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Abstract—The proliferation of Converter-Interfaced Renew-
able Energy Sources (CIRES), which are inertia-less, and the
gradual decommissioning of synchronous generation have posed
several challenges to the electric power system. This has moti-
vated a complete a shift in the CIRES design and its correspond-
ing control philosophy. Integrating Energy Storage Systems (ESS)
within CIRES enables the implementation of different operating
modes allowing them to provide ancillary services (AS) in a
similar way to the synchronous generation. In order to tackle with
those short-term response AS, such as virtual inertia, fast ESS
(FESS) solutions with high power-to-energy ratio, particularly
flywheels and supercapacitors, are preferred. In spite of several
control algorithms have been proposed to provide such fast AS,
very little research effort has been paid on the proper FESS
energy recovery after the AS provision. This task is particularly
challenging, since supercapacitors must be operated at a certain
state of charge to guarantee that the required AS can be
provided within its operational limits. This paper aims to fill
this gap by proposing a new energy recovery control scheme for
supercapacitors after the provision of short-term AS, such as
virtual inertia. The proposed control is validated via simulations
which clearly highlights its adequate performance.

Index Terms—renewable generation, ancillary services, energy
storage systems, virtual inertia, voltage source converters, super-
capacitors, renewable energy source.

I. INTRODUCTION

The advent of Renewable Energy Sources (RES) has intro-
duced a new era for the electric power grids which rely more
and more on power electronics. As a matter of fact, RES like
photovoltaic (PV) and wind generation employ Voltage Source
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Converters (VSCs) as their main interface with the grid. The
ever-increasing penetration of this type of converter-interfaced
RES (CIRES), characterised by an inertia-less nature and a
current control mode, replacing synchronous generators jeop-
ardizes the stability and robustness of the power grid. These
issues could be tackled if the enhanced controllability of the
VSCs is exploited and new control philosophies are adopted.
In this way, CIRES may provide ancillary services (AS) in a
manner similar to synchronous generators, e.g. reactive power
capability, primary frequency regulation (PFR) through P-f
droop control, virtual (synthetic) inertia, etc. [1]. In order to
make the provision of the active power-related AS feasible
without any active power curtailment, the integration of Energy
Storage Systems (ESS) is inevitable. Different ESS technolo-
gies are available in the market but their specific application
to provide a given AS must consider the power and energy
requirements. Broadly speaking, AS with large duration and
high energy requirements, such as PFR and demand-response,
could be provided by battery ESS (BESS). Conversely, short-
term AS involving high instantaneous power like virtual inertia
mandate the use of fast ESS (FESS) technologies [2], e.g.
flywheels (FWs) [3] and supercapacitors (SCs) [4].

There are plenty research studies for the proper control
and the topology of the combined CIRES and ESS for the
provision of active power-related AS, e.g. PFR [5]-[8], power-
smoothing (also referred as ramp-rate limitation), [2], [9], [10],
peak-shaving [11], etc. These strategies have been successfully
applied to either wind [9], [11] or PV generation [2], [6],
[10]. Although these studies include a State-Of-Charge (SoC)
control after the AS provision, this control comes as a second



priority and limited results are presented, while they mostly
focus on the proper CIRES control for the AS provision.

Furthermore, the types of ESS in these studies are usually
electrochemical BESS [5], [6], [10] or Hybrid ESS (HESS),
[71-19], [11], [12] which consist of a BESS and a FESS (either
SC [7], [8], [11] or FW, [12]). Regarding the BESS, although
there are many research studies for the proper SoC restoration,
the involved dynamics are in the order of minutes (5-15).
This is sufficient for low-frequency power smoothing or peak-
shaving, but for other AS, e.g. PFR or even virtual inertia,
the BESS reaction is too slow. Regarding the HESS, the main
drawback of the aforementioned studies is that the FESS SoC
is treated similarly to the BESS SoC, although these two ESS
types involve different dynamics.

