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Abstract. In response to growing power demand and rising environmental awareness, renewable energy
(RE) resources are becoming increasingly common. However, the power output of RE is intermittent, as it
strongly depends on the weather conditions; this increases the difficulties for the system operator (SO) to
maintain the system frequency. This paper proposes an optimal sizing and operating strategy for a battery
energy storage system (BESS) which integrates with virtual synchronous generator (VSG) technologies to
participate in ancillary service (AS) market. The proposed method improves the traditional dual-stage
architecture of BESS capacity planning problem to speed-up computation. However, the dimension and
complexity of the optimization problem would increase accordingly. Therefore, the Electron Drifting
Algorithm (eDA) is proposed to solve the proposed optimization problem and improve the quality of
solution. To verify the feasibility, the IEEE 30-bus test system is employed for dynamic analysis by using
the dynamic power system simulation software DIgSILENT PowerFactory. This paper provides a new
business model to promote investments in BESS, not only yielding economic benefits, but also effectively

increasing  the

1 Introduction

With the growth of the population and industrial
activities, the reliance on fossil fuels has dramatically
increased. Moreover, due to higher greenhouse gas
emissions caused by burning fossil fuels, there are
increasingly severe environmental problems such as
pollution, global warming, and climate change, etc. In
order to relieve these problems, inverter-based
distributed generators (IBDG) powered by renewable
energies (RE) have been developed and readily applied
in recent decades.

However, with the increasing penetration of RE
systems, generation is shifting from centralized power
stations with large synchronous generators (SG) having
large rotational inertia due to their rotating parts to
distributed generation involving smaller power sources
with either very small or no rotating mass and damping
properties. This will have an enormous influence on the
dynamic response and stability of power systems [1-3].
For this reason, the control of the switching pattern of an
IBDG has been studied in order to emulate the rotating
mass and damping property behavior of a real SG. The
concept is known as virtual synchronous generator (VSG)
[4-8].

The high RE penetration will cause some problems
for power grids, such as line overloading, overvoltage,
and frequency fluctuation. Frequency fluctuation is one
of the most likely problems to occur with high RE
penetration. When the output power of RE largely
fluctuates, the automatic generation control (AGC) of
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robustness of the grid

and further accommodating additional RE.

existing synchronous generators may be insufficient.
Therefore, a faster additional response capacity used to
perform frequency regulation should be included.

Battery energy storage system (BESS) is an
appropriate tool for regulation of the grid frequency: it
not only reacts quickly but also flexibly. However, the
initial capital and maintenance cost of BESS are still
high 9 and hamper their development. Therefore, both a
realistic method to determine the optimal installed
capacity and a suitable business model are needed.

Recently, a virtual synchronous generator (VSG)
[10 ]control strategy for distributed generation inverters
is discussed. According to the rotor motion equations,
namely, swing equations, virtual inertia control is
introduced into the control algorithm of the inverters,
including governor and exciter to emulate the
characteristics of the rotor. By using this control, the
network frequency response resulting from load changes
can be effectively improved.

In literature [11], a novel VSG controller is proposed,
which uses virtual inertia for inverters to improve the
frequency response of microgrid under disturbances
involving large frequency deviations. In [12] and [13],
an algorithm for self-tuning (ST) inertia of VSG is
introduced. Moreover, the performances of the ST-VSG
and the constant-parameter (CP) VSG are evaluated by
comparing their inertial response and damping power
under different scenarios of load variations.

In summary, all the existing researches on VSG
mentioned above explored only the control method at the
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power electronics level. The profitable applications and
business model of VSG are less to be discussed. BESS
are commonly integrated with RE such as PV or wind
turbine to stabilize the system, or participate in energy
market to get profits [14-17]. Besides, it's also a suitable
source for being the input-side of VSG. However,
because of the high capital cost of BESS, the optimal
installed capacity of BESS has become a widely studied
topic.

The optimal capacity of BESS is highly dependent on
how it operates. Thus, the dual-loop optimization
structure, namely the capacity optimization loop and
charging/discharging  optimization, is commonly
employed [18-21] to find the solution. In [18], batteries
and super-capacitors are used to ensure the continuity
and reliability of electricity because of the unstable and
unpredictable output power of RE. The optimal capacity
is determined by using a hybrid algorithm, simulated
annealing particle swarm optimization (SAPSO) in dual-
loop optimization. However, fixed values of the lifetime
of batteries and super-capacitors are not realistic.

