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Abstract. A proper design of energy storage system (ESS) can effectively smooth the photovoltaic
(PV) output power fluctuation, lower the cost, as well as improve power quality and stability.
According to the response characteristics of different energy storage equipment, in this paper, a
hybrid ESS is applied to make better use of each energy storage (ES) capacity and lower system cost.
A sizing method of battery and supercapacitor is proposed based on frequency analysis. Fast Fourier
transform (FFT) method is applied for analyzing the spectrum of balancing power, dividing the
compensation frequency band for each ES device, and filtering. Then the power capacity and energy
capacity of each ES can be determined by conducting inverse FFT within certain frequency range.
Through the proposed method, the least cost ESS solution will be determined to smooth out the PV
output fluctuation under aworst case scenario.

Introduction

A hybrid ESSis an effective solution to smooth power fluctuation caused by the intermittent nature of
wind and solar power. For short-term (seconds) power management, the most commonly used storage
techniques in a PV system are supercapacitors like electric double-layer capacitors (EDLC). For
long-term to long term (minutes to hours) power management, lead-acid batteries and lithium
batteries are most widely used [1,2].

Currently, the industry typically applies asingle ES device at the PV location in order to smooth
PV output power fluctuation. This approach tends to oversize the ES and increase system cost. By
properly integrating different types and sizes of ESS, such as lead acid battery and EDLC, the
fluctuation of PV output power can be effectively smoothed. Since each ES device is of different
charging and discharging speed and characteristics [3], the performance can be enhanced with less
cost when operating together.

In this paper, a FFT approach to determine the optimal combination of different types of ESSis
proposed. The proposed algorithm can also be applied to reduce the intermittency caused by wind
power.

Balancing Power

The all-year PV output power datain 2015 is collected from an experimental station in Milwaukee in
a 15-hour interval (5:00 am.- 8:00 p.m.) every day. A worst case is selected to design the ESS.
Accepted power in the grid is calculated based on existing grid input power fluctuation standards [4]
asshown in Table 1.

According to the standard, the maximum fluctuation of grid input power is0.2MW per minutein
the station. Since sampling time in this paper is 1 second, to smplify the standard, we assume the
maximum fluctuation for 1 second is 1/60 of the value for 1 minute, which is about 3kW.
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Table 1. Grid input power fluctuation limitation

s ey et
Small Installed capacity 0.2
Medium Installed capacity Installed capacity/5
Large Installed capacity/3 Installed capacity/10

Based on this limitation, the notion of system balancing was developed and isused universally in
al systems. According to reference [5], balancing represents excess or shortage capacity in the
system, either in the form of excess available generation or shortage demand in PV. Balancing power
is the key factor to sizing ES capacities.

Based on PV output power F,, grid acceptable power E,, the balancing power Pj can be
expressed as follows:

p,=P,— P, (1)

Balancing power F, as shown in Fig. 1 is the power required to be smoothed by ESS under the
selected worst case scenario when PV system is operating.
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Fig. 1. Balancing power of the worst case
In the balancing power figure,
P, = 0: PV generates excess available power which need to be absorbed by ESS. ESischarging.
P, < 0: PV generates insufficient available power which need to be supplied by ESS. ES is
discharging.
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Proposed M ethod

FFT Method. Different technologies are suited for operation over different time periods. The
balancing power, shown in Fig. 1 can be broken down into the components spanning different
frequency ranges. This decomposition can be achieved by using FFT. Each component of the periodic
signal, except for the zero frequency component, represents cycling energy that averagesto zero over
each cycle [5].

FFT analysis equation:

X[f]1 =Vt x[wF, f = 0,..,N —1. @

Inverse Fourier transform (iFFT) synthesis equation:
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x[t] = SEF3 X[FIW, . f =0, ., N - 1. (3)
where N is the number of the data points in the sequence:

(x[0],x[1], .., x[N —1]). (4)
Wyl = eI, ©)

FFT method is conducted to the balancing power in the worst case to convert balancing power
from time domain into frequency domain as shown in Fig. 2.
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Fig. 2. Balancing power in time domain and frequency domain
It can be seen that the spectrum of balancing power mainly concentrates on the low frequency
bands. The low frequency balancing powers, which contain a DC component, are of high amplitudes.
However, because of the existence of high frequency powers, even though their amplitudes is
relatively low, when only apply one ESin the system, to smooth out these high frequency fluctuations,
its power capacity will be oversized a lot, thustota cost will increase.

P/kW

ES Typesand Cutoff point. Based on the response characteristic of each battery, three kinds of ESS,
which are most commonly used: lead acid battery, lithium ion battery and EDLC are researched.
According to literature [6-9], information of each ESislisted in Table 2.

Table 2. ESS information

ESStype Shortest Maximum response Unit cost
response time frequency (Hz) P($/kW)  E ($/kwh)
Lead acid 2 (min) 8.33x10° 200 100
Lithium 1 (min) 0.0167 500 300
EDLC 1(9 1.00 150 4000

Lead acid and lithium battery have arelatively long response time, but their cost islow. They are
ableto track power variations, ranging from minutes to several hours, which are corresponding to the
low frequency powers. The response rate of EDLC is very fadt, it is able to response dynamic
fluctuations and is well suitable for the compensation of the high frequency components. The power
amplitudes of high frequency components are relatively low and will not lead to alarge ES capacity.

