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Abstract—The City of Zagreb in Croatia and its surroundings
have experienced two strong earthquakes within nine months
of 2020. Putting this in the context of the increased workload
of healthcare facilities due to Covid-19, the distribution system
operator (DSO) is encouraged to look for unconventional so-
lutions such as integrating the battery energy storage system
(BESS) to supply healthcare facilities during network fault
conditions or other extreme network events. The BESS size and
location are determined by optimization model, while the control
system of the BESS converter, based on the virtual synchronous
machine (VSM) concept, is define to test BESS ability to supply
critical consumers in the off-grid mode. The models are tested
and verified on several real world situations in Zagreb MV
distribution network. Future developments and scenarios are also
simulated to verify the robustness of the proposed investment.

Index Terms—battery energy storage system (BESS), dynamic
model, dynamic stability, islanded operation, microgrid system,
optimization model

I. INTRODUCTION

With newly defined pathways for limiting global warming,
the power system experiences the transition from a centralised
and carbon-based system with a passive distribution grid to a
decentralized, low-carbon system with an active distribution
grid. By development and advancement of the energy storage
technologies, and their importance to achieve the decarboniza-
tion of the energy sector, the price of energy storage systems
has decreased. The applications of the battery energy storage
system (BESS) have increased, since BESS can support the
grid by providing local and global ancillary services [1].
BESS can enhance the power system flexibility and enable
greater integration of the renewable energy sources (RES)
[2], [3]. Due to its ability to rapidly charge or discharge in
a second, the BESS can provide the primary frequency re-
sponse and regulation, faster than a conventional generator [2],
[4]. Although they are usually used for short-term reliability
services, appropriately sized BESS can also provide longer-
duration services, i.e. meet demand in islanded systems [2].
The BESS has also other purposes, such as: voltage support

[5], energy arbitrage [6], firm capacity or peak capacity,
black start, and transmission and distribution upgrade deferrals
[2]. To provide the mentioned ancillary services, the BESS
require the appropriate converter control system. The BESS is
commonly interfaced to the grid via grid-following converters
that are designed to inject active and reactive power during
grid-connected operation [7]. For independent operation in an
islanded system, the BESS requires the grid-forming converter
that has the ability to set frequency and voltage references [7].

In addition to the control system, the BESS ability to
provide ancillary services is determined by its location and
size. The BESS is commonly placed in the transmission net-
work, or distribution network near load centers, or co-located
with variable RES [2]. To ensure the resilient and economic
operation of the network, the BESS size and location should be
optimized [8]. The undersized BESS may not provide expected
services, while the oversized BESS causes unnecessary addi-
tional costs [8]. The unsuitable BESS location and size can
also cause low or over-voltages in the distribution network
[3]. Furthermore, the BESS location and size should be co-
optimized, since an inappropriately sized BESS, installed at
the optimal location, increases the voltage or power flow
violations [3]. Additionally, the grid application requirements
have to be considered during the optimization. The sizing of
the BESS for frequency control and peak shaving is presented
by multi-objective approach in [1]. The optimization of the
BESS size and location, in order to balance voltage violations
in a distribution grid with high photovoltaic (PV) penetration,
is shown in [9].

This paper presents an analysis of the BESS integration into
the distribution network in Zagreb, Croatia. The main idea ia
to install BESS of enough capacity and power to supply signif-
icant consumers (healthcare facilities) during fault conditions
in the distribution network. Two strong earthquakes in Zagreb
and its surroundings within nine months of 2020 and heavier
workload of the healthcare facilities due to Covid-19, as well
as their additional sensitivity to electricity loss, were incentives



to enhance system security. Therefore, it is necessary to ensure
the provision of ancillary services of the BESS during off-grid
transition and operation. Firstly, the optimal size and location
of the BESS are defined with the aim of the cost minimization
and the maximization of energy supplied from the battery.
Then, the dynamic models of the BESS and its converter
system are developed, enabling the stable off-grid transition
and operation. To determine dynamic islanding constraints
of the installed BESS, the specific simulation examples are
executed. The main contribution of this paper is the real-
world case of the BESS dimensioning for islanded operation
including: i) optimization model that ensures the BESS can
transition to an islanding mode and maintain supply for 3
hours as defined by the DSO and ii) dynamic model based
on the existing Virtual Synchronous Machine (VSM) model,
but expanded with the DC side dynamics.