In [19], an optimal method is proposed to optimize
the capacity of BESS. Also, the capacity of BESS is
divided into two parts to deal with reliability and load-
profile smoothing issues, respectively. Literature [20]
focuses on finding the optimal size of power and energy
ratings for a Vanadium Redox Battery (VRB) system to
perform energy arbitrage. The dual-loop optimization is
performed and solved by dynamic programming (DP)
where the outer loop is for planning and the inner loop is
for operation.

As mentioned above, in the optimal BESS sizing
problem, the general dual-loop optimization structure is
widely used [18-21] separating the process into planning
loop and operation loop. These two optimization
problems are decoupled to determine hierarchically the
optimal capacity and operation of BESS. However, it
usually takes a lot of computation time, especially for
some applications that require power flow analysis to
check constraints.

This paper proposes an optimal sizing and operation
strategy for a BESS participating in the ancillary service
(AS) market, not only considering the time-of-use
(TOU) tariff to perform energy arbitrage, but also
integrating VSG to provide instant frequency regulation
service. Besides, the common and widely used dual-loop
optimization structure is replaced by using a proposed
single-loop optimization structure to decrease the
computation time. Although, the dimension of the
optimization problem is correspondingly increased, the
electron drifting algorithm (eDA) [22, 23] is employed
to improve the solution because of its better searching
ability. This paper proposes a new application of BESS,
not only providing incentives for investors, but also
increasing the robustness of the grid to accommodate
more RE systems.

2 System Architecture

The recent development and advancement of RE
strongly increase their market penetration, resulting in a

reduction of their cost and subsidies [24]. However, the
power generation from RE is subject to large
uncertainty, thus causing many problems such as
frequency fluctuations, overvoltage, and reverse power
flow. In order to ensure the power-supply reliability, the
system operator (SO) usually establishes an AS market
for stabilizing the power system. Through the
interactions between the SO and AS providers in the AS
market, not only can the AS providers earn profits, but
the system can also become more stable.

The overall system architecture is illustrated in Fig. 1.
In general, the electricity market can be divided into the
energy market and the AS market, where the energy
market is concerned with the general power transactions
and the AS market is employed to prepare the other
resources which the system operation needs.

For the market operation, smart measurement devices
acquire the relating information and send it to the SO
through the supervisory control and data acquisition
(SCADA) system for power flow analysis and data
forecasting. According to the forecasting results and
transaction mechanisms, the SO will announce energy
price and ancillary service price (ASP) for system
participants to achieve the minimum operating costs and
meet the system reliability requirements.

To mitigate the frequency fluctuations caused by
high penetration of RE, the power capacity which has
fast response ability is essential to maintain the real-time
power balance of supply and demand. Normally, power
generation companies (GenCo.) are the main providers
of the dispatchable capacities, namely AGC. In this
paper, BESS is adopted to participate in the electricity
market including the both energy and capacity market.
The proposed optimization method can determine the
optimal installed capacity of BESS and the best
operation based on the relevant market prices. The
schematic diagram of capacity allocation of the
comparison of conventional generators and BESS is
shown in Fig. 2.

3 The Proposed Single-stage Optimizal
BESS Sizing and Operating Strategies

A. The Overall Optimization Process

The overall single-stage optimization process 1is
illustrated in Fig. 3. In general, the historical data are
employed to estimate the optimal capacity of BESS.
However, it needs lengthy computation if there are
massive historical data. In order to balance the
computation time and reality of the system, it is
necessary to select representative typical days from a
large database of historical data, as performed in this
paper.

After obtaining historical data series of load, PV, and
price profiles by K-means clustering, the related data of
the typical days are input into the simulation models for
analyzing the dynamic responses and obtaining the
required regulation power to stabilize the system
frequency within the prescribed range. The VSG
dynamic simulation model [10] is implemented by the
DIgSILENT PowerFactory software.
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Fig. 2 Capacity allocation of generator and BESS

The proposed optimization method is then executed
to find the optimal installed capacity, the
charging/discharging power, and the AS capacity of
BESS. The net profit acquired from the scheduled
operations is settled according to the real-time pricing of
the energy market. In addition, the remaining capacity of
BESS is used to participate in AS market.