With respect to the short duration and high power density,
probably the most demanding AS is the virtual inertia. Some
previous works consider unlimited energy and an infinite DC
bus, thus just paying attention on the CIRES control required
for the AS provision [13]-[15]. With this regard, the DC-link
dynamics are neglected when the virtual inertia is provided.
There are some research efforts, however, which include an
ESS to provide the required amount of virtual inertia. In [16]
virtual inertia is provided by a FW but its recovery after the
AS provision is not studied. The BESS SoC restoration after
the virtual inertia provision is analyzed in [17], [18], which is
characterized by a slower dynamics due to its inherent larger
time constant. With this regard, FESS are preferred for this
type of AS with short time duration and high power density.
However, an adequate SoC recovery strategy after the AS
provision has not been properly addressed in the specialized
literature.

This paper comes to fill this gap by proposing a new control
strategy for the SoC recovery after the virtual inertia provision
by a CIRES involving a FESS. With the proposed control
strategy, the following two main objectives are achieved:

o Fast and precise FESS energy control to recover the

steady-state conditions after an AS provision.

o Precise energy release required for bringing the inertial

response.

The main advantage of the proposed control strategy is that
the both objectives can be achieved at the same time if the
FESS operation is within their technical operational limits. If
this is not the case, i.e. operation outside of the safe working
area, the controller prioritizes the SoC recovery to its steady-
state reference value.

II. MODEL DEFINITION

The aim of this section is to define the dynamic model
used in the proposed FESS control algorithm. Fig. 1 depicts
the system under study which is composed of a CIRES with
a FESS. The power magnitudes used in the system modelling
and the control algorithm are also summarized in Tab. 1.

Regarding the CIRES, it is proposed to control it as a Virtual
Synchronous Generator (VSG) in order to provide virtual
inertia. With this regard, any of the control schemes already
proposed in the literature can be applied [13]-[15]. Any of
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Fig. 1. System under study composed of a CIRES with a FESS and
corresponding power magnitudes used in the model and control algorithm.

TABLE I
VARIABLES USED IN THE PROPOSED CONTROL ALGORITHM.

POI Point Of Interconnection.

Ps POI active power (p.u.).

qs POI reactive power (p.u.).
Pg Primary source power (p.u.).
Pe FESS power (p.u.).

y25% VSC energy losses (p.u.).
pi2 DC/DC converter energy losses (p.u.).

I Actual total losses (p.u.).

D Estimated total losses (p.u.).

Pr Restoring power (p.u.).

T Storage main state (i.e. speed for FW or voltage for SC)
Eo Desired steady-state storage energy (J).

E Actual storage energy (J).

AE*  FESS estimated energy increment (J).

AFE,  FESS estimated restoration energy increment (J).

these available methods is based on the virtual mechanical
power which can be defined as:

p;z:pq +ﬁl+pz(EaE*)a (1)

where p, is the measured power of the primary energy source,
Py is an estimation of the system losses, p} is the FESS
reference power which will depend on the reference FESS
energy E* as explained in the next section. Note that the
system losses are those of the VSC and DC/DC converter
interfacing the FESS and can be computed applying a simple
power balance as:

D1 = D1 + P12 = Pe + Pg — Ds 2

On the other hand, the FESS dynamics can be modelled as
the nonlinear first order differential equation as a function of
the FESS power p. used to charge or discharge it:

dr  pe
dat -~ M’
where z is the main state to control and M is the FESS time
constant (i.e. speed and moment of inertia in a FW or voltage

3)



and capacitance in case the of a SC). Obviously, this model is
just an approximation and neglects other dynamics and FESS
power losses but it is sufficient for the proposed controller
development. The FESS stored energy is defined as:

1
E = §Mx2 = /pe dt. 4)

III. CONTROL STRATEGY

This section outlines the control scheme for the FESS
Energy Management System (EMS) in order to fulfil the
aforementioned objectives. The FESS-EMS, denoted with the
red rectangle in Fig. 1 is detailed in Fig. 2. Basically, this
FESS-EMS is composed of two main control blocks which
are devoted to compute an adequate FESS reference power
p: to provide the virtual inertia provision as clase as possible
to the theoretical one but considering also an optimal SoC
recovery after any event. Note that these two objectives
are totally opposite as the virtual inertia response leads to
an energy release and, therefore, a SoC deviation from the
reference value. For this reason, any SoC recovery strategy
based on conventional droop controllers to maintain the SoC
to a reference value poses some drawbacks depending on the
applied controller gains. Large control gains will recover the
SoC to the reference value quite fast but a cost of affecting
the provided virtual inertia. On the contrary, small droops may
not interfere the AS provision but a quite large SoC restoration
time is expected.

To overcome this shortcoming, the first control block of the
proposed strategy is based on a variable droop controller where
the reference FESS energy is constantly modified according to
an estimation of the FESS energy release which is used as an
indicator of the AS provision. In addition, the second control
block computes a power term which is used for SoC recovering
purposes. The following subsections are devoted to give the
details of each of these control blocks.

A. Energy release control block

The energy release control block is based on a droop curve
shown in Fig. 3 which defines the reference FESS power p}
as a function of a variable reference energy E*. Note that
those points of the curve related to the FESS operational
limits do not vary: (p***, Eniyn) and (pg***, Emaz). These
maximum and minimum energies are computed with (4) using
the state variable limits ,,;, and ,,q,;. On the contrary, the
other points of the droop curve are modified according to the
deviation of the reference FESS energy, E*, with respect to
its reference value Fy = % (Fmax + Emin):

AE* = E* — E, (5)

This reference FESS energy, E*, is just the estimation of
the FESS delivered energy, E bounded within the FESS
operational limits within E,,;, and E,,,, as shown in Fig.
2. The estimation of the FESS energy release, E, depends on
the estimation of the power required to provide the virtual

TABLE II
CONSIDERED PARAMETERS FOR THE SIMULATIONS.

Main VSC nominal power = 20 kVA
FESS type: Ultracapacitor

CS5F

Vinin 80V = Emin:64 kJ

Vinax 160V = Emin:256 kJ

Vo 12649V = Enin=160kJ

inertia, p., and the power required to restore the SoC value,
pr, wWhich is analyzed in the next subsection:

dAE

dt
Finally, note that p. can be computed using the definition of
the virtual mechanical power as:

= —Pe + Pr- (6)

De = Ph = Ds — p:(n @)
where py, is the inertial response power.

B. Energy recovery control block

The power term p, responsible for the SoC recovery is
defined as:
prif AE* < ONAE* < AE,
—pr, it AE* > 0ANAE* > AE, ®)
0,if |E* — Fy| < tol.

br =

where p; is a constant and predefined power, AE* is cal-
culated with (5) and AE, is the virtual recovery energy
deviation with respect Ey. This new virtual variable follows
the dynamics:

dAE, R
di = —Kype +pr — K,AE, &)

where K, and K, are parameters to be defined. Note that
K,, > 1 in order to guarantee that AFE, is larger than AE.
Once K,, is chosen, K, can be defined to adjust the time
constant of this first-order system (e.g. how fast the energy
starts to recover). The virtual recovery energy can be computed
as:

E,.=AE, + E,. (10)

IV. SIMULATION RESULTS

Simulations have been performed using a specific open-
source software written in python called PyDAE which is
publicly available in [19]. This software is specially suited
to solve efficiently a set of Differential-Algebraic Equations
(DAE). For this purpose, the DAE corresponding to the system
shown in Fig. 1 is derived. Basically, this system is composed
of a three phase dc/ac converter with its coupling filter, a dc/dc
converter interfacing the FESS with the common DC bus and
a primary energy source. The main parameters of the system
are shown in Tab. IIL.

The next subsections are devoted to show the performance
of the proposed control algorithm. Particularly, two inertia
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Fig. 2. Proposed FESS controller.