Rest of the paper is organized as follows: Section II presents
the optimization and dynamic models; results of specific case
studies are given in Section III; some future scenarios are
presented in Section IV; Section V concludes the paper.

II. SYSTEM MODELLING

The observed distribution network (10 and 0,4 kV) is part
of the Croatian power system, and it is shown in Fig. 1.
The macro location analysis has suggested the installation of
BESS near the significant consumers, primary the hospitals, as
they are sensitive to electricity loss. In Fig. 1, the significant
consumers are marked with L1 - L8. They are modelled as
passive loads and their power consumption is based on the real
measurements on this location. All the significant consumers
are located at three distribution circuits, shown in different
colors in Fig. 1. These circuits are considered as microgrids
during BESS sizing. Therefore, the four microgrids are defined
for analysis purposes: 1st microgrid (shown in blue), 2nd

microgrid (shown in red), 3rd microgrid (shown in green),
and 4th microgrid (all three together).
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Fig. 1: Layout of the observed microgrids

A. BESS sizing and placement

The aim of the optimization model is to determine the
optimal size of BESS that is suitable to supply all significant
consumers within the observed microgrid for 3 hours. The
optimization time step is 15 minute interval. For optimization
purposes, the 8 characteristic days are chosen, two days for
each season. Only the consumption of significant consumers
is considered, while the consumption of other consumers is
not observed (their consumption is set to 0).

The objective function of this optimization problem is to
minimize the costs caused by network operating losses and
battery investment costs. It is given by (1):

min
∑
t

∑
ik∈L

Rik · lik,t · closs +Cbat · c1 + Sbat,max · c2 (1)

where L presents all lines of the observed microgrid, Rik
is the line resistance, lik,t is the square value of the current
of the line ik at the moment t, closs is the price for power
losses, Cbat is the battery capacity, Sbat,max is the battery
maximum rated power, c1 is price per battery capacity unit,
c2 is the price per battery power unit. The BESS is defined
by its capacity at any moment. The battery capacity has to
be within its defined minimum and maximum value. The
maximum charge and discharge powers are limited with the
BESS maximum active power, and the reactive power flow
is limited with the maximum reactive power of the converter.
Also, the total active and reactive power can not be bigger than
the apparent rated power. Furthermore, the optimization model
involves the optimal power flow (OPF) problem. The goal of
the OPF problem is to find the optimal power grid settings
that optimize the objective function, satisfying the power flow
equations, system security, and operating limitations of the
grid components [10]. The DistFlow is used to describe the
power flow in the distribution networks [11]. However, the
OPF problem is hard to solve due to nonlinear power flows.
Therefore, the Second-order cone programming (SOCP) is
applied to the OPF problem, enabling the quick solving of the
optimization problem and finding the global optimum [12].
When solving the BESS placement, a binary variable xbat is
included in the power flow equations and represents which
node has a BESS installed. xbat is defined for each node of
microgrid, but only in one node can take the value 1, i.e.∑
i∈N xbat,i = 1. In this way, the node that contributes most

to the objective function is selected. The optimization model
is only briefly described to understand the choice of BESS
size and location, which play an important role in dynamic
analysis.

B. Dynamic model

All microgrids with the associated BESS control system
are modelled in DIgSILENT PowerFactory 2019. When con-
necting the BESS, it is necessary to ensure the ancillary
services provision and dynamically stable off-grid transition
and operation. Therefore, the VSM is used, whose technology
is designed to mimic characteristics of the synchronous gen-
erator (SG) [13]. VSM is a grid-forming converter with the



ability to provide virtual inertia and set frequency and voltage
references. The control scheme of the BESS converter, shown
in Fig. 2, is based on [13].
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Fig. 2: Dynamic model of the BESS

The battery model block is based on the available model in
PowerFactory, and it is described in [14].

The DC side voltage and DC current are calculated by (2)
and (3), respectively, where P is the measured active power
in MW.

dUDC
dt

=
Vterm − UDC

0, 01
(2)

I =
P · 103

UDC
(3)

The VSM control system is modelled in the dq synchronous
reference frame. Therefore, the measured voltage and current
have to be transformed from the global (grid) reference frame
to the VSM reference frame, as shown by (4):

vdq,o = (vr,o + jvi,o) · e−jδθV SM (4)

where vr,o and vi,o are real and imaginary components of
the measured voltage, and δθV SM presents the phase dis-
placement between reference frames. The measured current
is transformed analogously.