Cutoff points are the dividing frequencies of different ESs. Also, they represent the cutoff
frequencies of low pass filters when determine ES capacities. In this paper, based on the objective to
combine long-term ES and short-term ES together to lower cost, two combinations of three kinds ES
are analyzed: lead acid battery and EDLC with cutoff point moving from OHz to 8.33x10-3Hz,
lithium ion battery and EDL C with cutoff point moving from OHz to 0.0167Hz.
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ES capacities. To caculate the capacity of each ES, FFT filtering is conducted by keeping the
frequency band corresponding to the response frequency of each ES and setting the signal amplitude
of the other one as zero. For lead acid battery, a low pass filter can be set to clean power within
[8.33x10-3Hz, 0.5HZz] while keep power within [OHz, 8.33x10-3Hz]. For EDLC, a high pass filter
can be set to clean power within [OHz, 8.33x10-3Hz] while keep power left.

Then invers FFT method is conducted to covert the function after filtering into time domain with
only one certain frequency power. To make sure this designed ESS is able to smooth out power
fluctuations in all frequency bands, the power capacity of each ES is determined based on the peak
value (maximum or minimum) in time domain.

Then the integration of balancing power in each frequency band is conducted to calculate the
energy capacity of each battery with certain frequency. Considering 50% state of charge (SOC) [10],
the energy capacity for each ES will be twice of the peak value (maximum or minimum) in energy
curve.

Optimal System Design

In order to find out the system minimum total cost and its corresponding ES capacities, ES capacities
of both power and energy under different cutoff points are calculated as shown in Fig. 3.
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Fig. 3. ES capacities under different cutoff points

In Fig. 3, blue lines show the power capacity of each ES, red lines show the energy capacity of
each ES. With the cutoff points moving toward right, the power smoothing requirement for long-term
ES like lead acid and lithium battery increase, and requirement for EDLC decrease. Thus the
calculated power capacities of lead acid and lithium battery will increase while EDLC calculated
power capacity decrease when cutoff points move toward right. That’s why blue lines in the left
figures go up while in the right figures go down.

Since the energy capacities are obtained from the integration of balancing powers, they don’t
have obvious upward or downward tendencies in this selected worse case. Even though red lines in

957



these figures drop dramatically under very low frequencies, there is no significant change in their
values, which represent ES energy capacities when cutoff points move. Thus the value of red line can
be seen as a constant. Also, Because of the power fluctuation in balancing powers, these capacities
will not always go up or go down.

Then ESS total costs under different cutoff points can be calculated. Their tendency curves are
shown in Fig. 4,
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Fig. 4. ESStotal costs under different cutoff points

In Fig. 4, When cutoff points moving within the long-term ES response frequency ranges, the
total costswill not constantly increase or decrease because of the capacities in different combinations
vary. Also, there is no obvious tendency of total cost because of the capacity modification. Even
though the calculated power capacities and energy capacities of each ES have certain variation laws,
when calculating system cogt, they are modified as the rated capacities. That means the ES cods are
sometimes obtained based on calculated power capacities, sometimes obtained based on energy
capacities. The lowest point in each combination represents the minimum total cost of ESS in each
combination.

According to the results, minimum total costs under different combinations are listed in Table 3
below:

Table 3. ESS calculated capacities

Cutoff Lead acid Lithium EDLC
point (Hz)  pkw) E((KWh) PKW) E(KWh PKW) E(KWh)
0.001944  2.10 3.25 50.14 0.17
0.001870 1.95 3.25 50.44 0.16

Dueto the fact that for each one ES on the market, the ratio of its rated power capacity and rated
energy capacity isaconstant value which equalsto theratio of unit energy price and unit power price.
To meet both power and energy smoothing requiremnets, sometimes one of ES capacities needsto be
oversized. Thusthe calaculated ES power capacities and energy capacities are modified and listed in
Table 4.

Table 4. ESS rated capacities and system total costs

Cutoff Lead acid Lithium EDLC Minimum
point (Hz) pkw) EKwh PKW) EKWh PKW) EKwh  cost($)
0.001944  2.10 4.20 50.14 1.88 7940
0.001870 1.95 3.25 50.44 1.89 8541

Apparently, system with combination of lead acid battery and EDL C has the minimum total cost,
which is $7940 with the optimal cutoff point at 0.001944Hz.
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Conclusion

This paper proposed a sizing method for hybrid ESS based on frequency analysis to effectively
smooth the power fluctuation under different frequencies as well as lower system total cost. Two
combinations, which are short-term ES EDL C with long-term ES lead acid battery, and short-term ES
EDLC with long-term ES lithium battery, are analyzed. Cutoff points of each combination is
determined based on long-term ES response frequencies. Then, high pass and low pass FFT filtering
are respectively conducted in frequency domain under different cutoff points based on a worst case
scenario to calculate power capacities and energy capacities for each ES, as well as system total cost
under each cutoff point. Also, factors like SOC and rated capacity modification are considered to
make the design more reasonable and practical. Finally, abest hybrid ESS that is able to smooth out
both power and energy fluctuations with lowest system total cost is determined to meet both power
and energy smoothing requirements.
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