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Abstract—The National Grid in the UK, proposed the Firm
Frequency Response (FFR) documents on recent developments
regarding tendering options for active balancing mechanism
units, specifically for batteries. However, frequent bipolar
converting and instantaneous high power demand challenge
battery lifetime and operation cost in the FFR. Combining a
battery with a supercapacitor (SC) has several advantages, but
the system cost may rise. Targeting at the FFR service, this
paper presents a new variable voltage control within a semi-
active Dbattery-supercapacitor hybrid scheme. In proposed
hybrid energy storage system (HESS), the DC bus voltage is
controllable so that to improve the SC use ratio meanwhile
reduce converters cost. A power management strategy
integrating fuzzy logic with dynamic filtering method is
proposed benefiting in broadening the filtering flexibility while
reducing battery degradation. In addition, both the long-term
simulations and scaled-down experiments are implemented to
verify the proposed topology with the control strategy and
power management by quantitative comparisons of battery
degradations and SC use ratios.

Index Terms—Battery, hybrid energy storage system, firm
frequency response, variable voltage control, supercapacitor

I. INTRODUCTION

Frequency Response (FR) is a necessary part of the power
system, which is critical for the secure and stable operation of
the grid [1, 2]. However, the large penetration of renewable
energy sources (RES) into the grid brings a new challenge to
grid frequency modulation [3]. Since the uncertainty of
renewable energy sources, it cannot provide the inertial
response like traditional generators [4]. Therefore, it is
necessary to import a new frequency response mechanism. In
the UK, National Grid Electricity Transmission, the primary
energy transmission network operator, has introduced a new and
fast service called Firm Frequency Response (FFR) specifically
aimed at energy storage systems (ESSs), which could provide a
real-time response to deviations in the grid frequency [5]. The
FFR is the principle, based on which, the frequency regulation
players (energy storage provider) calculate the power
requirement for the energy storage system, and then sell the
energy storage charge/discharge service to the Grid [6].
Basically, the FFR is the rule that energy storage providers used
for determining how much charge/discharge service they may
provide to the grid.

In recent years, the value of ESSs to provide fast frequency
service has been more and more recognized [7]. Many recently
published works introduce the application of battery energy

Jianwei Li, Fang Yao, Zhongbao Wei and Hongwen He are with Beijing
Institute of Technology, Beijing 100081, China. Qingqing Yang is with
Coventry Unversity, Coventry, CV1 5FB, UK.

Corresponding author: Qingqing Yang, E-mail: qingqing.yang@bath.edu.

storage systems in frequency regulation for both the distributed
microgrid [8] as well as the large power system [9], regarding
the control [10], sizing study [11], cost-effective analysis [12],
etc. Aiming at the UK power system, Burcu et al [13] introduced
the battery energy storage system for FFR, which is verified to
be effective by the 1MW/l MWh lithium-titanate battery
energy storage system (BESS) at the University of Sheffield.
However, in terms of the power requirement for the frequency
modulation, the battery system needs to respond to frequent
bipolar power converting and sometimes, the instantaneous
high-power demand [14]. Li et al [15] use the battery as the key
element for the frequency control of an off-grid power system
in an island. In this work, the fast and high-frequency power
response causes extra damage to the battery’s health.
Swierczynski et al [16] investigated Li-ion BESS application in
primary frequency regulation service and concluded that
frequent charge/discharge will dramatically reduce battery
service lifetime.

In order to extend battery life and achieve better frequency
regulation performance, the idea of the hybrid energy storage
system (HESS) has been proposed by many researchers [17-19].
The most general hybrid scheme employing supercapacitor-
battery scheme has been investigated in different scenarios set
to achieve various functions in the grid applications: supplying
grid connected photovoltaic system with fast response [20];
maintaining voltage stability in both the AC system [21] and DC
system [22, 23]; relieving the instantaneous power changes in
the domestic CHP systems [24] and fast frequency control in
both the large power system [25] and microgrid [26] with
battery lifetime saving. HESS configurations can be classified
in three main categories: passive, semi-active, and fully-active.
Due to its high flexibility, modularity, and controllability, the
fully-active topology has attracted more attention [27].
Although this topology could achieve optimal power allocation
results, the construction cost of the DC/DC converters is higher
as two DC/DC converters are needed [28]. The passive topology
need no converter, however, the energy storage systems respond
to power demand passively [29].
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Fig. 1 The two semi-active topology

