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Abstract—The integration of conventional STATCOMs with a
battery energy storage system (BESS-STATCOM) has been gain-
ing popularity recently. A BESS-STATCOM is interfaced to the
grid via a power conversion system (PCS). This PCS is often a
single-stage dc–ac converter directly connected to the BESS without
an intermediate dc–dc converter to reduce costs and size. In this
configuration, BESS’s voltage drops associated with a lower state
of charge (SoC) can reduce the capabilities of the BESS-STATCOM
to inject reactive power. This article introduces a control strategy
to boost the reactive power capabilities of a BESS-STATCOM with
a single-stage PCS. The proposed strategy disconnects the battery
pack from the PCS and charges the dc link capacitor to its full
rated voltage from the grid. The transition into the boost mode and
vice versa is seamlessly performed at zero battery pack’s current,
eliminating the need for a dc circuit breaker. The effectiveness of the
proposed control strategy is validated through a Matlab/Simulink
simulation using a 5 MVA BESS-STATCOM, followed by an exper-
imental validation using a 32.5 kVA scaled-down PCS. The results
show that when the battery pack’s SoC is at 20% , the proposed
strategy increases the reactive power capability approximately
threefold compared to the scenario without the strategy.

Index Terms—BESS-STATCOM, battery fed converters, grid
support services, grid-scale energy storage, power conversion
systems (PCSs).

I. INTRODUCTION

CONVENTIONAL static synchronous compensators
(STATCOMs) are typically connected to the electrical

grid to regulate voltage and provide dynamic reactive power
control [1]. Recently, these devices are being tasked with
supplying, not just reactive power, but also active power for
services like fast frequency response or peak-shaving [2].
Consequently, an energy source, such as battery energy storage
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systems (BESS), must be integrated into STATCOMs to form
what can be referred to as BESS-STATCOMs [3].

BESS-STATCOMs are grid-connected through a power con-
version system (PCS), which typically consists of a single-stage
converter [4], [5]. This means that the BESS is connected
without an intermediate dc/dc converter that can fix the output
voltage. This setup is commonly chosen for industrial off-the-
shelf products [6], due to lower initial costs [7]. Single-stage
PCSs are also more compact, which is especially important in
space-constrained applications.

In BESS-STATCOMs, when the battery is discharged, it
makes sense to prioritize ancillary services related to reactive
power provision rather than active power because the active
power availability depends on the BESS state of charge (SoC).

Nonetheless, the provision of reactive power also faces chal-
lenges due to the reduced BESS SoC in single-stage PCS setups.
This issue arises because a converter’s capability to supply
reactive power is predominantly related to the dc bus and grid
voltage levels. Hence, when the SoC of a BESS-STATCOM
with a single-stage PCS is low, the available dc bus voltage for
the PCS is reduced, and consequently, its reactive power supply
capability should be limited, as the PCS would otherwise reach
overmodulation. This issue is the prime motivation of this article.

In recent years, substantial efforts have been dedicated to
refining the control of BESS-STATCOMs to provide both active
and reactive power, aiming to address power quality issues in
electrical grids. In [8], it is shown that integrating a BESS-
STATCOM into a power system can provide system damping
and improved transient power angle stability and voltage and
frequency regulation. In [9] and [10], a single-stage PCS for
BESS-STATCOM provides active and reactive power and regu-
lates the grid frequency and voltage.

In [11], a two-stage PCS is used as a BESS-STATCOM for a
motor starting application, curtailing the BESS active power mo-
mentarily and providing a large amount of reactive power when
there is a voltage disturbance. Notably, the author’s proposal is to
use the entire rated capability of the PCS to provide only reactive
power, rather than using the remaining capability after active
power provision. A two-stage PCS for BESS-STATCOM is also
used in [12] to provide simultaneous active and reactive power
as a function of frequency and voltage variations, respectively.
In addition, a reactive power prioritization is proposed whenever
voltage regulation is more critical than frequency support.

In [13], fluctuations in voltage and frequency within an
isolated marine grid are smoothed through the utilization of
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Fig. 1. Single line diagram of single stage BESS-STATCOM.

a grid-supporting BESS embedded with a data-driven control
when providing active and reactive power. In [14] and [15], it is
shown that the PQ capability curve of a single-stage PCS changes
as function of the dc bus voltage and grid voltage values, and
optimization methods are proposed to provide frequency control
and voltage support from BESS. The dc bus voltage variation
of an energy storage integrated statcom (ES-STATCOM) due
to its connected energy system is also evaluated in [16], and
a cost-effective interface converter is proposed to regulate that
voltage fluctuation.

The referenced research papers highlight a growing trend
towards utilizing BESS-STATCOMs for grid support functions.
Yet, either these studies frequently overlook the influence of
the battery discharge and its associated voltage on the variabil-
ity of the PCS reactive power capability, or they implement
a double-stage PCS arrangement to overcome it [17]. Other
common approaches to dealing with this issue are oversizing the
BESS-STATCOM PCS converter, or changing the tap changer
position of the BESS-STATCOM connection transformer. While
oversizing a converter and using a double-stage arrangement
can offer extra reactive power support, these approaches involve
tradeoffs in terms of cost, efficiency, space, and complexity. In
addition, transformers typically have a limited number of taps,
so changing the tap might offer a discrete set of options for
voltage adjustment.

This article proposes a novel strategy that boosts the reactive
power capabilities in BESS-STATCOMs with a single-stage
PCS without any converter-hardware upgrade, thus, addressing
a gap in the literature. The contributions of this article can be
summarized as follows.

