4. The rate discount provided by the Taiwan Power Company EDRP rule.

Notification Demand-Charge Discount
(NTD/MW per month)

Energy-Charge Discount
(NTD/MWh)

15-min ahead 96,000 10,000

30-min ahead 86,000 10,000

1-h ahead 78,000 10,000

2-h ahead 72,000 10,000

In Taiwan, the government is currently comparing and analyzing the cost and benefits of
different DR programs. However, there is no DLC program being implemented in Taiwan nowadays.
References [4,39] review the international experiences about DLC and EDRP programs. In California,
three different DLC programs are provided by Pacific Gas & Electric Company, Southern California
Edison Company (SCE) and San Diego Gas & Electric Company [40]. These California DLC programs
provide load participants with different incentive payments, which are useful references to evaluate
the cost for the DLC method in Taiwan.

6. Testing System

The developed under-frequency preventive control strategy was tested on the Penghu Island
power system and the actual historical system operating data for every 5 min were utilized. The single
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line diagram of the Penghu system is presented in Figure 10. The Jian-Shan Power Plant has 12 diesel
generator units with 129.6 MW of total installed capacity. The Hu-Si wind farm has 6 wind turbines
with 6.0 MW of total installed capacity. Jong-Tun wind farm has 8 wind turbines with 7.2 MW of total
installed capacity. The distributed solar photovoltaic (PV) has 10 MW of total installed capacity. In this
work, the battery energy storage is assumed to be installed at the Hu-Si Substation for the purpose
of management and maintenance. Additionally, the controllable load is assumed to be connected
at Ma-Gong Substation (the main substation for the load center) for implementing the DLC and
EDRP methods.

Appl. Sci. 2020, 10, 3184 14 of 22 

work proposes four frequency support methods to ensure sufficient system frequency stability and 

minimal operating costs. 

 

Figure 10. The single line diagram of the power system in Penghu Island. 

7. Accuracy of the Forecasting Modules Used in the Proposed Preventive Control Strategy 

To identify whether the system can tolerate N-1 contingency events, frequency nadir must be 

forecast accurately. Figure 11 plots the distribution of minf  forecasting errors. The minf  forecasting 

errors are distributed between 06.0  Hz, with 93.74% of the errors in the 02.0  Hz range, which is 

acceptable in the Penghu Island power system. 

 

Figure 11. Distribution of minf  forecasting errors without preventive controls. 

Figure 10. The single line diagram of the power system in Penghu Island.

Currently, the under-frequency load shedding scheme and the rescheduling scheme of diesel
generators are the defense strategies applied in the Penghu Island power system. That is, if a system
contingency occurs and frequency drops to below 57.4 Hz, the under-frequency load shedding relay
will be automatically activated to shed the load and then system operators reschedule the diesel
generators based on their experiences. However, the load-shedding operations are unexpected and
involuntary and the existing diesel generator rescheduling scheme is not economic. Therefore, this
work proposes four frequency support methods to ensure sufficient system frequency stability and
minimal operating costs.

7. Accuracy of the Forecasting Modules Used in the Proposed Preventive Control Strategy

To identify whether the system can tolerate N-1 contingency events, frequency nadir must be
forecast accurately. Figure 11 plots the distribution of fmin forecasting errors. The fmin forecasting
errors are distributed between ±0.06 Hz, with 93.74% of the errors in the ±0.02 Hz range, which is
acceptable in the Penghu Island power system.
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To evaluate the effectiveness of the proposed preventive control methods, the frequency nadir
with the application of the BESS, DLC or EDRP method must be forecast accurately as well. For the
BESS method, the error distribution of predicted frequency nadir is plotted in Figure 12. The fmin,BESS
forecasting errors are distributed between ±0.06 Hz, with 90.84% of the errors in the ±0.02 Hz range.
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Using the DLC method, the error distribution of the predicted frequency nadir is plotted in
Figure 13. The fmin,DLC forecasting errors are distributed between ±0.06 Hz, with 91.07% of the errors
in the ±0.02 Hz range.
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Lastly, by utilizing the EDRP method, the error distribution of predicted frequency nadir is plotted
in Figure 14. The fmin,EDRP forecasting errors are distributed between ±0.06 Hz, with 91.02% of the
errors in the ±0.02. Hz range.Appl. Sci. 2020, 10, 3184 16 of 22 
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Based on the statistical results, it demonstrates that the developed forecasting modules of fmin,
kBESS, kDLC and kEDRP are capable to provide accurate forecasting results.