Semi-active topology could be divided into two different
topologies: the battery semi-active topology as shown in Fig.
1(b) and the SC semi-active topology in Fig. 1(a) [28]. In battery
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semi-active topology, the SC is connected to the DC bus by a
DC/DC converter whereas the battery is connected to the DC
bus directly [30]. As a result, the supercapacitor is operated in a
wide range of voltages with the help of the converter, whereas,
the battery works passively to response the power requirement
[31]. It should be noticed that the maximum capacity of a
bidirectional DC/DC converter depends on the maximum power
of the connected component. For the SC semi-active topology
as shown in Fig. 1(a), it is the battery that connected to the DC
bus via the DC/DC converter. Therefore, the DC/DC converter
capacity is determined by the peak power of the battery. The
battery, working as the high energy device, is protected by the
SC from the very high power. Consequently, such topology
releases the DC/DC converter from high power requirement. So,
it is one of the potential advantages of the SC semi-active that it
may be more cost- effective topology compared with the battery
semi-active. Similar conclusions can also be found in the works
[27, 28, 32]. However, in the SC semi-active scheme, the SC
voltage is naturally clamped by the DC bus voltage, and the DC
bus voltage is normally controlled as a constant, which lead to
low utilization of SC capacitor [28].

Isolating the battery system from the instantaneous power
fluctuation, meanwhile enabling the SC to operate within a
highly effective range, the DC bus voltage on the SC semi-
active method should be controlled in a deep range. However,
the variable DC bus voltage will affect the devices mounted on
the bus. Motor control in electric vehicles is a suitable
application scenario for variable DC bus voltage control. Panda
et al [33] presented a control strategy for the motor drive to
reduce acoustic noise, where DC bus voltage is controlled as a
function of speed. Jian et al [34] proposed a new HESS topology
and variable DC bus voltage control strategy for electric drive
vehicles, battery is isolated from frequent charges to increase
the life of the battery. For the FFR, as an independent unit, the
HESS has no interaction with other components on the DC bus.
Therefore, in this study, a variable DC bus voltage control
method is developed based on the SC semi-active hybrid
topology, particularly for the FFR.

For HESS participating grid frequency modulation, there are
critical requirements on the real-time performance of its power
management algorithm [35]. For HESS, many algorithms can
be found in the knowledge field. The rule-based strategy (RBS)
is the most commonly used in practice, and in RBS power
allocation among the different components is carried out
according to the established rules [36]. Yin et al [37] propose a
fuzzy logic control theory to distribute the power deviation
according to the state of charge (SoC) of batteries and
supercapacitors, this increases the battery life cycle due to the
limited stress of the battery. Model predictive control (MPC) is
another advanced method of HESS power allocation, which is
used to control a process while satisfying a set of constraints.
Recently, some methods based on machine learning or deep
learning are developed to be used in the HESS power
management dealing with the system nonlinearities. However,
in terms of FFR application, there are some shortcomings in the
above control strategy. For optimization approaches such as
MPC, system state in serval future period needs to be predicted
and calculated, which requires some calculation ability. A filter-
based control strategy, which is able to take advantage of the

inherent filtration characteristic of the SC so that to allocate
low-frequency charge cycling to the battery, is more suitable for
power allocation in HESS. The filter-based control strategy to
allocate low-frequency charge cycling to the battery has been
applied in HESS [38]. The efficiency of this control strategy is
determined by the selection of the cut-off frequency. Asensio et
al [39] presented a digital low-pass filter whose bandwidth is
determined by the supercapacitor SoC. This algorithm could
reduce frequent activation of controller protections while
improving the energy utilization rate of supercapacitors. Wu et
al [40] proposed good example that using artificial potential
field-based dynamic filtering strategy for battery/SC HESS in
electric vehicles. The artificial potential field strategy regulates
the cutoff frequency of the power-split filter to reduces the
charging and discharging current of the battery, and a feed-
forward compensator is designed to compensate for load
variations to counteract dc-link fluctuations. However, in the
EV applications, the DC bus voltage need to maintained as a
certain level with a fully active HESS topology, whereas in the
frequency control a variable voltage control strategy may be
more suitable. Therefore, this paper proposes a fuzzy-filter
power management algorithm used for the variable voltage
control within the HESS performing the FFR service. The
contributions of this work are given as follows.

