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Abstract—Providing fast frequency regulation by means of
energy storage systems is currently considered as a viable solution
to low-inertia issues, caused by power electronics-interfaced gen-
erators. In particular, hybrid energy storage systems, composed
by more energy storage technologies having different power and
energy ratings, can optimally support the frequency regulation.
A supercapacitor/battery storage system, for example, can exploit
the supercapacitor dynamic active power response for synthetic
inertia control, while the battery can provide primary and
secondary frequency regulation. However, the optimal energy
management of hybrid energy storage systems during transients
needs to be addressed further in literature. In this paper, a
State of Charge (SOC) feedback control scheme is proposed,
that adjusts the active power output reference depending on the
state of charge, avoiding excessive stress on the components and
limiting the state of charge excursions. Control system parame-
ters are optimally tuned minimizing a weighted multi-objective
function in the solution of an optimal control problem. Test
results adopting different weights are presented and discussed.

Index Terms—Synthetic inertia, fast frequency response, fre-
quency regulation, SOC-feedback method, hybrid energy storage
system, optimal control.

I. INTRODUCTION

With the increasing de-carbonization of energy production
and the massive integration of renewable energy sources
(RES), the ratio of synchronous generators connected to the
power grid with respect to power electronics-based resources
are dropping. As a consequence, the overall inertia of the
power system is decreasing, leading to a more unstable system.
Thus, frequency becomes more sensitive to load variations,
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which results in an increased Rate of Change of Frequency
(RoCoF) and nadir following contingencies.

Several works have shown the advantages of regulating
frequency through distributed energy resources, as demand
response [1] or storage systems [2]–[7], adopting advanced
control schemes such as synthetic inertia (SI) [2], [3], [5]
or fast frequency response (FFR) [4], [5]. In [8], the authors
using a single controller to provide a mixed contribution of
SI and FFR, associating different weights to the proportional
contributions to RoCoF and to frequency deviation.

The use of Hybrid Energy Storage Systems (HESS), con-
sisting of integrated battery and supercapacitor, was also
suggested to enhance frequency regulation. HESS can provide
at the same time the high power and energy density [9].
However, it can be observed in [9], that the HESS active
power demand is independent of the state of charge (SOC)
of the controlled devices.

On the other hand, it is interesting to observe what is
proposed by [10], where a dependency on the SOC has been
introduced into the control of the BESS. Indeed, five ranges
of SOC between the maximum and minimum acceptable
SOC values were defined and the f-P characteristic changes
depending on the range in which the SOC of BESS is located.

In [11], the frequency regulation is performed with a droop
controller using Multiple Energy Storage Systems (MESS)
managing the SOC. This method works by checking the SOC
of the single ESS before applying the new active power set-
point, that will be proportional to the current SOC. In [12]
frequency regulation and SI are provided without controlling
the SOC, but only considering the maximum range and the
initial value, being focused on managing future contingencies.
In [13] the frequency regulation is dealt with just in term of SI
with ESSs, hence, this kind of controller does not provide the
primary control, while, similarly to [9], the SOC is controlled



with an adaptive control.
This paper proposes a new control scheme that is able to

provide fast frequency regulation and SI with HESS, such
as batteries and supercapacitors, by modifying the exchanged
active power according to the state of charge. Similar studies,
as the ones in [14]–[16] where a SOC feedback method
(SOCFM) is discussed, adopts SOC feedback to translate the
f-P characteristic of the ESS according to its state of charge.
However, such methods can only be applied to schemes
that control ESS active power with a frequency-proportional
control law (as in primary regulation control). The SOC
feedback method proposed in this work, on the other hand, is
independent of the type of control with which the set-point of
active power requirement to the ESS is generated, and allows
to integrate other fast frequency regulation techniques, such
as synthetic inertia. Furthermore, this paper aims to optimally
use different storage systems that can work together to improve
frequency regulation, while safeguarding their state of charge.

II. SOC-FEEDBACK METHOD FOR FAST FREQUENCY
REGULATION AND OPEN-LOOP RESPONSE ANALYSIS

In the paper, a hybrid storage system consisting of a battery
and a supercapacitor, each equipped with a controller for fast
frequency regulation, is modelled. This controller adopts at the
same time a component proportional to frequency deviation
(FFR) and a component proportional to RoCoF (SI), as also
proposed in [8]. In addition to FFR/SI control, for each energy
storage system, a further control function is introduced to take
into account SOC variations during the implementation of fast
frequency regulation. Thanks to this additional control, the
state of charge of energy storage systems is safeguarded during
operation. Furthermore the control allows to restore SOC to a
reference value at the end of the frequency event.