8. Results of Cost Analysis

An actual SCADA data on November 10 2017 were utilized as a case study for the cost analysis.
Table 5 demonstrates the predicted fmin without any proposed methods. If the predicted fmin is above
the predetermined frequency (57.4 Hz), meaning that the system has sufficient frequency stability
even under N-1 tripping contingency event. It can be observed that some of the hours the predicted
fmin are below the predetermined frequency threshold, which indicates possible occurrence of system
frequency instability. In that case, then one of the four frequency support methods can be selected
to maintain the system frequency stability and then, the corresponding required costs are calculated.
The details for calculating the cost by using four frequency support methods are as follows.

Table 5. The predicted frequency nadir without the proposed methods.

Time fmin (Hz) Time fmin (Hz)

00:00 57.5570 12:00 57.5340
01:00 57.7212 13:00 57.3750
02:00 57.7152 14:00 57.1687
03:00 57.7438 15:00 58.4231
04:00 57.7707 16:00 58.3611
05:00 57.8670 17:00 58.3210
06:00 58.0051 18:00 58.2368
07:00 57.6361 19:00 58.2798
08:00 57.3031 20:00 58.1963
09:00 57.0152 21:00 58.0321
10:00 57.3148 22:00 57.5174
11:00 57.404 23:00 57.9393

8.1. The GR Method

The GR method ensures the adequate frequency stability and minimal operating cost. In this
work, the diesel fuel price is 25 NTD/L and starting one diesel unit consumes 80 L of diesel fuel. As a
result, the corresponding costs for GR method are presented in Table 6. The difference of diesel fuel
costs before and after GR method is negative, meaning that the GR method reduces the diesel fuel
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cost. The start-up cost is positive, meaning an additional cost is required if start-up of a diesel unit
is necessary.

Table 6. The cost analysis of the GR methods.

Time
Consumed Fuel

(Before)
(L/Hour)

Consumed Fuel
(After)

(L/Hour)

Change of Fuel
Cost (NTD/Hour)

Start-Up Cost
(NTD)

08:00 7887 7869 −450 0
09:00 8633 8412 −5525 2000
10:00 8192 8123 −1725 2000
13:00 7892 7878 −350 0
14:00 8330 8095 −5875 2000

8.2. The BESS Method

The optimal active power output of BESS, PBESS,opt, is obtained in Section 4. Then, the corresponding
cost by the BESS method is calculated by (9). Table 7 shows the PBESS,opt and corresponding costs by
the BESS method. The exchange rate is 28.93 NT Dollar to 1 US Dollar herein.

Table 7. The cost analysis and required capacity of the BESS methods.

Time PBESS,opt (MW) Battery Cycle Cost
(NT$ per Cycle)

08:00 0.6281 0.6281

09:00 0.7531 0.7531

10:00 0.9031 0.9031

13:00 0.9781 0.9781

14:00 1.1031 1.1031

8.3. The EDRP Method

The optimal load reduction of EDRP, PEDRP,opt, is obtained in Section 4. Then, the corresponding
cost by the EDRP method is calculated by (10)–(13). This work assumes that the demand-charge
discount is 96 NTD/kW and the energy-charge discount for a 15-min ahead notification EDRP is
10 NTD/kWh; furthermore, the PCSC (MW) equals PEDRP,avg (MW). Table 8 presents the PEDRP,,opt and
the corresponding costs using the EDRP method.

Table 8. The cost analysis and required capacity of the EDRP methods.

Time PEDRP,opt (MW) Demand Charge Discount
(NT$ per month)

Energy Charge Discount
(NT$/Hour)

08:00 1.1476 110,169 11,476

09:00 4.5629 438,038 45,629

10:00 1.0614 101,894 10,614

13:00 0.3049 29,270 3049

14:00 2.7579 264,758 27,579

8.4. The DLC Method

The optimal load shedding of DLC, PDLC,opt, is obtained in Section 4. However, there is no
operating experience concerning the DLC programs in Taiwan; thus, the corresponding cost using
the DLC method is not available. This work suggests that the corresponding cost for DLC method
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is obtained by multiplying PDLC,opt and an actual DLC contract rate discount. Table 9 presents the
PDLC,opt by the DLC method.

Table 9. The cost analysis and required capacity of the DLC methods.