1) Proposing a novel control method to achieve reactive
power boost from a BESS-STATCOM utilizing dynamic
power capability curves.

2) Proving that the reactive power boost effectively raises
the BESS-STATCOM’s reactive power capability to match
that of a BESS-STATCOM with a fully charged battery
pack.

3) Ensuring seamless transitions from normal mode to boost
mode and vice versa at zero battery pack current, thus
eliminating the need for a dc circuit breaker.

II. SYSTEM DESCRIPTION AND THEORETICAL ANALYSIS OF

BESS-STATCOM

A simplified single-line diagram of a BESS-STATCOM is
shown in Fig. 1 integrated into the power system at the medium
voltage (MV) bus. The BESS-STATCOM mainly comprises a
centralized battery pack, a single-stage dc–ac PCS (or multiple

of them in parallel depending on the requirement), and a control
system. A 2-level voltage source converter (VSC) with filter
reactor Lf, filter capacitor Cf, and a LV/MV line frequency
transformer (LFT) realizing an LCL filter forms the power
circuit of the PCS. A dc contactor (Bdc,) connects the VSC to
the battery pack, whereas an ac contactor (Kac,) connects LFT
to the grid. The battery pack is realized by combining multiple
cells in series and parallel to produce a dc bus and the desired
energy.

A. Active and Reactive Power Capability of BESS-STATCOM

The primary component responsible for utilizing the BESS
as a reactive power source is the PCS. The magnitude of the
maximum power flow is determined by the ac and dc voltages at
the terminals of the conversion equipment, as well as the peak
voltage and current ratings of the semiconductor devices. To
better understand how the involved quantities limit the active and
reactive power flow through the power conversion equipment, a
mathematical derivation is presented to evaluate the active and
reactive power capabilities of the VSC in Fig. 1 at the point of
connection to the grid

ZLFT = RLFT + jωnLLFT; Zf = Rf + jωnLf

XCf =
1

ωnCf

vcapdq = RLFTisdq + LLFT
d

dt
isdq + jωnLLFTisdq + vsdq

vcdq = Rficdq + Lf
d

dt
icdq + jωnLficdq + vcapdq

icdq = isdq + Cf
d

dt
vcapdq + jωnCfvcapdq. (1)

The voltages and currents in (1) are shown in a rotating
reference frame [18]. The angle for transforming variables from
the stationary reference frame to the rotating reference frame
(dq) is obtained from a phase-locked loop (PLL) such that
the vector aligned to the direct axis is in phase with the mea-
sured capacitor voltage. ZLFT and Zf are the complex leakage
impedances of the LFT and converter reactor, respectively. LLFT

and RLFT are leakage inductance and leakage resistance of the
LFT referred to the LV side. The variables vcapdq, vcdq, icdq, vsdq,
and isdq denote the instantaneous fundamental rotating vectors
of the filter capacitor voltage, VSC voltage, VSC current, source
voltage (referred to LV side), and source current, respectively,
while ωn is the fundamental angular frequency. For steady-state
analysis, derivative terms are omitted from (1) to derive a generic
form of the source current for a VSC with an LCL filter, as shown
in (5). The mathematical steps leading to this result are detailed
in (2), (3), and (4)

vcdq = icdqZf + isdqZLFT + vsdq (2)

(vcdq − vsdq) = isdqZLFT + Zf

(
isdq + j

vcapdq

XCf

)
(3)
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(vcdq − vsdq) = isdqZLFT + Zf

(
isdq + j

(
ZLFTisdq + vsdq

XCf

))

(4)

isdq =
vcdq − vsdq

(
1 + j Zf

XCf

)
ZLFT + Zf + j ZLFTZf

XCf

. (5)

Once the source current isdq is computed, the three-phase
instantaneous active (Ppcs) and reactive (Qpcs) powers of the
BESS-STATCOM at the point of connection to the grid can be
calculated as

Ppcs = 1.5 · Real
(
vsdq · i∗sdq

)
(6)

Qpcs = 1.5 · Imag
(
vsdq · i∗sdq

)
subject to: |vcdq| ≤ (1.15 · 0.5 · Vdc)

|icdq| ≤ (Ibase ·
√
2) (7)

where i∗sdq is the complex conjugate of isdq. Notably, both Ppcs

and Qpcs are constrained by two limits established during the
design phase of the PCS.

1) PCS voltage limit: For a modulation index (MI) of 1.0
per unit, the peak value of the converter voltage (|vcdq|)
in (1) is limited to 1.15 · 0.5 · Vdc for a sine pulsewidth
modulation (SPWM) with third harmonic injection [19].

2) PCS current limit: The peak value of the converter current
(|icdq|) in (1) is constrained by the peak value of the PCS
current (Ibase ·

√
2). In this context, Ibase is the nominal

rms current value of the PCS.
As the focus of this article is on reactive power provision from

BESS-STATCOM, it is now understood that the reactive power
is dependent on the fundamental magnitudes of the variables vcdq

and vsdq. The value of vcdq in a single-stage BESS-STATCOM
depends on the chosen PWM technique, MI, and battery pack
voltage vbat. Meanwhile, vsdq on the LV side represents the grid
voltage scaled by the turns ratio of the LFT.