The working principle of the proposed SOC feedback
method is similar to the one described in [14]–[16], where
SOC changes result in a translation of the f-P characteristic
of the primary regulation control loop (as shown in Fig. 1
for a generic BESS). However, such method is based on
applying an off-set to the frequency error and cannot be
applied straightforwardly to a fast frequency controller that
generates both primary regulation and synthetic inertia control
actions. Differently from [14]–[16], in this paper, the proposed
SOC feedback control scheme is based on the application of a
feedback control signal directly to the active power reference
used to control the storage unit. This scheme has the advantage
of being independent of the adopted fast frequency control
scheme and the energy storage technology used. When applied
to a single storage system, the overall control scheme can be
schematized as in Fig. 2.

As shown in Fig. 2, the SOC deviation can be calculated by
integrating the active power exchanged by the storage system
with the power grid over time using the expression (1):

∆SOCBESS(s) =
1

E1 · h
∆PBESS(s)

s
=

1

KE1s
∆PBESS(s)

(1)

where ∆SOCBESS and ∆PBESS represent the SOC devi-
ation and the active power deviation from the initial ones,
respectively; KE1 is a constant representing the nominal
storage capacity expressed in power per second, that is given
by the product of the nominal capacity (E1) in kWh and a
conversion factor (h = 3600) to convert hours in seconds.

Fig. 1. SOC-feedback control scheme for primary regulation [14]–[16]

Fig. 2. Proposed SOC-feedback control scheme for fast frequency regulation

Thanks to the proposed scheme, SOC measurement is not
necessary and it is possible to manage the state of charge of the
energy storage system using only active power measurements.
Moreveor, differently from the block-diagram in Fig. 1, where
the constant KF allows to obtain an off-set frequency correc-
tion from SOC variation, the proposed SOC-feedback method
applies a correction to the reference active power output:

∆PSOC1(s) = KF1 ·∆SOCBESS(s) (2)

In such a way, this control limits the active power required
by the storage system as the SOC deviates from the initial
value. The control also reestablishes the initial SOC when the
control action of the fast frequency control system ceases.

In this paper, the proposed SOC-feedback method is applied
to analyse the response of a hybrid energy storage system
during fast regulation actions. The hybrid system consists of
a BESS and a SC that can be controlled separately to provide
fast frequency regulation services.

The overall model of a controlled BESS/SC hybrid energy
storage system is shown in Fig. 3. The dynamic response of
the two energy storage systems is modeled through first-order
transfer functions. The output active power (∆PBESS and
∆PSC) is used to calculate the SOC variation (∆SOCBESS

and ∆SOCSC) and the active power reference deviation
(∆PSOC1 and ∆PSOC2). The output active power set-point
of the fast frequency controllers (∆P

′

ref1 and ∆P
′

ref2) is the
result of the sum of two contributions: the first contribution is
proportional to the frequency deviation while the second con-
tribution is proportional to the frequency derivative (RoCoF).



Coefficients KFFR1, KSI1 and KFFR2, KSI2, used for the
fast frequency controller of BESS and SC, permit to split the
control action into two different contribution. As also proposed
in [8], the sum of each pair of coefficients can be set equal to
1.

Fig. 3. Proposed SOC-feedback control scheme applied to a Hybrid Energy
Storage System

III. OPEN-LOOP TEST OF THE PROPOSED CONTROLLER

The response of the proposed control scheme was tested
using as input of the model in 3 the frequency transient
experienced during a real severe contingency. The transient
used in this test, represented in Fig. 4 was reconstructed from
the frequency trend described in [17]. In this test all parameters
were set as in Table I.
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Fig. 4. Frequency transient experienced during the Aug. 9th 2019 Great
Britain power system disruption event

The rated active power of each energy storage system was
assumed to be 0.05 p.u. of the entire power grid. The rated
active represents also the maximum active power deviation
for both devices (∆Pmax

SOC1 = ∆Pmax
SOC2 = 0.05). The energy

capacity of BESS and SC, was set so that, starting from a

TABLE I
SYSTEM PARAMETERS

R1 TBESS KE1 KFFR1 KSI1 KF1

0.05 0.1 180 0.8 0.2 0.167

R2 TSC KE2 KFFR2 KSI2 KF2

0.05 0.04 3 0.2 0.8 0.1

100% SOC, the devices can fully discharge at the rated active
power in one hour and one minute, respectively. Coefficients
KE1 and KE2 can be calculated according to (1).