*  Firstly, targeting at the newly published Firm frequency
response in the UK, a hybrid energy storage system is
designed and tested for the first time in the open
literature to perform power system frequency regulation.

*  Secondly, a variable voltage control within an SC semi-
active hybrid scheme is developed and proven to be
highly effective for the FFR service.

e  Thirdly, power management integrating fuzzy logic
with dynamic filtering is proposed benefits of
broadening the filtering flexibility while reducing
battery degradation.

*  Finally, both the long-term simulations and short-term
experiments are implemented to verify the feasibility of
the proposed topology and control strategy.

This paper is organized as follows. Section II introduces the
technical specification of the U.K Firm Frequency Response.
The HESS topology and system modeling are introduced in
Section III. Section IV illustrates the fuzzy-logic dynamic-
filtering algorithm and variable voltage control strategy in detail.
The long-term and short-term simulation results are analyzed in
section V. Section VI shows the results of the scaled-down
experiment, and the conclusions are presented in Section VII.

II. FFR SERVICE: TECHNICAL SPECIFICATION
(a) (b)
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Fig. 2 (a) EFR functional envelope (b) FFR functional envelope
In order to maintain the grid frequency within the normal
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System Operator (ESO) has published two versions of
frequency services with the enhanced frequency response (EFR)
as shown in Fig. 2 (a) and the FFR as shown in Fig. 2 (b). The
FFR is the new frequency service updated by 1st August 2019
[41]. Many previous works studied the ESSs used in the EFR,
but there are only few works on the newly published FFR
service. Compared with EFR, energy storage system in FFR
need to deal with more short-term power fluctuations, which
emphasize the higher requirements for the energy storage
sectors.

As shown in Fig. 2, the maximum value of power response in
EFR is 1.0 while that is 1.05 in FFR. For the same energy
storage system, a larger range of power response means a higher
charge/discharge rate. Another difference between the EFR and
FFR is that the dead-band is clearly defined in the former
whereas not in the latter. The energy storage system does not
need to response in the dead-band. Therefore, for the battery
system, it means frequent short-term charge/discharge
processes in the FFR without dead-band, which will accelerate
battery degradations. Also, the corresponding frequency to the
power deviation tolerance is extended to a wider range in the
FFR (49.5 to 50.5) compared with the EFR (49.75 to 50.25),
which will result a higher power requirement for the same
energy storage systems in the FFR case. With a supercapacitor
in HESS, the battery will be protected from instantaneous high-
power fluctuations. Therefore, compared with the EFR, the
hybrid energy storage design may be more applicable in the FFR.

FFR services are divided into dynamic FFR (DFFR) and
static FFR (SFFR). In the DFFR, the power demand/generation
varies proportionally with the deviation of the system frequency,
while the SFFR services are trigged at a pre-defined frequency
deviation, and only a preset fixed power response is required
within the operating period. The main features of the two types
of service and differences between them are summarized as
shown in Table I [5].

III. SYSTEM DESCRIPTION

Frequency
HESS Power — deviation to
reference power
requirement

Power
management
strategy

Frequency
deviation

1
Power and SoC reference,

Bidirectional +—7—————> Bidirectional +—> | '
DC/DC DC/AC A
converter —— 0, converter —p |

-
| il
{p;capacitor UK Grid
Fig. 3 Hybrid energy system configuration for the FFR
To mitigate the frequency fluctuations with the FFR envelope,

Battery

the HESS unit connects to the main grid via the power converter
as shown in Fig. 3. As discussed in the Introduction, the SC
semi-active topology is particularly selected for the HESS used
in the FFR. As shown in Fig. 3, the battery is connected to the
DC bus through a DC/DC converter, while the SC connects to
the DC bus directly, so its voltage varies with the DC bus
voltage. For the traditional power control in the power grid, the
DC bus voltage should be maintained as a certain value or
around the constant value, which may lead to an extremely low
SC utilization rate, and the SC only works as a normal filter in
this case. Therefore, aiming to protect the battery from the
instantaneous power fluctuations, meanwhile ensuring the SC is
in a highly effective range, the DC bus voltage on the SC semi-
active method should be controlled in a deep range. The variable
bus voltage control strategy is therefore developed in this study,
and introduced in detail in Section V.