Combining all the presented mathematical analysis and al-
gorithms detailed in [20], a power capability curve for both
active and reactive power is generated for the BESS-STATCOM,
as shown in Fig. 2. The parameters used for this curve are
summarized in Table I. The battery pack selected is Li-ion-based
and designed to deliver 5 MW for 15 min. The maximum voltage
on the dc link for the designed BESS-STATCOM is 1100 V,
determined by the open circuit voltage of the battery pack. In
Fig. 2, the black and green curves illustrate the PQ capability
of the BESS-STATCOM under grid voltages of 1.0 and 0.9
pu, respectively. So, the lower the grid voltage or the higher
the dc link voltage, the higher the BESS-STATCOM’s reactive
power generation capability. For a fixed dc link voltage, Qmax

at Vs = 1.0 pu is 4.17 MVar or 0.83 pu. This means that, if
the designed BESS-STATCOM is commanded to support the
grid voltage by generating reactive power, the maximum it can
generate is 4.17 MVar at Vs = 1.0 pu with active power reference
set to zero. Whereas Qmax at Vs = 0.9 pu is 4.49 MVar or
0.89 pu. In most situations, reactive power support service from
BESS-STATCOM is expected only when the grid voltage drops
to less than 1.0 pu. Therefore, this article focuses on analyzing

Fig. 2. Active reactive power capability curves of BESS-STATCOM con-
strained by voltage and current limits.

TABLE I
DESIGN PARAMETERS OF BESS-STATCOM WITH A SINGLE-STAGE PCS

the maximum reactive power generation (Qmax) only at Vs = 0.9
pu. This sets the basis for the subsequent sections.

B. Impact of Battery Pack Dynamics on Power Capability
Curves of BESS-STATCOM

For the discussed BESS-STATCOM, a 5 MW for 15 min
battery pack is designed and integrated using a series-parallel
combination of many Kokam SLPB120216216 Lithium-ion bat-
teries cells (NMC Chemistry). From the cell datasheet, charging
and discharging characteristics against the depth of discharge
(DoD) are obtained. Using these characteristics, the charge and
discharge resistances of the battery are estimated and saved
as lookup tables to be used in the battery model [21]. Thus,
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Fig. 3. (a) Battery pack voltage variation with SoC and (b) corresponding capability curve.

the terminal voltage of the battery pack during charging and
discharging can be accurately predicted. Also, it is convenient
to establish a relationship between the SoC and the battery pack’s
terminal voltage or the dc link voltage of the PCS. For validating
the model, the battery pack is set to discharge 5 MW (1.0 pu) of
active power for 900 s (15 min) in simulation, and the variation
in battery pack terminal voltage with SoC is shown in Fig. 3(a).
The dc link voltage of PCS varies between 0.855 pu for SoC =
80% and 0.788 pu for SoC = 20% , i.e., for a base voltage of
1100 V, i.e., dc-link voltage varies between 940 and 867 V as
highlighted in Fig. 3(a).

SoC = 80% and SoC = 20% are marked in black (dashed) in
Fig. 3(a) showing the limits of operation, as most of the battery
management systems (BMS) ensure the SoC is regulated within
these limits by controlled charging and discharging operations
for enhancing the lifetime of the battery pack [22]. That implies
that the theoretical capability curve in Fig. 2 drawn with an
assumption of constant dc link voltage is not valid during the
operation of BESS-STATCOM and thus, the dynamic calcula-
tion of capability curves is essential. This observation is critical,
and to capture the sensitivity of capability curves with battery
pack’s SoC, three capability curves at SoC= 100% , SoC= 80%
, and SoC = 20% are computed and shown as green, orange, and
blue curves, respectively, in Fig. 3(b). For grid voltage Vs = 0.9
pu, Qmax at SoC 80% is around 2.68 MVar (0.53 pu) captured
by the orange curve, which is 40% lower than Qmax at SoC
100% , i.e., 4.49 MVar (0.89 pu). For the worst case discharge
situation, i.e., when BESS is at SoC 20% , Qmax is as low as 1.64
MVar (0.32 pu), which is 63% lower than Qmax at SoC 100%
. This reduction in reactive power capability is not desirable,
and thus, a BESS-STATCOM is typically oversized. This article
tackles this problem by proposing a reactive power boost control
strategy (RBCS), which is discussed in the following section.

C. Verification of Operational Boundaries of BESS-STATCOM

To validate the theoretical figures (see Figs. 2 and 3), a
simulation of the BESS-STATCOM in grid-following mode is
performed. The outer control loops are designed to regulate the
reference powers. The simulation results in Fig. 5(a) show that

at 1.0 pu grid voltage, when Qpcs_ref is set to 4.17 MVar and
Ppcs_ref to zero, the measured Qpcs and Ppcs track the reference
values. As seen in Fig. 2, at Qmax of 4.17 MVar, the voltage limit
is reached, which is also confirmed in Fig. 5(b) where the MI
saturates at 1.0 pu, while the PCS current (Ic) still has margin. In
contrast, at Vs = 0.9 pu, Qmax increases to 4.49 MVar (0.89 pu),
limited by the PCS’s current limit. Results in Fig. 5(c) shows
that when Qpcs_ref is set to 4.49 MVar and Ppcs_ref to zero, the
measured powers Qpcs and Ppcs tracks the reference accurately.
As shown in Fig. 5(d), the PCS’s current (Ic) reaches its limit of
1.0 pu, while the MI still has some margin.