A maximum ∆SOCmax
BESS deviation of 30% has been

assumed for the BESS, whereas a ∆SOCmax
SC of 50% was

considered for the SC. According to (2), coefficients KF1 and
KF2 have been chosen in such way that the maximum power
rate corresponds to the maximum SOC deviation.

The active power references exiting the fast-frequency con-
trollers, ∆P

′

ref1 and ∆P
′

ref2), are limited by ∆Prmax
BESS

and ∆Prmax
SC , respectively. This limit is represented by a

saturation block and is necessary because the power reference
actually sent to the device (∆Pref1 and ∆Pref2), given by the
difference between the power reference arriving from the fast-
frequency controller and the additional active power reference,
must be able to reach zero when the SOC of the component has
reached the assumed minimum or maximum SOC deviation.

Given the higher energy capacity, a greater weight has
been set to the contribution proportional to the frequency
deviation (higher KFFR1) than the contribution proportional
to the frequency derivative (lower KSI1) in the fast frequency
controller of the BESS. On the contrary, since the SC is a
device capable of providing higher power density, a higher
weight has been set in its fast frequency controller to the
contribution proportional to the RoCoF (higher KFFR2) than
to the contribution proportional to the frequency deviation
(lower KSI2).

In Figs. 5 and 6 are shown the active power response and
SOC behaviour of the two controlled energy storage devices
for the frequency event in Fig. 4. As it can be observed in
Fig. 5, for the BESS fast frequency regulator, the proportional
contribution to the frequency deviation is preponderant over
the proportional contribution to the frequency derivative. For
this reason, a noticeable active power absorption of the BESS
can be observed in the moments before the failure where a
slight over-frequency was detected. On the other hand, the
supercapacitor fast frequency regulator generates a SI contri-
bution preponderant with respect to the FFR. SC behavior is
slightly affected by the absolute frequency value, where as it
is heavily affected by fast frequency changes and RoCoF.

The SOC responses are shown in Fig. 6. The BESS,
endowed with a much larger capacity than the SC, varies its
SOC only slightly during the transient. In this case the SOC
feedback control does not affect significantly the BESS re-
sponse. On the contrary, the SOC of the SC varies considerably
and, for this reason, the active power contribution is limited
in the interval from about t = 80s to t = 200s, as it can be



observed in Fig. 5. The effect of the SOC feedback method
on the active power reference sent to BESS and SC is more
explicitly recognizable in Figs. 7 and 8, where it is possible to
separate the frequency regulation from the SOCFM correction.
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Fig. 5. Active power responses of the HESS model for open-loop response
analysis

0 50 100 150 200 250 300 350

time [s]

-50

-40

-30

-20

-10

0

10

S
O

C
 d

e
v
ia

ti
o
n
 [
%

]

BESS

SC

Fig. 6. SOC behaviours of the HESS model for open-loop response analysis
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Fig. 7. BESS active power references for open-loop response analysis
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Fig. 8. SC active power references for open-loop response analysis

IV. CLOSED-LOOP RESPONSE ANALYSIS AND
CONTROLLER PARAMETERS OPTIMAL TUNING

In order to test the aforementioned control system perfor-
mance, further simulation tests have been carried out. These
simulations are aimed to study the behavior of the overall
power system with additional frequency support provided by
HESS. An aggregated hybrid storage system, that includes
batteries and supercapacitors, has been integrated in the power
system model, to provide fast frequency regulation. The overall
model used is shown in Fig. 9.

Fig. 9. Power system model with hybrid storage connected

In all tests, the system parameters were set as follows:
generator droop RG = 5%, generator time constant TG =
0.2s, turbine time constant TT = 0.3s, total system inertia
H = 2.5s, dumping factor D = 2%.

The coefficients considered in the model have been initially
chosen following the existing literature approaches [8], [16],
and from the operating conditions of the devices assumed in
the model. However, the gain coefficients of the fast frequency
controllers (KFFR1, KSI1, KFFR2, KSI2) and the gains KF1

and KF2 can be optimally tuned by means of a generic
optimization algorithm. The problem to be solved minimized
a generically nonlinear function of all system variables

min
u

∫ T

f(x(t),u, d) · dt (3)

subject to the differential set of equations

h(x(t),u, d) = 0 (4)



that can be expressed in the form

ẋ = A(u) · x(t) +B(u) · d (5)

x ∈ X
u ∈ U

(6)

where

uT = [KFFR1,KSI1,KFFR2,KSI2,KF1,KF2] (7)

xT = [∆Pe(t),∆f(t),∆Pgov(t),∆PBESS(t),

∆PSC(t),∆SOCBESS(t),∆SOCSC(t)]
(8)

and where d represents the disturbance ∆PL applied at t = 0,
X takes into account all physical constraints and U limits the
control variables. In (8), ∆Pgov and ∆Pe represent the active
power variation output from the governor and turbine model
blocks, respectively. ∆f represents the change in frequency
output from the power grid, ∆PBESS and ∆PSC are respec-
tively the changes in active power output from the BESS and
SC, and ∆SOCBESS and ∆SOCSC represent the respective
changes in SOC.