Ds A
pmax
e
AE* AE* AE*
Emax
\ -
—] >
Emin EO E
pmin
e
\/

Fig. 3. Energy-Power Droop.

provision scenarios are simulated with different energy re-
quirements. In the first case, the AS is provided without
reaching any operational SC limit. Conversely, the second
scenario is devoted to highlight the controller performance
when the predefined energy threshold is reached. Finally, the
proposed algorithm is compared to a classical droop approach
to evidence its improved performance.

A. Moderate inertial response

The first test consists of a moderate inertial response where
the FESS energy limits are not reached and the desirable
inertia constant is H = 7s. The power system frequency
changes from 50 Hz to 47 Hz in 5 seconds (RoCoF of -0.5

Hz/s) as shown in the top plot of Fig. 4. The middle plot
shows the actual FESS energy FE blue, its reference value E*
and the virtual recovery energy E, with green and yellow
colours respectively. As it can be observed in the bottom plot
of Fig. 4, the obtained power ps follows the desired value p}
during the frequency ramp variation that can be computed as:

0.5Hz/s
50Hz

When the frequency reaches the new steady state, the FESS
energy remains constant until £, becomes larger than E* and
the recovery power p, starts charging the FESS. Note that
the recovery control logic defined by (8) naturally introduces
a dead time after the inertia provision which is controlled
by the parameter K,. This performance is suitable from
the power system point of view because after the frequency
event, produced due to an imbalance between generation and
demand, the FESS energy restoration is delayed contributing
somehow to reduce further frequency variations.

Ap =2HRoCoF?P* =2 x Ts =0.14pu, (1)

B. Inertial response with energy saturation

The second test is similar to the first one, but considering a
larger RoCoF = 1 Hz/s. This event has associated a larger
energy release which activates the FESS lower energy limit
E\in. The simulation results are shown in Fig. 5 in green
colour along with the previous simulation with RoCoF =
0.5 Hz/s in red colour comparison purposes. The bottom plot
of the figure clearly evidences that the power follows the incre-
ment Ap defined in (11) for RoCoF = 1 Hz/s until the lower
energy threshold F,,;, is reached in spite of the frequency still
is decreasing. After the event, the proposed algorithm makes
the inertial response null as expected. Regarding the delivered
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Fig. 4. Frequency, energies evolution and power during moderate inertial
response.

FESS energy, the middle plot shows the evolution of E* and
E with dash and continuous lines respectively.

C. Comparative with conventional approach

Finally, the proposed method is compared with the conven-
tional Proportional-Integral (PI) controller for the FESS energy
restoration. More specifically, this PI controller is supposed to
exist in the red box named EMS within Fig. 1 and will be
defined by the following control law,

b= Ky (B - E)4 K [ (Bo-BY (2)

Two cases are considered for the PI: high gain and low gain.
In this paper, K, = 0.01 and K, = 0.045 are considered and
K; = K,,/T, where T = 60s. As it can be seen in Fig. 6, the
low gain PI (red curve) gives an inertial response that is close
to the ideal one, but the energy recovery can take around five
minutes. In the other hand, a PI with a high gain (green curve)
that gives the same recovery time to current proposal but with
an inertial response that is far from the desired one.

V. CONCLUSIONS

In this paper, a novel energy recovery scheme for fast
acting energy storage systems (FESS) connected to converter-
interfaced RES (CIRES) is proposed, when the CIRES is
assumed to provide Ancillary Services (AS). FESS, like SCs
or FWs, are the most appropriate ESS to assist the CIRES
with short-duration high power-demanding AS, like virtual
inertia provision or high frequency power smoothing. For this
reason, in this study the new controller is tested during abrupt
frequency variations with moderate and high values of Rate
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Fig. 5. Inertial responses with and without lower energy saturation.

of Change of Frequency (RoCoFs), so that its performance
is evidenced by the achieved virtual inertia provision and
the quick recovery of the FESS. Finally, the performance of
the proposed controller is tested against an energy recovery
scheme implemented by a simple PI controller with high
and low gains, stressing out the drawbacks of such simplistic
solutions in the energy recovery schemes of FESS.
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