Fig. 3 is straightforward to validate through simulation. By
varying the dc link voltage proportional to three SoC levels
(100% , 80% , and 20% ), as shown in Fig. 3(a), BESS-
STATCOM is set to generate maximum reactive power, as
illustrated in Fig. 3(b). The simulation results in Fig. 6(a)
confirms that the maximum reactive power generated by the
BESS-STATCOM is 4.49 MVar at SoC = 100% , 2.68 MVar at
SoC = 80% , and 1.64 MVar at SoC = 20% , closely matching
the theoretical analysis. The accuracy of the current and voltage
limitations shown in Fig. 3(b) is further confirmed in Fig. 6(b),
which displays the grid voltage, MI, and BESS-PCS converter
current in pu. At Vs = 0.9 pu, the system is current-limited at
SoC = 100% and Qpcs = 4.49 MVar, while at SoC = 80%
(Qpcs = 2.68 MVar) and SoC = 20% (Qpcs = 1.64 MVar), it
is voltage-limited, validating the analysis.

III. PROPOSED REACTIVE POWER BOOST STRATEGY

For a given grid voltage, the reactive power capability of a
BESS-STATCOM system depends on the maximum voltage
on the ac side of its converter, which is determined by the
converter’s dc link voltage and its maximum allowed MI (e.g.,
to avoid overmodulation). When a battery is connected directly
to the converter’s dc link without a dc–dc converter, changes
in the battery’s SoC directly affect the maximum ac voltage
and the reactive power capabilities of the converter. Indeed,
at lower SoC, the battery voltage is reduced which limits the
converter’s ac side voltage and reduces its reactive power capa-
bility. In these conditions, the proposed algorithm disconnects
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Fig. 4. Block diagram of BESS-STATCOM control with proposed RBCS.

Fig. 5. Simulation results at Vdc = 1100 V. (a) Power reference and measured powers. (b) Grid voltage, PCS MI, and current at Vs = 1.0 pu. (c) Reference and
measured powers. (d) Grid voltage, PCS MI, and current at Vs = 0.9 pu.

the battery effectively decoupling the dc link voltage from the
SoC and charges the dc link capacitor to its rated voltage. This
allows to increase the ac side voltage enabling the converter
to provide a reactive power boost equivalent to what would
be achieved with a fully charged battery. When the battery’s
SoC is low the BESS-STATCOM’s PQ capability curve shifts to
align with that of a fully charged battery (100% SoC). Although
no active power flow is provided, the proposed method is still
justified, as the battery would not be able to support active power
at lower SoCs even if it remained connected.

The proposed strategy’s control structure is shown in Fig. 4.
This strategy relies on two key. 1) The BESS-STATCOM is
connected to the battery pack through a dc contactor, and the
PCS control can digitally control its status. 2) There is a real-time
exchange of measured voltage and SoC of the battery pack from
the BMS to the PCS control. While both voltage and SoC are
important to monitor, the reactive power capability of the PCS
is primarily dependent on the voltage, making it a necessary

measurement, whereas SoC, while desirable, is secondary in this
context. The SoC information is crucial mainly for indicating
when active power services can no longer be delivered due to
a discharged condition. This information justifies the transition
to an “only reactive power boost” service by disconnecting the
battery when necessary. The proposed strategy is highlighted
inside a red dashed area with yellow blocks added to the low-
bandwidth outer loop of a PCS cascaded control system. The
entire sequence of the strategy is captured in the flow chart in
Fig. 8. In this case, the PCS control is utilizing grid-following
control. As reactive power boost can be a necessary service, for
example, for a heavy motor starting or transformer energizing
on the grid, a software enabler can request additional reactive
power from the BESS-STATCOM, to be triggered only when the
grid voltage falls below a specific limit and either the current or
voltage limit of the PCS is reached. Before enabling the proposed
strategy, active and reactive capability curves are continuously
computed dynamically using inputs Vbat, SoC, and Vs.
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Fig. 6. Simulation results showing operational limits and boundaries from the
theoretical curve in Fig. 3. (a) Reactive power of BESS-STATCOM (MVar). (b)
Grid voltage, PCS MI, and current (pu) at Vs = 0.9 pu for SoC levels of 100%
, 80% , and 20% .

When the RBCS is enabled, the outer loops in the PCS control,
which are responsible for active and reactive power regulation,
are first handled. Their references are set to zero regardless of
the state and magnitude of their measured powers. Then, there is
a checkpoint to evaluate if the measured active power or dc link
current is zero. Once this check is passed, the contactor control
block opens the contactorBdc at almost zero dc current. Once the
contactor is opened and confirmed, the outer loop selector block
switches from active power regulation to Vdc regulation of the
dc link capacitor (Cdc). The capacitor voltage is regulated to the
nominal voltage of the battery open circuit voltage by the active
power loop. This will increase the reactive power capability of
the BESS-STATCOM, as if the battery pack was fully charged.
Of course, the reactive power loop will remain unchanged with
or without the battery pack connected to the capacitor voltage.
In the latter case, only the converter’s power losses are drawn
from the grid. For the considered system, and its capability curve
seen in Fig. 3(b), the BESS-STATCOM capability is expected
to shift from the blue curve (worst case when SoC is 20% ) to
the green curve, giving a boost in reactive power ≈ 2.7 times.
Even in the best case when the SoC is at 80% (orange curve), a
reactive power boost of ≈ 1.7 times is achieved.