The frequency deviations detected from the main grid are
converted as the power requirements for the energy storage
systems based on the FFR principle introduced in Section II,
then, the energy management system illustrated in Section IV
will share the power between the battery and the SC. The battery
will be controlled by the DC/DC converter to track the power
reference, whereas the SC compensates for the remaining power
fluctuations. The supercapacitor model described in [42] is used
in this study, and the equation of supercapacitor is described in
Eq. 1.

Vse

R leak

1 REST
Vsc = Ff((l + m)lsc - )dt + IscResr (1)
Rjqqr 1s the leakage resistance, R, is the series resistance, and
C* is the effective capacitance of SC. It should be noted that
compare with the leakage resistance, the series resistance is
relatively small, so the Eq. (1) can be approximately written as
Eq. (2).

1 Vse
Vse = Ff(lsc - Rleak) dt + IscResr (2)

The state of charge (SoC) of the battery is defined to describe
the ratio between the current charges over the capacity, and the
battery capacity model can be described as shown in Eq. (3).

T
(Socte) —1¢ 0 rare (0): ooy () < 0
SoC(t+1) = T 3)
Soc(k) — TID_SQIBatt(k): Ipaee(k) =20

where T, is the sampling time, 1. and 7, define the
charge/discharge efficiency of the battery. I, represent the
battery charge/discharge, the positive value implies that the
battery supplies energy while the negative sign implies the
battery absorbs energy.

TABLE I. CHARACTERISTICS COMPARISON OF SFFR AND DFFR [5]

FFR product type Service target Service type Service speed Length of response
SFFR is triggered at a defined
SFFR (Static Firm Secondary fr'equency de\{latlon <30 secs 30 mins
Frequency Response) response only which must be in place
befotablere tendering.
Primary: <2 secs 20 secs

DFFR (Dynamic Firm Primary, High, frequency variations within the
Frequency Response) and Secondary second by second operating
response

range

DFFR is used to manage

High: <10 secs Indefinitely unless otherwise agreed

Secondary: <30 secs 30 mins
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IV. POWER MANAGEMENT AND CONTROL

A. An improved dynamic power filtering algorithm

The low-pass filtering algorithm is one of the most commonly
used power allocation algorithms for the hybrid energy storage
system. Compare with others, the control process of the filtering
algorithm is very straightforward which could ensure the real-
time performance of the hybrid system, so it is widely used in
practical engineering applications. In the HESS, the power
reference is divided into high-frequency components responded
by supercapacitor and low-frequency components responded by
the battery. However, the key problem for the power filtering
algorithm is that the cut-off frequency of the filtering is constant
and set empirically based on the applications. That may limit the
optimal operation of the energy storage system. For example, in
the FFR, the sensitivity and smoothness of battery power
reference (BPR) cannot be satisfied at the same time because of
the constant cut-off frequency. Therefore, the dynamic filtering
algorithm which is able to adjust the cut-off frequency
dynamically according to the real-time power conditions is
proposed and used in many studies [40]. However, the cut-off
frequency is changed referencing the power conditional in the
next control step, which may result in a slight delay in the
control loop. However, the power system frequency is varying
second by second calling for a real-time control capability for
the energy storage systems.

This paper proposes a fuzzy-logic dynamic-filtering (FLDF)
algorithm to balance the sensitivity and smoothness, meanwhile,
maintaining the real-time control capability of the power.
Energy management strategy based on filter could take
advantage of high power-density characteristic of
supercapacitor. In FLDF algorithm, the battery is prevented
from violent charging and discharging. By formulating
appropriate fuzzy rules to adjust the filter parameters, the
balance between sensitivity and smoothness can be achieved.
The improved dynamic power filtering algorithm is divided into
two parts: filter parameters calculation based on fuzzy logic (FL)
and dynamic filtering power allocation.

(a)

1 NL LV PH
0.5 /
o i
06 -04 -0.2 0 0.2 0.4 0.6
1 (b)
NL L Am PH
0.5
0
-0.06 -0.04 -002 0 0.02 0.04 0.06
(c)
1 L KI M H
0.5
0 \
0 0.004 0.008 0.012 0.016 0.02

Fig. 4 (a) Power demand fuzzification (b) Power demand deviation
fuzzification (c) filter parameter defuzzification