The block of the virtual inertia and active power control
(APC) enables the BESS frequency response, and emulation
of the inertia and damping effect of the SG. Its implementation
is based on a swing equation that is linearized with respect to
the angular speed, as shown by (5):

dωV SM
dt

=
1

Ta

(
p∗ − p− kd(ωV SM − ωPLL)

− kω(ωV SM − ω∗V SM )

) (5)

where ωV SM is the VSM angular speed; p∗ is the external
power reference; p is the BESS output electrical power flowing
to the microgrid; Ta is the mechanical time constant that
corresponds to 2H in a traditional SG; ωPLL is the grid
frequency estimated by a phase locked loop (PLL) whose
implementation is available in the PowerFactory library; kd
is the damping constant; kω is the droop constant; ω∗V SM is

the reference VSM frequency. The VSM phase displacement
is calculated by (6):

dδθV SM
dt

= δωV SM · ωb (6)

where ωb corresponds to 2π50, and δωV SM = ωV SM − fref .
The reactive power controller (RPC) outputs the voltage

amplitude reference v∗∗, as given by (7):

v∗∗ = v∗ + kq(q
∗ − q̂) (7)

dq̂

dt
= −ωf · q̂ + ωf · q (8)

where v∗ is the external voltage amplitude reference, q∗ is
the reactive power reference, kq is the reactive power droop
gain, q̂ is the filtered value of the measured reactive power q
(8). The voltage amplitude reference is the input signal to the
cascaded voltage and current control loops.

Due to high R/X ratio in the distribution networks, the
active and reactive power flows are coupled. Therefore, the
voltage amplitude reference is firstly passed through the block
of virtual impedance (VI), as shown by (9) and (10):

v∗d,o = v∗∗ − rv · id,o + ωV SM · lv · iq,o (9)

v∗q,o = 0− rv · iq,o − ωV SM · lv · id,o (10)

where rv and lv are virtual resistance and inductance.
The cascade of the voltage (VC) and current control (CC)

loops is designed as it is usual for grid-forming converters.
Their implementation is presented by (11) and (13). The states
of the voltage PI controllers and the current PI controllers are
given by (12) and (14), respectively; where kpv , kiv , kpc and
kic are the respected PI controller gains.

i∗dq,o = kpv(v
∗
dq,o − vdq,o) + kivε+ kffi · idq,o (11)

dε

dt
= v∗dq,o − vdq,o (12)

vdq,CV = kpc(i
∗
dq,o−idq,o)+kicγ+kffv·vdq,o−v∗dq,AD (13)

dγ

dt
= i∗dq,o − idq,o (14)

v∗dq,AD is the output signal of the active damping (AD) block
used to remove the oscillations of the measured voltage vdq,o.
The converter voltage reference vdq,CV is divided with the
DC side voltage UDC to generate the modulation signals used
to manage the converter. It is also necessary to return the
modulation signals to the global reference frame using the
rotation by ejδθV SM .

Since the battery has ability to charge and discharge, the
charge control is important to check whether the active com-
ponent (d-component) of current and SOC are within certain
limits. The battery charging is disabled if the SOC is above
a certain value (maxSOC), while the battery discharging is
disabled if the SOC is below a certain value (minSOC).



III. DYNAMIC SIMULATIONS AND RESULTS

Depending on the results of the optimization model from
Section II-A, the BESS of appropriate power and capacity is
connected to each microgrid. Optimization results are given in
Table I. The optimal location for all microgrids is node PCC
(see Fig. 1), i.e. the intersection of three distribution circuits.

TABLE I: Optimization results

Microgrid Active power
[MW]

Apparent
power
[MVA]

Capacity
[MWh]

1st 0.629 0.663 2.456
2nd 0.931 0.98 3.588
3rd 0.203 0.228 0.786
4th 1.754 1.846 6.893

For each of four microgrids, the islanding is triggered at
t = 4 s. It is scrutinized whether the microgrids achieve stable
off-grid transition and operation for two operating points, the
maximum and minimum microgrid load. For each microgrid
and for each operating point, three case studies are analyzed:
i) BESS does not charge nor discharge before islanding, ii)
BESS charges with maximum active power before islanding
and iii) BESS discharges with maximum active power before
islanding. 1st and 3rd microgrids are supplied by Feeder 1,
while 2nd is supplied by Feeder 2 before islanding. In 4th

microgrid, the BESS is connected to the red circuit before
islanding. When islanding occurs, the blue and green circuits
connect to PCC, but considering a time delay of protection
relays and circuit breakers (45 - 70 ms [15]). The total time
delay is assumed to be 150 ms, according to engineering
practice.