B. Optimization Structure Comparison

Generally, the BESS capacity and operation
optimization are divided into the two decoupled
problems. The typical dual-loop optimization structure
[18-21] is commonly used for BESS installation
planning, as shown in Fig. 4. In the dual-stage
optimization structure, the decision variables are the
BESS capacities in kW and kWh which are applied into
the inner loop as constant parameters to optimally
schedule the charging/discharging power.

The decision variables of the outer and inner loops
can be represented in (1) and (2), respectively. Assuming
there are K BESS and T time slots, the dimensions of
outer and inner loops are 2xK and TXK, respectively.
Furthermore, assuming there are S solutions in each
iteration and G iterations, the objective function must be
calculated (SxG)* times in the dual-stage optimization
structure.

[ (Prate (1) Erate (1)), 1 (Prate (K) Enate (K))] (1)

PB ,sched (111) PB ,sched (l, T )

(PB,sched(Kvl) PB,sched(KvT)
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Fig. 3 The flowchart of the proposed single-stage optimizal BESS
sizing and operating strategies.
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Fig. 4 The flowchart of typical dual-stage BESS capacity
optimization method.

where P.(K) and Er..(K) are the capacity of the k™ BESS
in kW and kwh and

P screa(k, 1) is scheduled power output of the k™
BESS in the t™ time slot.

The proposed single-loop optimization method,
which directly integrates the two sets of decision
variables expressed as (1) and (2) into a single
optimization problem, is shown in Fig. 3. Its
computation time can be greatly decreased due to
reduction of the calculating times of objective function
to be SxG. Besides, the repeated computations in the
dual-loop structure can also be avoided.

However, the problem dimension of the single-loop
structure is accordingly increased to (2+7)xK, which
obviously complicates the problem. Thus, an advanced
algorithm that is more suitable for the optimization
problems high dimension is needed. In this paper, the
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eDA [22, 23] is adopted to solve the proposed
optimization problem.

C. Formulation of Optimal BESS Installation

- Objective Function

As mentioned above, the BESS installed capacities in
kW and kWh and scheduled charging/discharging
operations are the decision variables of the proposed
optimization problem. The optimal installed capacities
are mainly determined according to the net profit of the
BESS owner, which can be calculated by its revenues,
the capital cost, and the operating and maintenance
(O&M) cost of the BESS. The objective function of the
proposed method is shown in (3) to (5). In the proposed
method, the remaining capacity of BESS inverter except
the scheduled power output, as calculated by (6), is
adopted to participate in the AS market in the form of
VSG. Therefore, the practical power output, Pp e, can
be calculated by (7).

mex [REV —COST] A3)

REV = kii(PB oK DXTOU(D) + (o (DX ASPD)  (4)
=lt=1 :

K|(C P, + r
COST:ZH kW X Frate k J d@d+d) .

Coam }i (%)

k=1| | Crwn > Erate,k ) a+d) 365
Cas(k 1) =Prae(k) _‘PB,sched(k’ t)‘ (6)
PB,prac(k't) = PB,sched (k,t) + PVSG (k, t) (7)

where

REV and COST are revenue and cost of BESS owner,
Praex and Erqek are the capacities of the k" BESS in kW
and kWh,

P prac(k, 1) is practical power output of the k™ BESS in
the " time slot,

Cas(k, t) is the capacity participated in AS market,
Pvsc(k, t) is power compensated by in the form of VSG,
Ciw and Cywr, are the cost of BESS in kW and kWh,
Cosmis O&M cost,

TOU(t) and ASP(t) are the time-of-use pricing and AS
pricing at time t,

d is the discount rate,

r is the life-time year of BESS, and

D is the number of selected typical days.

- Equivalent Mathematical Model of Battery

The analysis described in 25 demonstrated that the
Zinc-Bromine (Zn/Br) Flow Battery has better
cost/benefit rate. Therefore, in this paper, the Zn/Br
battery integrated with VSG is selected to maximize the
net profit of BESS owner and participate in AS market to
regulate the frequency and voltage. The basic BESS
physical model is defined as (8) and (9), including state-
of-charge (SOC) and storied energy, respectively.

To evaluate the degradation cost of BESS, the depth
of discharge (DOD) of every discharge should be taken
into account. The equivalent life-cycle can be estimated
through the coulomb/ampere-hour counting method 26,

which means that the available charge/discharge cycles
throughout the lifetime of a battery can be transformed
into an amount of coulomb. Once the cumulative
coulomb from charging and discharging reaches the
transferred coulomb rating, i.e. the total coulomb amount
throughout the battery lifetime Cr, the battery must be
replaced.