As a typical fuzzy logic design, the fuzzy logic controller of
the HESS has two inputs which are HESS power demand (P)
and power demand variation (dP), and the output is filter
parameters (Kr). Fig. 4 is used to clarify the "fuzzification" and
"defuzzification" processes. The input variable HESS power

demand P has five fuzzy values including negative low (NL),
low (L), medium (M), high (H), and positive high (PH). Fig. 4(a)
and (b) illustrate the power demand fuzzification and power
demand deviation fuzzification, respectively. In the proposed
power system, for example, when P is positive, the power flow
direction is from HESS to the grid. The value of dP is the
difference between the power at the present and that at the
previous moment. Similarly, the input variable dP also has five
fuzzy values. The output value K is the filter parameter of the
dynamic filtering algorithm. As shown in Fig.4 (c), it has five
fuzzy values. Both KL and KH are the part of the Ky fuzzy
value. KL is the fuzzy value between low (L) and medium
(M), and KH is the fuzzy value between medium (M) and
high (H). When K is at a higher value, the sensitivity of battery
power reference increases, power reference decreases. By
formulating appropriate fuzzy rules, the balance between

sensitivity and smoothness can be achieved.
TABLE Il Fuzzy LOGIC RULES OF FLDF

dp
PH H M L NL
P PH KL L L KH H
H H KH M KH H
H KH H KH H
L H KH M KH H
NL H KH L L KL

The correspondence between input and output variables is
listed in Table II. K¢ will be set at max value with the medium
HESS power demand. When the power is in high state, a lower
value will be set to Kf to ensure the smoothness of the battery
power reference in the condition where dP is high or positive
high. The higher the reference of HESS power, the faster the
variation of power variation is, and the lower the value of the
filter parameter will be. The surface of the proposed fuzzy logic
control is shown in Fig. 5(a). It is obvious that K is set to the
high level when HESS power demand and its variation are both
at the medium level, and in this case, the majority part of power
demand is provided by the battery. The relationship between
filter parameters and power allocation is shown in Fig. 5(b). The
higher the value of K is, the greater the power the battery will
respond.

- SC power reference

- Battery power reference

()

Fig. 5 (a) The control surface of the fuzzy logic control
(b) The relationship between filter parameters and power allocation

Through fuzzy logic control, this filtering algorithm could
balance the sensitivity and smoothness of battery power
reference in this study to prevent violent charging and
discharging of the battery in various power cases.


ad1838
Sticky Note
None set by ad1838

ad1838
Sticky Note
MigrationNone set by ad1838

ad1838
Sticky Note
Unmarked set by ad1838


This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2022.3144590, IEEE

B. Variable voltage control strategy
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Fig. 6 The proposed variable voltage control

To keep the battery from direct impact of the power
requirement, at the same time to explore a deep range of the SC
functional area, new variable voltage control is developed
particularly for HESS used in the FFR services. The variable
voltage here means the variable DC bus voltage is the same as
the SC voltage, and it should be set with an appropriate range.
The upper limit Ve cannot be higher than the SC rated voltage,
so it is set as 95% of the rated voltage as to improve the usage
of supercapacitor. Since the synchronous rectifier buck DC/DC
converter is used in this study, the DC bus voltage cannot be
lower than battery voltage as to guarantee correct switch modes.
Therefore, the lower limit Viiy is set as battery rated voltage to
improve the SC utilization as much as possible. The utilization
of SC in the proposed semi-active topology could reach 70.5%.
As shown in Fig. 6, the proposed control strategy can be divided
into three steps.

Step 1: HESS power reference.

Based on the FFR converting principle, as illustrated in
Section II, the FFR block is used to convert the frequency signal
into a power signal while ensuring that the output power meets
the FFR constraint. In this step, the power requirement from the
HESS for the FFR is obtained as the HESS power reference,
P HESS_ref

Step 2: Power sharing.

bl V=
N A A
‘;5 0 ﬂ\ﬂf\ WX\.\,J-Q\ Jﬂ\.f’\

—0.50 2

2 Wi

Based on the proposed fuzzy-logic dynamic-filtering
algorithm, the optimal power for each energy storage system is
allocated in this step. The cut-off frequency K will adaptively
change based on the real-time condition of the HESS power
reference and will return to a trade-off between the sensitivity
and smoothness for the battery power control. In the meantime,
the SC will compensate for the remaining power fluctuations.