Through discretization the dynamic problem formulated by
eq. (3)-(8) can be converted into a static nonlinear problem in
the discrete time domain:

min
u
F (x̂,u, d) (9)

subject to

H(x̂,u, d) = 0 (10)

x̂ ∈ X
u ∈ U

(11)

x̂T = [x̂T
1 , x̂T

2 , ..., x̂Tnstep] (12)

x̂Tk = [∆P k
e ,∆f

k,∆P k
gov,∆P

k
BESS ,

∆P k
SC ,∆SOC

k
BESS ,∆SOC

k
SC ]

(13)

where H is the set of discretized differential equations, x̂k

represents the state variables at the kth time step and x̂ is
the state variables’ simulated trajectory. The multi-objective
optimization problem given by (9)-(13) is a nonlinear problem
due to the combination of u and x̂ in (10) and the effect
of saturation blocks in (11). However, the problem can be
easily solved through any meta-heuristic method or through
dynamic programming. In this paper, a Genetic Algorithm
(GA) method, where each particle in the population is repre-
sented by a vector with six real components in (7), is used to
solve the problem. The function F is a multi-objective function
given by a weighted sum of six different objective functions.

The suggested multi-objective function that has been employed
to reach the desired performance is:

F (x̂,u, d) =
6∑

i=1

αiJi(x̂,u, d) (14)

The six observable objective functions in (14) have been
made explicit in eq. (15)-(20). The objective functions have
been normalized to have comparable values.

J1 =
1

nstep
·
nstep∑
k=1

(
fk − fk−1

fn

)2

(15)

J2 =

(
max|fk − fn|

fn

)2

(16)

J3 =
1

nstep
·
nstep∑
k=1

(
P k
BESS ·∆t
EBESS

)2

(17)

J4 =
1

nstep
·
nstep∑
k=1

(
P k
SC ·∆t
ESC

)2

(18)

J5 =
1

nstep
·
nstep∑
k=1

(
P k
BESS − P

k−1
BESS

Pmax
BESS

)2

(19)

J6 =
1

nstep
·
nstep∑
k=1

(
P k
SC − P

k−1
SC

Pmax
SC

)2

(20)

where fk represents the system frequency at the kth time
step, fn represents the nominal system frequency, P k

BESS ,
EBESS and P k

SC , ESC represent the active power output
at the kth time step and the energy capacity of the BESS
and the SC, respectively. ∆t is the size of the adopted time
step and nstep is the number of time steps into which the
optimization window has been divided. In this case, a time
window of 5 seconds and a time step ∆t of 0.002 s have
been chosen, obtaining a nstep of 2500. Pmax

BESS and Pmax
SC

represent the maximum active power output of the BESS and
the SC, respectively.

Eq. (15) minimizes the sum of the frequency variations
for each time step, while eq. (16) minimizes the maximum
deviation of the frequency from the initial value (i.e. the nadir).
These two functions are aimed to improve the system transient
behaviour.

Eq. (17) and eq. (18) take into account the energy provided
by the components, BESS and SC, in relation to their maxi-
mum capacity. These equations takes into account the compo-
nent wear cost, in relation to the energy throughput. Eq. (19)
and eq. (20) minimize the sum of the active power variations
delivered by the BESS and SC, respectively. Therefore, these
functions allow during the optimization, to dampen the active
power variation dynamic required from the batteries, reducing
the stress to the component.

The cases studied and shown below are aimed to optimize
the response of the system in Fig. 9 following at a load step



variation ∆PL of 0.1 p.u. This load step was chosen equal
to the the available HESS flexibility (0.05 + 0.05 p.u.), in
other to better observe the effects of the optimization on the
HESS response. However, in actual operation the optimization
could be calculated on-line with respect to updated dynamic
parameters (for example a new estimate of the power system
total inertia) and to an assumed worst possible contingency
(for example the loss of the highest generation unit or the
sudden disconnection of the highest load).

Although the functions (15)-(20) were normalized, the
weights α can be chosen in such way to emphasize a specific
target. For example, during alert or vulnerable conditions (for
example when inertia is below a specific security threshold),
components’ safe keeping can be sacrificed with respect to
power system security. The effects of these choices are pre-
sented in the test results. Desirable settings of weights can be
obtained through extensive off-line simulations.