When RBCS is disabled, the reference power of the reactive
power loop is set to zero. The Vdc reference for the active power
loop is set to the measured battery pack terminal voltage. Then,
the contactor control block closes the contactor Bdc without any
inrush current from either the converter or the battery side. This
is followed by the outer loop selector block switching back to ac-
tive power regulation fromVdc regulation of the dc link capacitor
and continuing its original intended service (referred as normal
mode). In Fig. 7, a phasor diagram illustrates how the proposed
strategy boosts the reactive power of the BESS-STATCOM
system. The diagram shows the grid voltage (Vs), the maximum
voltage drop across the transformer and filter inductances, the
maximum PCS current (Ic20, Ic80, Ic100), and the maximum PCS
voltage (Vc20, Vc80, Vc100) at SoC levels of 20% , 80% , and 100%

, respectively. When the RBCS is disabled and the battery bank
is connected to the PCS, the SoC level of the battery affects the
reactive power capability of the BESS-STATCOM. At a low SoC
of 20% , the maximum reactive power is constrained by the PCS
voltage (Vc20), as shown in Fig. 7(a). Although the PCS current
(Ic20) is below its maximum, the reactive power (Qpcs) from
the BESS-STATCOM is limited (Qpcs100 � Qpcs80 � Qpcs20).
In contrast, when the RBCS is enabled and the SoC is low, with
a request for reactive power, the dc link capacitor of the PCS is
charged to the rated voltage. This allows the PCS to utilize its
rated voltage Vc100, corresponding to the fully charged battery
(SoC= 100% ), thereby generating the maximum reactive power
Qpcs100 at the peak PCS current, as shown in Fig. 7(b). Thus, a
reactive power boost is achieved, independent of the battery’s
SoC level.

IV. SIMULATION RESULTS AND ANALYSIS

This section provides simulation results using MATLAB
Simulink to control a BESS-STATCOM, whose design parame-
ters, inspired by an industrial converter [23], are given in Table I.
The first point of interest is to prove the theoretical capability
curves captured in Fig. 3(b) for the worst case battery SoC being
20% . Then, the proposed algorithm (shown in Figs. 4 and 8)
is implemented, and a reactive power boost is achieved. Also,
this section explicitly highlights the importance of transitioning
between normal mode and reactive power boost mode, through
two separate subsections.

A. Normal Mode to Qboost Mode

Simulation results are shown in Fig. 9, capturing the sequence
of events for BESS-STATCOM transitioning from normal to
boost mode using the proposed RBCS strategy. The initial condi-
tions of operation are 1) battery SoC= 20% ; and 2) active power
(Ppcs) = 1 MW. The black solid line in Fig. 9(d) captures the LV
grid voltage (Vs) at the point of common coupling (PCC). At t =
4 s, a low grid voltage of 09 pu is sensed, and BESS-STATCOM,
which is originally discharging active power, reacts to the low
voltage event and, in response, ramps up the reactive power.
The reactive power reference is set to 1.5 MVar closest to the
maximum capability at battery pack SoC = 20% , as seen from
the red solid line in Fig. 9(b). The measured reactive power (Qpcs)
tracks the set reference as desired, seen as a purple solid line
in Fig. 9(b). The checkpoint that the converter has reached the
maximum reactive power can be better understood by looking at
the MI, which is shown as a pink dashed line in Fig. 9(d). The MI
is saturated to 1, signifying that the converter reached the voltage
limit, although there is enough margin with the converter current
(Ic) (as seen from the solid blue line in Fig. 9(d). Due to this, the
LV grid voltage (Vs) at the PCC has improved only to 0.95 pu.

At t= 9 s, RBCS is enabled, initiating the transition from nor-
mal to boost mode, as seen from the solid blue line in Fig. 9(a).
When the RBCS is enabled, active and reactive regulators set
their references to zero, and the measured powers track them
accurately, as seen in Fig. 9(b). The battery pack current (Ibat),
which is a function of Ppcs, also drops to zero, [solid green line
in Fig. 9(d)]. Once the zero battery pack current is ensured, the
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Fig. 7. Phasor diagrams of BESS-STATCOM’s reactive power (a) with RBCS disabled and Bdc closed, (b) with RBCS enabled and Bdc open.

Fig. 8. Flowchart of RBCS.

contactor Bdc is opened. One of the outer loops in the control
switches from active power regulation to dc capacitor voltage
regulation at t = 12 s. The capacitor dc reference voltage (Vdcref)
is set to 1100 V (Vmax) seen as a solid red line in Fig. 9(c). This is
the maximum dc voltage that the capacitor is designed to handle
when the battery pack SoC is 100% . The measured capacitor
voltage (Vdc) tracks the reference voltage by charging from the
grid, as shown by the solid black line in Fig. 9(c). While the

Fig. 9. Simulation results transitioning toQboost mode with RBCS for a BESS-
STATCOM. (a) RBCS activation and Bdc contactor status. (b) Reference and
measured PCS power. (c) Battery pack and Vdc capacitor voltages. (d) Grid
voltage, PCS MI, and current (per unit).

capacitor voltage regulation is achieved, the MI reaches 0.68
pu, creating a significant margin from the voltage limit seen in
Fig. 9(d). At t = 14 s, the reference reactive power is set to
Qmax = 4.4 MVar, which is the maximum reactive power that
BESS-STATCOM can deliver with rated capacitor voltage. The
measured reactive power tracks the set reference achieving the
reactive power boost as seen in Fig. 9(b). Thus, the transition
from normal to boost mode is achieved efficiently, validating the
proposed control strategy. It can be seen that Vs at the PCC has
improved to 1.0 pu whereas the MI is saturated to 1.0 pu reaching
the voltage limit. All the references of regulators are set in a
ramp fashion. This is because grid-scale BESS-STATCOMs are
typically of high-power capacities, and their utilization is usually
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Fig. 10. Simulation results transitioning from Qboost mode to normal mode
with RBCS for a BESS-STATCOM. (a) RBCS activation and Bdc contactor
status. (b) Reference and measured PCS power. (c) Battery pack and Vdc
capacitor voltages. (d) Grid voltage, PCS MI, and current (per unit).

regulated by standards, limiting the rate of rise in powers to few
MW/s or MVar/s.