Step 3: Current and voltage reference

The power reference will be translated to the DC bus voltage
reference (same with the SC voltage) and battery current control
references Iy, o in this step. Battery current reference is
determined by Eq.3, where the V., is the measurement of
battery system terminal voltage. Ppq; rcf is the power reference

of the battery allocated by the FLDF algorithm.
P ref

I;at_ref = Voat 4
The energy stored by the supercapacitor (Es:) is determined
by supercapacitor voltage (Vs.) andcapacity (C) (Eq4) .

When the control time-step At is selected, the DC bus voltage
reference (V¢ er) could be calculated by Eq.5, where P e
is the power reference of supercapacitor.

1
Esc = ECVSE (5)
* ZPSC re. At
Vec res = J—f +VE -1 (©)

The voltage constraint block as shown in Fig. 6 is used to
prevent the DC bus voltage from buckling failure. With this
block, supercapacitor voltage can only fluctuate within a preset
range. The value of Vi is 95% of the rated SC voltage to
maximize the use of supercapacitor. The DC bus voltage cannot
be set lower than battery voltage as to guarantee correct switch
mode of the DC/DC converter. Therefore, the Vmin is set as
battery rated voltage. The utilization of SC in this design reaches
70.5%. Besides, the SoC works as the constraints for the control
algorithm. For example, for the battery with SoC € [0.2, 0.85],
is set as the upper and lower limit. Therefore, based on the
HESS power reference the battery power reference could be
reset to ensure HESS power response meets the FFR constraint.

A

[——HESS power
Bater pumr

15 20 25 30

- o O N
—— HESS power
Battery power
Supercapacitor power,
15 20 25 30
VAN 2y O
—— HESS power
Battery power
Supercapacitor pawer
0 5 10 15 20 25 30

Fig. 7 Comparison of power distributions in three cases with 8-hours power window and 30-mins power window (a). constant filtering case; (b). traditional
dynamic filtering case (c) FLDF case
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V. SIMULATION RESULTS

TABLE III. PARAMETERS OF MAJOR COMPONENTS OF THE SIMULATION

Battery rated voltage 607V
Battery rated capacity 0.7MWh
Supercapacitor rated voltage 1366V
Supercapacitor rated capacity 0.07MWh
Maximum DC bus voltage 1300V
Minimum DC bus voltage 607V
DC/DC converter rated power capability IMVA

Firstly, in this study, simulation work is designed to verify
the FLDF algorithm. Constant filtering algorithms and dynamic
filter algorithms are used as comparisons. The Willenhall
Energy Storage System (WESS) [13] in the UK is used as the
reference in the proposed simulation. However, the WESS is a
battery-only-system, so we made some modifications on the
HESS. The battery is set as 0.7 MWh and that is 0.07 MWh for
the supercapacitor. The detailed parameters can be found in
Table I1I. The frequency signal is downloaded from the historic
frequency data of NG, with the eight hours frequency
fluctuations (12:00- 20:00 7% Sep 2020) as the input for the
frequency to power converting. Then, the eight hours power
requirement for the HESS in the FFR is used as the same case
for the three power management algorithms.

Fig. 7 shows the simulation results comparison of different
power allocation strategies. It is obvious that a relatively large
cut-off frequency is selected for the low-pass filtering algorithm
as shown in Fig. 7(a), which results in the over-sensitivity of the
battery for the power changes. Therefore, as shown in the 8-
hours power window, the battery power (red curve) almost
coincides with the blue curve that the total power requirement.
In these cases, the SC is not fully used to respond to the high
frequency power fluctuations. This may also lead to a deeper
charge/discharge of the battery as shown in the 30-mins power
windows as shown in Fig. 7 (a). Variable filtering parameter is
set to a larger value automatically when the energy storage
systems suffer from a serious power change, and vice versa as
shown in Fig. 7 (b). The dynamic changes of the cut-off
frequency are determined by the “next-second” power
conditions with the delays, which may lead to the performance,
as shown in Fig. 7 (b) that the battery is insensitive to the power
changes. With the proposed FLDF algorithm, however, the
filtering parameters changed with power and power deviations.
As shown in the Fig. 7 (b) and (c), the highlighted orange part
represents the SC discharged energy, and the highlighted blue
part represents the SC charged energy. It is obvious that the
discharged energy of the SC in case (b) is more than that in case
(c). This shows the advantages of the FLDF that it will return a
better trade-off between sensitivity and smoothness according
to the power and power deviation. Size setting of SC in case (b)
and (c) are the same, and the different filtering parameters lead
to the different performance of the SC in (b) and (c). As shown
in Fig. 7 (c), battery power curve coincides with total power
curve basically when the total power fluctuates slightly, and SC
will respond to sudden power change.