Time PDLC,opt (MW)

08:00 0.2812
09:00 1.1157
10:00 0.2466
13:00 0.0716
14:00 0.6625

9. Capacity Requirements of the Proposed Preventive Control Strategy

The capacity requirements (MW) using the developed frequency support methods are analyzed
based on the historical operating data. If the BESS method is utilized, the probability distribution of
the required BESS power output is presented in Figure 15. The confidence level (CL) of the probability
distribution is demonstrated in Table 10. For instance, 90% of confidence level requires 0.9031 MW
capacity of BESS to ensure sufficient frequency stability under N-1 tripping events.

Appl. Sci. 2020, 10, 3184 18 of 22 

obtained by multiplying optDLCP ,  and an actual DLC contract rate discount. Table 9 presents the 

optDLCP ,  by the DLC method. 

Table 9. The cost analysis and required capacity of the DLC methods. 

Time 
optDLCP ,  

(MW) 

08:00 0.2812 

09:00 1.1157 

10:00 0.2466 

13:00 0.0716 

14:00 0.6625 

9. Capacity Requirements of the Proposed Preventive Control Strategy 

The capacity requirements (MW) using the developed frequency support methods are analyzed 

based on the historical operating data. If the BESS method is utilized, the probability distribution of 

the required BESS power output is presented in Figure 15. The confidence level (CL) of the probability 

distribution is demonstrated in Table 10. For instance, 90% of confidence level requires 0.9031 MW 

capacity of BESS to ensure sufficient frequency stability under N-1 tripping events. 

Table 10. The comparison of capacity requirement. 

Confidence LEVEL (%) 
Required BESS  

(MW) 

Required DLC 

(MW) 

Required EDRP 

(MW) 

70–72 0.6281 0.6281 2.4135 

80–81 0.7531 0.7531 2.8135 

90–92 0.9031 0.9031 3.4135 

95–96 0.9781 0.9781 3.8135 

99–99.5 1.1031 1.1031 4.4135 

 

Figure 15. Probability distribution of the required BESS power output. 

If the DLC method is utilized, the probability distribution of the power requirement of DLC load 

shedding is presented in Figure 16. The confidence level (CL) of the probability distribution is 

demonstrated in Table 10. For 90% of confidence level, it requires 0.9031 MW capacity of DLC to 

ensure sufficient frequency stability under N-1 tripping events. 

Figure 15. Probability distribution of the required BESS power output.

Table 10. The comparison of capacity requirement.

Confidence LEVEL
(%)

Required BESS
(MW)

Required DLC
(MW)

Required EDRP
(MW)

70–72 0.6281 0.6281 2.4135
80–81 0.7531 0.7531 2.8135
90–92 0.9031 0.9031 3.4135
95–96 0.9781 0.9781 3.8135

99–99.5 1.1031 1.1031 4.4135

If the DLC method is utilized, the probability distribution of the power requirement of DLC
load shedding is presented in Figure 16. The confidence level (CL) of the probability distribution is
demonstrated in Table 10. For 90% of confidence level, it requires 0.9031 MW capacity of DLC to ensure
sufficient frequency stability under N-1 tripping events.
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If the EDRP method is utilized, the probability distribution of the power requirement of EDRP load
reduction is presented in Figure 17. The confidence level of the probability distribution is demonstrated
in Table 10. For 90% of confidence level, it requires 3.4135 MW capacity of EDRP to ensure sufficient
frequency stability under N-1 tripping events.
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10. Conclusions

Frequency stability is an important issue for islands or micro-grid power systems. In this work,
different frequency support methods have been utilized, including GR, the use of BESS, DLC and
EDRP. These methods provide the system operators various options for preventive control. To compare
the different frequency support methods, the costs for each method are calculated. Finally, this work
develops a software platform that integrates the frequency support capability and cost analysis for the
preventive methods in an actual power plant, while demonstrating the effectiveness of the proposed
methods. The contributions in this work are summarized as follows.

The complete preventive control strategy that ensures sufficient system frequency stability
and minimal operating costs has been proposed and the strategies include GR, BESS, DLC and
EDRP methods.

The frequency support capability from BESS, DLC and EDRP are proposed and the formulation
relationship between frequency nadir and the required amount of BESS, DLC or EDRP is achieved.

The costs for each frequency support method are calculated with appropriate assumptions,
providing a clear way to analyze and compare these methods.
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