The total coulomb amount Cp and the cumulative
charging and yearly discharging coulomb C, are
formulated as (10) and (11), respectively. The practical
replacement year of the battery can be then calculated by
(12). Equation (13) limits the power output of battery for
power supply security. To avoid the battery rapidly
aging, the SOC should be maintained between the upper
and lower bounds, illustrated as (14).

Eg(k,t)
SOC(t) =———=
O ©
Eg(k,t) =E (K, t 1) +77¢Pg o (K, 1) +% Peatkt)  (9)
Eate (K
Cr(k) = rzit/e( ) X Neycle (10)
0
Cy (k) = 375 Paa () (11)
d=lt=1 o
(k) =Cr(k)/Cy (k) (12)
~rate (k) = I:)B,prac (k’t) < Pate (k) (13)
SOGin <SOC(K,t) < SOC (14)

where

Eg(k,t) is storied energy of the k™ BESS at time t,

E.ate(K) is the capacity of the k™ BESS in kWh,

Pea(kt) and Pgc(k,t) are the discharging and charging
power of the k™ BESS at time t,

nc and 7y are the charging and discharging efficiency,
Neyee 1S the nominal discharging and charging cycles
announced by producer,

V, is the open-circuit voltage of the battery,

Cr(k) is the transferred available coulomb of the k"
BESS throughout the whole lifetime,

C,(Kk) is the yearly discharging coulomb of the k™ BESS,
r is the practical replacement year, and

SOCin and SOC, .« are the lower and upper limits of
BESS SOC.

4 Simulation Results

A. Test System and Parameters

The IEEE 30-bus system, as shown in Fig. 5, with 33
kV voltage level and 300 MW peak load is employed for
verification. A 500 MVA synchronous generator with
traditional droop-control and totally 135 MWp solar PV
systems are assumed to connect to the test system. The
practical yearly load, real-time energy pricing, and AS
pricing data adopted from PJM in 2016 27 are used in
the simulations.

The proposed optimization method is implemented
by using MATLAB R2017a. Besides, the dynamic
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system models are simulated by the power system
simulation software, DIgSILENT PowerFactory version
15.2. The VSG model and its parameters presented in 10
are employed for simulation. Besides, the governor and
exciter models of conventional SG are derived from 28,
29. The other related parameters are listed in TABLE 1.

B. Results of BESS Capacity Optimization

In order to validate the proposed method and its
benefits, the two cases without and with considering AS
market are compared. TABLE II shows the optimization
results which indicate that the BESS system is not
recommended in Case 1 due to the high cost of BESS
and insignificant price-difference during peak and off-
peak load periods.

On the contrary, in Case with the BESS participating
in the AS market, the BESS investor can then earn the
profits owing to operations for energy as well as AS
arbitrage. According to the results, the investor is
recommended to install a 12.51MW/16.84MWh BESS in
the test system. The annual profit thus earned is $91,206
as revealed in the simulations, a profit which provides
positive incentives for the investor. Although the profit
seems not that significant, it may become higher and
higher in the future due to the decreasing trend of the
BESS cost.

29 _TL 274 [ 28
L\\ Pvag
30— 26PV2 H* % 35MW

PV4
35MW

1 3JTL 4—& 6 ——
v

5
Fig.5  IEEE 30-bus test system [30]

TABLE | RELATED SIMULATION PARAMETERS
Parameters Value
Installation cost ($/kW) 598
Unit cost ($/kW) 299
[53(15] Yearly O&M cost ($/kWh) 0.02
Replacement year 6
Discount rate 0.05
Unit cost for battery ($/kWh) 224.25
Unit cost for inverter ($/kW) 174.42
Yearly O&M cost ($/kW) 16.611
BESS Charging/discharging efficiency 0.87
[32] Discount rate 0.05
Life-cycles 10,000
Replacement year 6
Lower/upper limit of SOC 20%/80%

Fig. 6 depicts the comparison of frequency profile
with and without the proposed BESS-VSG integration
system on the typical days considered. The
corresponding practical power output including
scheduled power and compensated power of VSG is
shown in Fig. 7. It can be observed that the frequency
fluctuation is improved by the larger virtual inertia
provided from BESS. Besides, the maximal rate-of-
change of frequency (ROCOF) as defined in (15) is
decreased from 0.4907 to 0.2974.

f(t) - f(t—1)

ROCOF(t) = n

(15)

C. Compairsions of Optimization Algorithms

As in the description above, the proposed single-loop
optimization method can greatly reduce the computation
time of the dual-loop structure which has been
commonly used in capacity optimization problem.
However, the optimization algorithm with Dbetter
searching ability is thus essential to deal with the
complicated single-loop problem dimension.