Secondly, the state of charge is an important parameter for
the battery energy storage, and it is one of the key factors that
could be used to evaluate the battery degradation process. The
SoC of the battery is used to evaluate and test the different
control strategy, as shown in Fig. 8. based on the same topology
(SC semi-active) the variable voltage control method is also

compared with the constant voltage control as shown in Fig. 8.
It is very obvious that variable voltage control has a very high
SC utilization rate as exploring a deeper range of the DC bus
voltage. As a result, compare with Fig.8(e) and 8(f), the battery
is controlled more smoothly and has a much better functional
area as shown in Fig. 8(b) and 8(c).
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Fig. 8 Comparison of the battery power, battery SoC and
supercapacitor SoC in VVC case(a-c) and CVC case (d-f)

To further verify the effectiveness of the fuzzy logic dynamic
filtering algorithm with the variable voltage control strategy, a
series of case studies are carried out and compared accordingly
in this paper.

A week of frequency data of the British grid in the first week
of December 2018 is used in the case studies. The five cases
shown in Table IV are made based on different topologies and
control methods. For example, case 1 as a benchmark case, is
made based on the fully active topology. Case 2 is the proposed
SC-semi active topology and VVC strategy.

TABLE IV
THE COMBINATION OF DIFFERENT TOPOLOGY AND CONTROL STRATEGY
Case TOPOLOGY Control strategy
1 Fully Active FLDF with CVC strategy
2 SC semi-active FLDF with VVC strategy
3 Battery semi-active FLDF with CVC strategy
4 SC semi-active FLDF with CVC strategy
5 Battery only system PID control with CVC
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Fig. 9. (a) Battery SoC obtained by the casel (b) Battery SoC obtained by the
case2 (c) Battery SoC obtained by the case3 (d) Battery SoC obtained by the
case4 (e) Battery SoC obtained by the case5 (f)SoC comparison between
different cases

The battery SoC profiles in the selected 7 days are shown and
compared in Fig. 9. It is very obvious that the battery in case 1
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has the best performance as both the SC and battery are fully
controlled in this case. Case 2 (Fig. 9(b)) and case 3 (Fig. 9(c))
have similar preferences. The only difference is that the battery
has a slightly deeper SoC range in case 3 than that in case 2.
However, the power rate of the DC/DC power converter in case
3 should be larger than that in case 2, as in the battery semi-
active topology, the SC dealing with the high power connected
to the DC bus via the converter. The battery system in case 5
has widely SoC variation range and severe SoC fluctuation as
all the power requirements for the FFR need to be dealt with by
the battery. HESS with the SC semi-active topology and
constant voltage control (case 4) is similar to a battery-only
system since the SC, in this case, does not make any
contributions to mitigate the power fluctuations.

The battery life degradation is also estimated based on the
rain-flow cycle-counting algorithm. The rain-flow counting
method is used to statistics cover the number and the depth of
discharge of each charging-discharging cycle and half cycles
based on SoC curve [43]. Then, the battery life degradation of
each cycle could be obtained referring the cycle to failure (CTF)
curve. Consequently, the total battery life degradation is the
summary of each cycle degradation. It should be noticed that in
this study, only the battery SoC (depth of discharge) is used in
the evaluation, whereas other factors such as the discharging
rate and temperature are not considered within the battery
lifetime model. A detailed introduction about this battery
lifetime model can be found in [44]. The results for the five
cases are shown in Table V, which indicates that the proposed
HESS is working as expected, and by using the variable voltage
control strategy, the control effect achieved by the semi-active
topology is close to the fully active topology. Since only one
DC/DC converter is required, the cost of semi-active topology
is lower than that of active topology. Therefore, in scenarios
where variable voltage can be applied, semi-active topology is

a suitable choice for hybrid energy storage system.
TABLE V
BATTERY AGE CALCULATION USING RAIN FLOW ALGORITHM

Case Case 1 Case 2 Case 3 Case 4 Case 5
Batery o 6% 0336%  0343%  0409%  0417%
degradation : ° : 0 : ° : ° : °
VI. EXPERIMENTAL VERIFICATION
LB Prog:-:::mhle Supercapacitor Battery

