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Abstract—Battery Energy Storage Systems (BESSs) play an
important role in grid-connected renewable energy systems as
they provide great flexibility in the energy production. For pho-
tovoltaic (PV) energy applications, the BESS may be connected
to the dc-link of the converter system to inject the deficit or to
absorb the surplus of generated power. One of the main issues
in such systems is the voltage variation at the dc-link, especially
under grid imbalance, distorting the current fed to the grid.
This paper studies a method to control the BESS to emulate a
capacitance, thus mitigating the dc-link voltage fluctuation, for
example, under heavy imbalance.

Index Terms—Battery energy storage system, dc-link voltage
fluctuation, virtual capacitance, PV-inverter, imbalance

I. INTRODUCTION

Battery energy storage systems (BESSs) are gaining pop-
ularity as a supplement to grid-connected photovoltaic (PV)
generators as they enable using the energy when needed
instead of when generated [1]. BESSs have several applica-
tions in power systems, such as peak load shaving, power
outage mitigation, and frequency regulation [2], [3]. However,
regardless of the advancements made in the field, they are still
fairly expensive components and often have a relatively short
lifespan [4]. Therefore, it should be a priority to utilize BESSs
as efficiently as possible.

In PV applications, a BESS is often connected to the dc-
link of an inverter that functions as the system’s grid interface.
In such a system, the dc-link voltage regulation is important
in order to guarantee that the current fed to the grid complies
with the grid codes. To this end, commonly a large capacitor
per unit volume is placed on the dc-link to mitigate the voltage
fluctuations. The capacitor also limits the dc-link voltage
ripple, absorbs harmonics, and provides energy storage during
transients [5]. However, a large capacitor increases the total
cost and size of the system as well as slows down the voltage
response during start-up phase [6].

To overcome these drawbacks, recent studies have proposed
methods that enable the use of reduced dc-link capacitors in
inverter-based systems without losing system reliability [6],
[7]. The work in [6] presented an estimator-based method for a
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motor-drive application that stabilizes both the dc-link voltage
and the motor current so that a reduced dc-link capacitor
may be used. The work in [7] proposed an active power
compensator in order to remove the second harmonic ripple of
the dc-link voltage under imbalanced grid-voltages. However,
applications involving a BESS have not been considered in
these previous studies.

In order to attenuate the dc-link voltage variations in
a grid-connected BESS with a reduced capacitor, a feed-
back/feedforward control strategy has been proposed [8]. This
approach is based on the assumption that the BESS (instead of
the inverter) controls the dc-link voltage. However, this may
not always be the case, e.g., in PV applications [9]. For such
a system, in which the inverter controls the dc-link voltage,
the work in [10] proposed a method to emulate a BESS as
a capacitor in order to synthesize extra inertia. However, as
the main focus of the work in [10] is to compare dc-link
capacitance with system inertia and to synthesize extra inertia
to the system, it does not include a further analysis of the
system dynamics nor address the control in the frequency-
domain.

This paper analyses the method of controlling a BESS to
emulate a (virtual) capacitance. The analysis is performed us-
ing small-signal models to enable reliable and straightforward
investigation of the system dynamics and control design. The
limitations and possible issues of the control algorithm are
also emphasized. As a result, the system dynamics can be
adjusted by using this controllable virtual capacitance. Special
focus is given on the application where a BESS is connected
to a dc-link. In this case, the BESS effectively increases the
dc-link capacitance, thus, for example, mitigating the second
order harmonic in the dc-link voltage during a grid imbalance.
The analysis is confirmed by simulations both in the time and
frequency domain.

The remainder of the paper is organized as follows. In
Section II, the basic idea and analysis behind the capacitance
emulation algorithm are presented. In Section III, the required
small-signal models are derived. That is, the dynamics of
the battery charger emulating a capacitance are determined.
Section IV demonstrates and further analyses the ability of the
control algorithm to affect the system dynamics and to mitigate
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Fig. 1. The impedances of an RC circuit (solid line) and an RC circuit in
parallel with a capacitor (dashed line).

the dc-link voltage fluctuation. The paper is summarized in
Section V.