B. Qboost Mode to Normal Mode

Fig. 10 shows simulation results capturing the sequence of
events for BESS-STATCOM transitioning from boost mode to
normal mode of operation. This transition begins when the
sensed grid voltage (Vs) reaches 1.1 pu seen as a black solid
line in Fig. 10(d) at t = 21s. The proposed RBCS is disabled,
initiating the transition from boost to normal mode seen as the
solid blue line in Fig. 10(a).

The moment RBCS is disabled, the reactive power regulator
sets its reference to zero, and the measured reactive power (Qpcs)
tracks the reference accurately, as seen in Fig. 10(b). As a result,
the grid voltage reduces close to 1.0 pu in Fig. 10(d). Once the
measured reactive power is close to zero, the dc capacitor refer-
ence voltage (Vdcref) is set toVbat as seen from the solid red line in
Fig. 10(c). This is a crucial step to avoid inrush capacitor currents
while reclosing the PCS to the battery pack. The measured
capacitor voltage tracks the reference voltage by discharging
to the grid, which is seen as a solid black line in Fig. 10(c). This
sequence of manipulating the reactive power regulator loop first,
followed by the dc capacitor voltage regulator, is essential to
limit the MI below 1.0 pu. This can be observed in Fig. 10(d).
With reactive power tracking to zero and reduced MI, and then by
reducing the dc capacitor voltage, the MI is increased back to 1.0

TABLE II
DESIGN PARAMETERS OF SCALED DOWN BESS-STATCOM UTILIZED FOR

EXPERIMENTAL TEST BENCH

pu. Once the dc capacitor voltage reaches Vbat, the contactor Bdc

closes and connects the PCS to the battery pack. The moment
Bdc is closed, the active power regulator reference is set to 1
MW, which was the initial condition in normal mode before
enabling the RBCS control strategy. The measured active power
tracks the set reference as seen in Fig. 10(b). The battery pack
current (Ibat) and the PCS current (Ic) increase proportionally
with grid active power as seen in Fig. 10(d). Thus, the transition
from boost to normal mode is achieved.

V. EXPERIMENTAL RESULTS

The proposed algorithm is validated on a scaled-down BESS
at the National Smart Grid Laboratory in Trondheim, Norway.
The single-line diagram of the test bed is shown in Fig. 11 and
comprises the following.

1) Power amplifier CSU (Compiso System unit) 200 from
Egston: This CSU is rated for 200 kVA and has six outputs
at 5000 Hz bandwidth, which can create a controllable dc
and ac voltage/current source. Two controllable voltage
sources (ac and dc) are emulated for this experiment. The
ac voltage source (0–400 V) emulates the grid (Vs), while
the dc source (0–700 V) emulates the battery pack voltage
(Vbat).

2) A 1:1 delta-wye LFT for galvanic isolation is connected
to the emulated grid Vs.

3) A three-phase ac contactor with shorted terminals is used
as a dc contactor. It is controlled manually with a switch
and is powered by a single-phase 230 V electrical outlet.

4) A 260 V, 32.5 kVA, 2-level voltage source converter with
an LC filter (which, combined with the LFT, forms an LCL
filter) is used as the PCS. The PCS is connected to the LFT
secondary winding on the ac side and a dc contactor on the
dc side. The scaled-down PCS’s design parameters utilized
in the experiment are tabulated in Table II. This test bed
supports efficient bidirectional power conversion (which
can be interpreted as charging/discharging of BESS via
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Fig. 11. Experimental test bench of BESS-STATCOM to validate the proposed RBCS strategy.

PCS) because the flown power during experiments from
input mains is only the losses resulting from power con-
version.

5) A real-time simulator (OPAL-RT OP4520) with RT-Lab
software sets the references for the power amplifier and
controls the PCS. A grid following control (GFL) of the
PCS included with the RBCS strategy is implemented
through Simulink model running at a step time of 50 μs.
Experimental results are monitored and captured in real-
time at 1 ms resolution.

A. Normal Mode to Qboost Mode

The experimental results depicted in Fig. 12 illustrate the
scaled-down BESS-STATCOM’s transition from normal mode
to Qboost mode using the proposed RBCS strategy. The initial
conditions for experimental validation are observable from t
= 0 up to 0.15 s, and the results of the RBCS control proce-
dure follow. The contactor Bdc is initially closed, as shown in
Fig. 12(a). The battery pack, emulated by the power amplifier,
is discharging active power (Ppcs) of 10 kW, causing its terminal
voltage (Vbat) to drop to 485 V (0.74 pu) from 650 V (1.0 pu
at SoC = 100% ) as shown in Fig. 12(b) and (c) Neglecting
the voltage drop across the contactor, Vdc and Vbat are the same.
The voltage Vs at the secondary side of the transformer, initially
measured as 245 V (0.94 pu), is only improved to 251 V (0.96 pu)
when BESS-STATCOM is generating a reactive power (Qpcs) of
12.5 kVar as shown in Fig. 12(b) and (e). At this operating point,
the PCS generates the maximum reactive power possible by
reaching a maximum MI of 0.95, maintaining sufficient margins
for PWM dead time and transient conditions within converter
control illustrated in Fig. 12(e).