TABLE Il OPTIMIZATION RESULTS OF RECOMMENDED BESS

CAPACITY
BESS BESS .
Inverter Size Capacity (g /m;;tr)
(MW) (MWh) Y
Casel
'w/o considerin 0 0 0
( g
AS)
Case 2
(considering AS) 12.51 16.84 91,206

Frequency (Hz)

59.6 . . . .
0 20 40 60 80

Time (Hr)
Fig. 6 Frequency with/ without the proposed BESS and VSG
integration system on the typical days considered.

15

Power (MW)

15 . . . .
0 20 40 60 80

Time (Hr)
Fig. 7 The BESS power output of the typical days.
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The proposed eDA has been verified to be more
suitable for some high-dimension problems and has
better global searching ability 22, 23. In this paper, the
eDA is applied to solve the proposed method and
compared with two common optimization algorithms,
particle swarm optimization (PSO) and differential
evolution (DE), to validate its performance.

Fig. 8 shows the convergence curves of the three
compared algorithms. The same 50 particles and 1,000
iterations are set to fairly compare their performance.
Based on the results, the yearly profit of BESS
calculated by eDA is about 6% better than other
algorithms.

D. Comparison of Optimization Structure

To verify the performance of the proposed single-
stage optimization structure and increase comparison
fairness, the calculation times of objective value is set as
50,000 in both structures. For the proposed single-stage
optimization, 50 particles and 1,000 iterations are given.
On the other hand, the parameters of outer loop and
inner loop are set as (10 particles, and 10 iterations) and
(20 particles and 25 iterations), respectively.

The simulation results and converging curves of the
two structures are shown in TABLE III and Fig. 9.
Although the proposed method may complicate the
original problem dimension, the repeated computation of
the inner loop for the operation problem can be greatly
reduced. Based on the computation results, the profit
optimized by using the proposed single-loop method is
increased by approximately 47% as compared with the
dual-stage structure. Besides, according to the
converging curves, if the dual-stage structure may reach
the same convergence value, the needed iteration number
would be very large, which should take a lengthy
computation time.

TABLE Il PERFORMANCE COMPARISON OF DUAL-LOOP AND
PROPOSED OPTIMIZATION STRUCTURES

Optimization BESS BESS Profit
Structure Inverter Capacity ($/year)
Size (MW) (MWh)
Dual-loop
Structure [18-21] 11.81 16.18 61,736
Proposed Structure 12.51 16.84 91,206
3
90.67° 2 : : :
—
. ﬁ
£l
£.33.2
3
5 0
a
-33.2 eDA
——PSO
—DE
B0y —a00  e00 800 1000
Iterations

Fig.8  Convergence curves of the compared algorithms.

3
9967718 ‘ ‘ ‘
66,4'/_ﬁ_/_r,7-
/g I
£ 332 1
2
g 0
j<t
o
-33.2 &
Dual-Stage Structure
Proposed Structure
-66.4 : :
0 1 2 3 4 5

The times of calculation of objective function x10*
Fig.9  The converging curves of the two optimization structures.

5 Conclusions

Integrated with the application of VSG technology,
the BESS sizing and scheduling optimization method has
been proposed. In the method, the BESS has been
employed to participate in not only the energy market
but also in the AS market to increase their profits. The
IEEE 30-bus system is adopted to validate the feasibility
of the proposed method.

In order to improve the computation efficiency, the
single-stage optimization structure is proposed to replace
the common dual-stage optimization structure. The
computation results have indicated that the proposed
method can raise the profit by more over 45% in the
same iteration number. Although the dimension and
complexity of the optimization problem are increased
accordingly, the proposed eDA is used for enhancing the
searching ability. Compared with the PSO and DE
optimization algorithms, the eDA can effectively
improve the profit by 6%.

This paper provides a business model for the BESS
investors to have positive incentive which is expected to
be further improved as its capital cost goes lower in the
future. The promotion of BESS can yield economic
benefits and also effectively increase the robustness of
the grid. The hosting capacity of RE can be enhanced
accordingly as well.
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