II. CAPACITANCE EMULATION

The impedance of a dc-link capacitor is generally given as

1
ZCdc+r _ . , 1
rcde + Cucs (1

where Cy. is the (dc-link) capacitance and rcg. its parasitic
resistance. When connecting the dc-link capacitor in parallel

with an ideal capacitor (that is, the parasitic resistance is
ignored), their total impedance can be presented as
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where C' is the ideal capacitance. Fig. 1 gives an example
where the impedances given by (1) and (2) are shown (the
parameter values are specified in Table I). The addition of the
capacitor in parallel lowers the magnitude of the impedance,
hence mitigating variations/disturbances in the voltage more
effectively.

In order to control the BESS to emulate a capacitance (in
terms of impedance), the battery charger needs to control its
output current i% according to
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where C.p, represents the emulated capacitance and v2° the
output voltage of the battery charger. Note that here the
positive direction of the current is defined as out of the battery
charger. As impedance/admittance is (by definition) measured
when the current goes into the device, it requires a minus sign.

Fig. 2. Bi-directional dc-dc converter used as battery charger.

With this control, the output impedance of the BESS would
ideally become
1
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A similar control principle has been used, e.g., in [10].
Using the Euler discretization method, the control algorithm
(3) can be presented in discrete-time as
z—1 ..

- C’emivo s )

,L-gc-ref ( Z) _ T
S

where 75 is the sampling interval.

It is emphasized, that any controller that utilizes numerical
derivative is sensitive to noise. The sensitivity is inversely
proportional to the magnitude of the sampling time [11].
Hence, in a practical system, a low-pass filter should be used
to filter out the noise. Otherwise the output of the controller
may fluctuate severely, possibly decreasing the lifetime of the
switches.

III. SMALL-SIGNAL MODEL OF THE BATTERY CHARGER
FOR CAPACITANCE EMULATION

Fig. 2 presents a schematic diagram of a bi-directional dc-
dc converter in which the output current %j, is defined as
an output variable. That is, the dc-link can be modelled as a
constant voltage source. Note that the direction of the current
is as in discharging mode and, in this paper, will be defined
as the positive current direction. In charging mode, the flow
is the opposite and the current is defined as negative.

In order to derive a small-signal model for the system, the
state vector, and input and output vectors are defined as
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respectively. Note that switch S, is controlled by duty cycle
d*® and switch S by its opposite, 1 —d". The linearised state-
space representation of the battery charger can be given as,

ax(t) . X
== = Ax(t) + Ba() %

y(t) = Cx(t) + Da(b), ®)

where the state, input, output, and feed-through matrices A,
B, C, and D, respectively, are given in the Appendix.
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Fig. 3. Linear equivalent model of the bi-directional dc-dc converter used as
battery charger.

The transfer functions from the input variables to the output
variables at open loop can be solved in the s-domain by noting
that

y(s) = (C(sI A B+ D) u(s), )

where I is the identity matrix [12]. As a result, the open-loop
dynamics can be presented in matrix-form as
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where the 2x3 matrix consists of the transfer functions between
the input and the output variables. Fig. 3 illustrates the linear
equivalent model of the system. The change in the converter
transient response caused by a load change can be directly
seen from the output impedance Y. (when controlled in open-
loop).

By utilizing a feedback controller on the battery charger
output current according to the capacitance emulation algo-
rithm given in (3), the closed-loop dynamics can be presented
as
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in which a proportional-integral (PI) controller G% is used to
regulate the output current. Assuming Loyepe > 1 (i.e. within
the control bandwidth), the closed loop output admittance
ybeCem becomes equal to —Ceps, i.e. the output impedance
of a capacitance (the inverse of (4)). Fig. 4 illustrates the
(discretized) control structure.
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Fig. 4. Control block diagram of the battery controller for capacitor emulation.