The experimental results for the transition from normal to
Qboost mode are observable from t = 0.15 s to 3 s. At t = 0.15 s,
the proposed RBCS control strategy is enabled, shown in [see

Fig. 12(a)]. Instantaneously, both outer loop regulators (active
and reactive power) set their references to zero, and the measured
powers track them accurately in Fig. 12(b). The battery pack
current (Ibat), a function of the PCS active power, also drops to
zero, as seen in Fig. 12(d). Once the zero battery pack current is
ensured, the contactor Bdc opens at 0.9 s as seen in Fig. 12(a).
The dc capacitance (Cdc) isolated from battery pack discharges
naturally via the shunt-connected discharge resistance from 485
to 440 V shown in [see Fig. 12(c)]. The battery pack voltage
(Vbat) remains at 485 V, as it is disconnected. At t = 2.15 s,
the active power outer loop in the PCS control switches from
active power regulation to capacitor voltage regulation. The
dc capacitance-voltage regulator sets the reference ((Vdcref) to
650 V, which is the maximum battery pack voltage at SoC 100% .
The dc capacitor voltage (Vdc) tracks Vdcref instantly by charging
from the grid in Fig. 12(c). This can be observed as negativePpcs

transient in Fig. 12(b). While the capacitor voltage regulation is
achieved, the MI is observed to reach 0.63 in Fig. 12(e), thus
relieving the converter from voltage limit and making it possible
to provide a maximum reactive power of 32 kVar in Fig. 12(b)
reaching the PCS current limit of 102 A peak before the voltage
limit. As a result, the grid voltage (Vs) has improved to 260 V
(1.0 pu), fully utilizing the reactive power boost. Accordingly, it
is shown that the proposed strategy increases the reactive power
capability to approximately 2.6 times (12.5–32 kVar) for the
same BESS at the discharged condition.

B. Qboost Mode to Normal Mode

Fig. 13 shows experimental results of the scaled down BESS-
STATCOM transitioning from Qboost to normal mode with the
proposed RBCS strategy. In the time interval between t = 6.8
and 7.10 s, the following initial conditions were observed. At
t = 7.10 s, the contactor Bdc was open, as depicted in Fig. 13(a),
showing the disconnection of the emulated battery pack. The dc
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Fig. 12. Experimental results transitioning to Qboost mode with RBCS for a BESS-STATCOM. (a) RBCS activation and Bdc contactor status. (b) Reference and
measured PCS power. (c) Battery pack and Vdc capacitor voltages. (d) Battery pack and PCS currents. (e) Grid voltage (LV side) and PCS MI (per unit).

capacitance voltage (Vdc) was measured at 650 V, as illustrated
in Fig. 13(c). An active power (Ppcs) of -2.2 kW was drawn from
the grid, while the BESS-STATCOM inQboost mode generated a
reactive power (Qpcs) of 32 kVar. Furthermore, the voltage (Vs)
at the secondary side of the transformer improved to 261 V (1.0
pu), as observed in Fig. 13(e). At this operational state, the MI of
BESS PCS was measured at 0.65 pu, as depicted in Fig. 13(e).

The experimental results for the transition from Qboost to
normal mode are observable from t = 7.10 s up to 9 s. At
t = 7.10 s, the proposed RBCS control strategy is disabled,
as seen in Fig. 13(a). Instantaneously, the outer loop regulator
associated with reactive power sets its reference to zero, and the
measured power tracks the reference accurately in Fig. 13(b).
The PCS current (Ic), a function of PCS active and reactive
power, also drops to zero, as seen in Fig. 13(d). After the reactive
power reference reaches zero, the outer loop regulator associated
with dc capacitor voltage (Vdc) sets its reference value close to
the disconnected battery pack voltage (Vbat). The measured dc
capacitor voltage (Vdc) tracks the reference of 485 V accurately
as shown in Fig. 13(c). At t = 7.75 s, the contactor Bdc is closed
[see Fig. 13(a)] without inrush currents in Ibat or Ic, shown in
Fig. 13(d), highlighting the advantage of the proposed RBCS
strategy. This is possible because the dc capacitor voltage (Vdc)
and battery pack voltage (Vbat) are ensured to be of the same
value before the closure of the contactor. At t = 8.5 s, both outer

loop regulators (active and reactive power) set their references
to initial conditions for returning to normal mode, i.e., an active
power (Ppcs) of 10 kW and reactive power (Qpcs) of 12.5 kVar,
and the measured powers track them accurately in Fig. 13(b).
This concludes an efficient transition from Qboost to normal
mode. It can be noted that the MI has reached its maximum value
of 0.95 pu, the same as the initial condition before enabling the
RBCS.

It is worth highlighting that a close match between simulation
and experimental results is seen. A slight deviation in regulator
performances during transition is due to the differences in time
constants of power circuit components and controller band-
widths of full-scale 5 MVA PCS when compared to scaled-down
32.5 kVA laboratory PCS. The controller gains of the current
regulators from the scaled down PCS are significantly faster than
the gains of full-scale converter considered in the simulation.