The microgrid can achieve the stable off-grid transition
and operation if the following is satisfied: the steady-state is
reached, bus voltages are within ± 10 % of nominal value,
and frequency is within ± 2 Hz in the first second after an
islanding after which it is within ± 1 Hz [14].

Plots of results are omitted for brevity if the constraints are
met. Plots present the frequency and voltage measured at the
PCC.

A. Case I: BESS does not charge nor discharge before island-
ing

In this case, the off-grid transition of all microgrids for
both operating points is feasible, i.e. the frequency and voltage
limits are satisfied.

B. Case II: BESS charges with maximum active power before
islanding

This case is feasible only for off-grid transition during
minimum microgrid load. Otherwise, it is as follows:

1) 1st microgrid: When the microgrid load is maximal be-
fore islanding, the frequency constraints are not met, as shown
in Fig. 3a. In order to achieve a stable off-grid transition, the
BESS has to be charged with a maximum active power of
0.255 MW before islanding.
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Fig. 3: Case II frequency for [blue - without limitation; red - with
limitation]: (a) 1st microgrid, (b) 2nd microgrid, (c) 3rd microgrid,
(d) 4th microgrid
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Fig. 4: Case II voltage: (a) without limitation; (b) with limitation

2) 2nd microgrid: The frequency constraints are not met
when the microgrid load is on its maximum before islanding,
as shown in Fig. 3b. Therefore, the maximum charge power
is limited to 0.3 MW.

3) 3rd microgrid: The frequency constraints are not satisfied
when the islanding occurs during the maximum microgrid
load, as shown in Fig. 3c. The only way to achieve a stable
off-grid transition is to limit the maximum charge power to
0.0725 MW.

4) 4th microgrid: During the maximum microgrid load, this
case is unfeasible, as shown in Fig. 3d. In order to satisfy the
frequency constraints and achieve stable off-grid transition, the
maximum charge power is limited to 0.825 MW.

The voltage constraints are met for all microgrids, as shown
in Fig. 4.

C. Case III: BESS discharges with maximum active power
before islanding

When the BESS discharges with maximum active power
before islanding, all microgrids can achieve stable off-grid
transition for both operating points.

The power constraints of the BESS, determined by dynamic
analysis, are then involved in the initial optimization problem
to ensure minimal operational cost while meeting constraints
for dynamic stability.



IV. EXPECTED FUTURE SCENARIOS

In this section, the stability of the 4th microgrid during
transition to islanded mode is checked, but for some possible
future scenarios.

One of the possible scenarios is the increase in the microgrid
load. The increase of 30 % is assumed. The most challenging
case is transition to islanded mode during maximum microgrid
load and BESS charging. As shown in Fig. 5, the frequency
and voltage limitations are not satisfied, due to microgrid
overload.
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Fig. 5: Results for increase in microgrid load: (a) Frequency; (b)
Terminal voltages

The next assumed scenario is the RES integration into 4th

microgrid. Hence, the PV unit of 2.5 MVA is connected within
observed microgrid. The most challenging case is islanding
during minimum microgrid load and BESS discharging. As
shown in Fig. 6, the frequency and voltage deviations are
greater than allowed, due to microgrid underload.
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Fig. 6: Results for PV integration: (a) Frequency; (b) Terminal
voltages

V. CONCLUSION

Two earthquakes, which happened in the City of Zagreb
and its surroundings, as well as the Covid-19 pandemic, have
shown insecurity in the supply of healthcare facilities. Hence,
the distribution system operator (DSO) looks for the appli-
cation of the battery storage system (BESS) near healthcare
facilities. The observed consumers are placed at three distri-
bution circuits. The BESS size and location are determined by
an optimization model with the aim of costs minimization and
use maximization. The intersection of circuits is determined
as a BESS optimal location, and the BESS has the ability
to supply each of them or all three together. Furthermore, a
virtual synchronous machine (VSM) is applied to the BESS

converter to achieve dynamically stable off-grid transition and
operation. Then, specific simulations are executed to determine
dynamic constraints in the islanded mode for three specific
cases. The results show infeasible off-grid transition only when
the BESS charges with the maximum active power before
islanding and the microgrid load is maximal.
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