A. Case 1

In Case 1, the weight α1 was set relatively high (α1 � 1),
in order to induce the optimization algorithm to choose a set
of the parameters u such that the RoCoF is reduced as much as
possible. All other weights have been set to 1. The coefficients
set u, resulting from the optimization, is given in (21).

uT = [0.463, 0.537, 0.084, 0.916, 0.171, 0.100] (21)

In Fig. 10 the frequency behavior in the first seconds after
the step load change can be observed and compared to the case
with the non-optimized parameters (i.e. the values in Table I),
and the case without the HESS contribution. In any case, the
contribution provided by the HESS allows a clear improvement
in the frequency response of the system. Compared to the
non-optimized case, adopting the optimized set u in (21), the
frequency reaches a larger frequency nadir but has a reduced
RoCoF. In Fig. 11 and Fig. 12, it can be observed that the
active power provided by the BESS during the transient is
lower than in the non-optimized case, so that the stress on
the component is reduced. On the other hand, similarly to the
non-optimized case, the SC power capability is exploited at the
rated value (0.05p.u.) in the very first instants following the
disturbance, when maximum RoCoF is experienced. Shortly
after this maximum, when the nadir is approached, the SC
active power contribution rapidly decreases.

The state of charge of BESS and SC drops only slightly
as it can be observed in Figs. 13 and 14. The effect of the
SOCFM is therefore only slightly noticeable in the represented
time window (first 10 seconds) that shows the response of
primary regulation. However, if the storage power capacity
is exploited for a longer period, for example also during
secondary regulation, the SOCFM control can smoothly reduce
the contribution required by the storage resources, avoiding a
sudden triggering of storage SOC-based protections.

B. Case 2

In this second case, a higher importance is given to preserve
BESS lifetime by avoiding fast active power variations. Stress
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Fig. 10. Frequency behaviour with RoCoF optimization
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Fig. 11. Battery active power response with RoCoF optimization
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Fig. 12. Supercapacitor active power response with RoCoF optimization
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Fig. 13. Battery SOC behaviour with RoCoF optimization
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Fig. 14. Supercapacitor SOC behaviour with RoCoF optimization

on the battery was limited reducing the weight of function J5.
In this test a α5� 1 was considered. All other weight were
set to 1, obtaining the new solution

uT = [0.931, 0.068, 0.742, 0.258, 0.829, 0.101] (22)

By assigning a higher weight to J5, the algorithm selected
u in such a way to reduce the variations in the active power
delivered by the BESS without trying to severely constrain the
RoCoF. Indeed, it can be observed in Fig. 15, the RoCoF is
less contained compared to the non-optimized case. On the
other hand, the frequency nadir is more contained. The reason
can be observed in Figs. 16, where it is shown how the BESS
provide less active power than the optimized Case 1 in the
first instants after the contingency, but provide more active
power during the remaining part of the transition. Similarly,
also the power contribution provided by the SC after the nadir
is higher than in case 1 and the non-optimized case.

This effect is due to the higher values of KFFR1 and
KFFR2 resulting from this second optimization. These high
values of KFFR1 and KFFR2 are obtained because the weight
assigned to function J1 is no longer predominant with respect

to the others. This condition gives a higher nadir but faster
component discharge in cases where the frequency remains at
a value other than the reference value after the disturbance.
Indeed, it can be seen from Figs. 18 and 19 how the SOC of
the two components decreases more than in Case 1.
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Fig. 15. Frequency behaviour with battery response optimization
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Fig. 16. Battery active power response with battery response optimization

V. CONCLUSIONS

This paper presented a study aiming to demonstrate how hy-
brid energy storage systems, composed by supercapacitor and
battery, can be exploited to improve power system frequency
response. The HESS control scheme for fast frequency regu-
lation is updated with a SOC control of the devices to prevent
sudden reductions in the state of charge and return the device
charge to the pre-disturbance condition after the transient. It
has been shown how, through targeted optimization of control
parameters, it is possible to derive controller parameters in
order to achieve an improvement in frequency response and/or
avoid excessive component stress. The results demonstrate
how giving more weight to battery protection rather than
reducing RoCoF during a disturbance visibly changes the
frequency behaviour. Furthermore, the SOC control permits
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Fig. 17. Supercapacitor active power response with battery response opti-
mization
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Fig. 18. Battery SOC behaviour with battery response optimization
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Fig. 19. Supercapacitor SOC behaviour with battery response optimization

safeguarding of the state of charge without limiting the action
of the components during frequency transients.
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