TABLE I
PARAMETERS USED IN THE SIMULATION RESULTS

DC-DC converter
Parameter Symbol Value
de-link voltage WVink 480 V
battery terminal voltage Vbatt 200 V
de-link capacitance Clc 1 mF
parasitic resistance of dc-link capacitance TCde 90 m2
additional dc-link capacitance C 1 mF
emulated dc-link capacitance Cem 1 mF
switching frequency Ssw 20 kHz
battery-side capacitor Chp 1 uF
battery-side inductor Ly 1.3 mH
PV inverter

Parameter Symbol Value

MPP conditions (STC) Viov-mpp> Lpv-mpp | 480V, 8 A
grid voltage (RMS) Vabe 240 V
grid frequency fe 60 Hz
L-filter L 1 mH

It may be obvious, that a safe use of a battery must be
guaranteed, for example, by saturation limits. The controller
should be implemented to limit the current and voltage at
the battery terminal to avoid extensive stress on the battery.
However, for simplicity and clarity, the implementation of this
has been left out in this paper. That is, the focus is only on
the capacitor emulation. Furthermore, in a real application, the
control function would mainly be used as a supplementary
control algorithm.

IV. ANALYSIS AND SIMULATION RESULTS

This section demonstrates and further analyses the ability of
the control algorithm to mitigate the dc-link voltage fluctua-
tion. First, analysis and simulations regarding only the battery
charger shown in Fig. 2 are given. After this, a more practical
case is considered where the battery system is connected to a
PV inverter.

The parameters used in the simulations are specified in
Table I. The crossover frequency of the PI-controller is chosen
as 800 Hz since higher value would decrease the phase margin
to <65° due to control delay. The controller zero is located
to have -135° minimum phase at low frequencies. The system
control to output transfer function G2 as well as the resulting
control loop gain Lgype are shown in Fig. 5.

Fig. 6 presents the frequency response of the total output
impedance Z, for three different cases. In the first case (dashed
green line), only the output impedance of the dc-link capacitor
(i.e. 90 m€2, 1 mF) was considered (without the BESS). In the
second case (dashed blue line), an additional capacitor (1 mF)
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Fig. 5. Control to input transfer function (dashed line) and controller loop
gain (solid line).

was set in parallel with the dc-link. As expected, the addition
of the capacitor decreases the magnitude similarly as in Fig. 1.

In the third case (dashed black line), the BESS was con-
nected to the dc-link and set to emulate a capacitor (1 mF)
instead of using the additional capacitor. This corresponds to
the analysis in (11). The solid black line presents the corre-
sponding frequency response obtained directly from MATLAB
Simulink simulation model by using a nonparametric iden-
tification based on pseudo-random-binary-sequence (PRBS)
injection and Fourier methods [13], [14]. The frequency re-
sponse was obtained by inserting a controllable current source
in parallel with the dc-link and injecting the PRBS perturbation
with it. Note that the nominal output current was set to 0 A. As
the figure shows, the derived output impedance of the emulated
capacitor follows the measured impedance highly accurately
in a wide frequency band.

With an ideal controller, the impedance with the capacitor
emulation would equal to the case with the additional capac-
itor. However, the accuracy of the emulation depends on the
controller performance; e.g, the cross-over frequency of the
current controller. To demonstrate the effect of the controller
cross-over frequency, Fig. 7 presents the output impedance in
the case of a controller with a) 800 Hz (black solid line) and b)
500 Hz (green solid line) crossover frequency. With the higher
crossover frequency, the magnitude of the emulated output
impedance follows the output impedance of the additional
capacitor up to higher frequencies due to the faster controller.
However, the difference between them is small since the
crossover frequencies are not significantly different.