DC/DC
Converter

Programmable
Power Source

Controller DC Bus

Fig. 10 HESS experimental setup
A scaled-down HESS experiment platform (shown in Fig. 10)
is set up to verify the feasibility and real-time performance of

the proposed VVC with the SC semi-active topology for the
FFR. The parameters of the components used in the experiment
are listed in Table VI. Among these components, the controller

and DC/DC converter is designed and manufactured in-house.
TABLE VI
PARAMETERS OF MAJOR COMPONENTS OF THE EXPERIMENTAL SETUP

Battery 12V 65AH (LC-P1265)

Supercapacitor 27.0V 10.0F (SZFXSC)

DC/DC Synchronous rectifier buck DC/DC converter

converter including Intelligent Power Modules
(IPM400DV1A060) and 500uH inductance,
operating at frequencies to 20kHz.

Controller TMS320F28335

The power demand data used in the experiment is converted
from the frequency data of 18:00-20:00 on September 11, 2020.
Since variable load is programmed to provide negative power
only, in this experiment, the power demand of HESS is
implemented by using a programmable power source and
programmable load. A variable bus control strategy with FLDF
power-sharing method is implemented in the TMS320F28335
controller. The SC is connected directly to the DC bus while the
battery by a DC/DC converter, forming the SC semi-active
topology. Constant DC bus voltage control with the same
topology is set as the control group. The DC range of the DC
bus voltage is scaled as 12 V to 20 V.

Variable voltage control Constant voltage control

23 2587V AR 23
Ak — 17.6V

17 BES===s

16.6V

(g) Load current(V) (e) Battery current(V) (c) SC current(V) (a) Bus voltage(V)
(h) Load current(V) (f) Battery current(V) (d) SC current(V) (b) Bus voltage(V)

Time([s]

Fig. 11 Experiment results

The Fig. 11 gives the comparisons between the proposed
variable voltage control and the constant voltage control. It is
obvious that the SC voltage range is much wider with the
variable voltage control than that in the constant voltage control.
This leads to the different usage rate of the SC in the two control
methods. As shown in the Fig. 11 (a), in the variable voltage
control, the SC voltage fluctuates from 13.9 V to 25.7 V, while
SC voltage in constant varies in a very narrow range (16.6V -
17.6V), as shown in Fig. 11 (b). As a result, the SC will have a
very narrow functional area with utilization rate of 4.6%,
whereas the battery needs to response to frequent and serve
power changes as shown in Fig. 11 (d) and (f). In contrast, with
the variable voltage control, the battery has much smoother
power contributions as shown in Fig. 11 (e), as the SC works at
a large voltage range. In this case, the supercapacitor utilization
is 64.1%. Furthermore, the saturation cases of the
supercapacitor are tested in the experiments as highlighted in
blue area shown in Fig. 11 (a) and (c). It should be figured out

Time[s]
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that, the up-limit of the DC bus is set as 95% of the rated SC
voltage as to improve the usage of supercapacitor. It is obvious
that continuous charging will saturate the SC, making it reach
the DC bus up-limit as highlighted in Fig. 11 (a). During this
period, the SC current will maintain at zero, and the battery
deals with the entire load power. It should be noted that the same
SC is used in the two different experiment, and only the control
strategies are different in these two cases.
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VII. CONCLUSION

Compared with enhanced frequency response, firm frequency
response has no dead-band but with a wider frequency response
range. Therefore, energy storage system in FFR need to deal
with more short-term power fluctuations, which emphasize the
higher requirements for the energy storage sectors. This paper
proposes a hybrid energy storage shame with a variable voltage
control based on a SC semi-active topology benefiting in
improving the SC utilization rate meanwhile reducing battery
degradation. A fuzzy logic based dynamic filtering algorithm is
designed for this topology to realize the power distribution
between the supercapacitor and battery. Quantitative
comparisons of battery degradations and SC use ratios are used
to test the suggested topology with the control method and
power management, in both long-term simulations and scaled-
down experiments. In this study, the variable bus voltage
control strategy is proved to be an effective method for the
hybrid energy storage system to participate UK grid frequency
regulation. In the FFR, HESS works as a stand-alone component
so that the variable DC bus voltage is applicable. Therefore, the
proposed methods can be potentially used in other applications
in which the hybrid energy storage has no interaction with other
parallel components on the DC bus.
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