To verify the correct operation of the control algorithm,
a grid-connected battery-PV system illustrated in Fig. 8 was
simulated under grid imbalance with and without the capaci-
tance emulation. The imbalance is simulated by setting phase
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Fig. 6. Output impedance of emulated and real capacitors in parallel with
de-link capacitor.
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Fig. 7. The output impedance of emulated capacitor in parallel with the
de-link capacitor with different controller crossover frequencies.

A voltage magnitude to 70 %. This introduces a second order
harmonic component to the dc-link voltage, as can be seen in
Fig. 9, which presents the dc-link voltage when the capacitor
emulation is set at 25 ms. As a result, the second harmonic
component decreases from 0.24 % to 0.13 % and the total
harmonic distortion (THD) from 0.31 % to 0.24 %. Hence, it
is clear that the second harmonic mitigation is successful as
it is within the controller bandwidth.

Furthermore, since the battery charger controls the current
in an oscillatory manner such that it mitigates the second
harmonic component of the dc-link voltage, the current drawn
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Fig. 8. The battery charger (bi-directional dc-dc converter) connected to a
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Fig. 9. Simulated dc-link voltage during grid imbalance; grid voltage phase A
amplitude is set to 70 %. The capacitor emulation algorithm is set on at 25 ms.

from the battery is relatively low and periodical in the sense
that the average current remains at O A. Hence, the control
scheme does not require a large battery and the state of charge
(SOC) of the battery remains constant except for internal
losses. However, it should be noted that the battery SOC is
still a limiting factor for the correct operation of the control
algorithm, as the battery should not be allowed to over- or
undercharge.

V. CONCLUSION

This paper has studied a method to control a BESS to
emulate a capacitor so that the dc-link voltage fluctuation can
be mitigated. The analysis and simulation results demonstrate
that the battery can be controlled to emulate a capacitance
within the battery charger’s control bandwidth. As a result,

the system dynamics can be adjusted by using this controllable
virtual capacitance.

The analysis was performed using small-signal models to
enable reliable and straightforward investigation of the system
dynamics for control design. The derived model can also be
used to initiate stability analysis at the output of a battery
charger, e.g. at the dc-link. The analysis was confirmed by
simulations both in the time and frequency domain. However,
it is emphasized that the battery SOC is a limiting factor for
the correct operation of the control algorithm. Furthermore,
the battery should not be allowed to over- or undercharge to
guarantee safety and reliability of the system.

Controlling the battery to emulate a capacitor can be highly
efficient, for example, if an inverter connected to the dc-link is
operating under heavily imbalanced grid conditions and the dc-
link capacitor is not enough to suppress the voltage fluctuation.
The same effect can be achieved by increasing the dc-link
capacitance. Depending on the application, the control scheme
could also allow a reduced capacitance being used. However,
as the control algorithm changes the system dynamics, the
desired operation of the inverter must be ensured.

APPENDIX

The state, input, output, and feed-through matrices used
in (7) are defined as

r 1 1
—-C 0 c 0 0
_ r _ T
A — bTCb - , B= b1Cb D1 o ,
0 —eql - = = eq
L Ly Ly Ly Ly Reg
ro1 1
-—— 1 — 0 0
C= TCb , D= |To (1)
Vhatt +(D—1)Viin
| 0 1-D 0 O —-battT o~/ link R Ak
(14)
respectively, where
Reqi = (tio +7sw1) (D —1) = D (rip + Tsw2)
Rqu =TLb + Tsw1 + D (rsw2 - Tswl) ) (15)

‘/eq = (TLb + Tsw2)‘/iink + (Tswl - TSWQ)VbaﬂH

rswi 18 the internal on-time resistance of the switch S| and 7y,
the internal on-time resistance of the switch S, and the rest of
the variables are as given in Fig. 2. Furthermore, the capital
letters represent steady-state values and the steady-state value
of the duty cycle is defined as in Eq. 16.

f r
_ Vink = Vbars + i (b + Tswi)
‘/link + I{,zftt (rswl + TSWQ)

D (16)
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