VI. COMPARATIVE ANALYSIS - SIMULATION AND

EXPERIMENTAL

In this section, comparative simulations and experimental
results are presented to demonstrate the effectiveness of the
proposed method. Fig. 14 shows the simulation results of the
BESS-STATCOM both with and without the RBCS strategy. The
initial conditions include delivering 1 MW of active power (Ppcs)
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Fig. 13. Experimental results depicting the transition from Qboost mode to normal mode with RBCS for a BESS-STATCOM. (a) RBCS activation and Bdc
contactor status. (b) Reference and measured PCS power. (c) Battery pack and Vdc capacitor voltages. (d) Battery pack and PCS currents. (e) Grid voltage (LV
side) and PCS MI (per unit).

and the battery SoC at 20% (Vdc = Vbat = 868 V). At this point,
reactive power support is requested when the grid voltage is at
Vs = 0.9 pu. Without the method, BESS-STATCOM generates
a maximum reactive power (Qpcs) of 1.5 Mvar [see Fig. 14(a)],
nearing the voltage limit as indicated by the MI [see Fig. 14(c)].
With the method, the battery disconnects, and the dc link voltage
is regulated to 1100 V [see Fig. 14(b)], boosting Qpcs to 4.4
Mvar—a threefold increase. Similarly, Fig. 15 shows experimen-
tal results for a scaled-down BESS-STATCOM. When delivering
10 kW (Ppcs) and with the battery SoC at 20% (Vdc = Vbat = 485
V), reactive power support is requested at Vs = 0.9 pu. Without
the method, Qpcs reaches 12.5 kVAR [see Fig. 15(a)], with the
MI saturating at 1.0 pu [see Fig. 15(c)]. With the method, the
battery disconnects, and the dc link voltage charges to 650 V,
increasing Qpcs to 32 kVAR—approximately 2.56 times higher
[see Fig. 15(a)].

VII. FEASIBILITY FOR MULTILEVEL BESS-STATCOMS

In this section, a three-level (3L) neutral-point-clamped
(NPC) converter shown in Fig. 16, is considered as the PCS
to evaluate the feasibility of the proposed strategy for multi-
level converters-based BESS-STATCOMs. A detailed switching

model of the 3L-NPC topology is used to capture all switching-
frequency-related transients. In 3L-NPC, regulating the dc-link
voltage involves controlling the total voltage (Vdc) and balancing
the top and bottom capacitor voltages (Vdctop, Vdcbot) after the
breaker (Bdc) disconnects the battery. This is achieved using a
dc voltage regulator and a capacitor balancing controller [24],
which introduces a common-mode voltage proportional to the
imbalance by adjusting the MI. Thus, capacitors can charge or
discharge via common-mode current through their midpoint,
remaining unaffected by battery connection or disconnection.

For the considered PCS whose parameters are derived
from [25], simulation results are shown in Fig. 17, capturing the
sequence of events for a BESS-STATCOM transitioning from
normal to boost mode using the proposed RBCS strategy. The
initial operating conditions are 1) battery SoC = 20% ; and 2)
active power (Ppcs) = 0.1 pu. The black solid line in Fig. 17(c)
captures the grid voltage (Vs) at the PCC. At t = 2 s, a low
grid voltage of 0.9 pu is sensed, and the BESS-STATCOM,
which is originally discharging active power, reacts to the low
voltage event and ramps up the reactive power in response. The
reactive power reference is set to 0.3 pu closest to the maximum
capability at battery pack SoC = 20% , as seen from the red
solid line in Fig. 17(a). The measured reactive power (Qpcs)
tracks the set reference as desired, seen as a purple solid line in
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Fig. 14. Comparative simulation results for BESS-STATCOM with and with-
out RBCS. (a) Reference and measured PCS power. (c) Battery pack and Vdc
capacitor voltages. (d) Modulation index (pu).

Fig. 15. Comparative experimental results for BESS-STATCOM with and
without RBCS. (a) Reference and measured PCS power. (c) Battery pack and
Vdc capacitor voltages. (d) Modulation index (pu).

Fig. 17(a). The point at which the converter reaches its maximum
reactive power can be better understood by examining the MI,
represented by the pink dashed line in Fig. 17(c). The MI is
saturated to ≈ 1.0 pu, signifying that the converter reached the
voltage limit although there is enough margin with the converter
current (Ic) [solid blue line in Fig. 17(c)]. Due to this, the grid
voltage (Vs) at the PCC has improved only to 0.95 pu.

At t = 4 s, RBCS is enabled, initiating the transition from
normal to boost mode, as seen from the dashed blue line in

Fig. 16. Single line diagram of 3L-NPC-based BESS-STATCOM.

Fig. 17. Simulation results transitioning from Qboost mode to normal mode
with RBCS for a 3L-NPC-based BESS-STATCOM. (a) RBCS activation, Bdc
contactor status, reference, and measured PCS power. (b) Reference and Vdc
top, bottom, and total capacitor voltages. (c) Grid voltage, PCS MI, and current
(per unit).

Fig. 17(a). When the RBCS is enabled, active and reactive
regulators set their references to zero, and the measured powers
track them accurately, as seen in Fig. 17(a). The battery pack
current (Ibat), which is a function of Ppcs, also drops to zero,
[solid green line in Fig. 17(c), with a zoomed figure showing
switching ripple].

Once the zero average battery pack current is ensured, the
contactor Bdc is opened. The control outer loop switches from
active power regulation to dc-link voltage regulation at t = 5 s.
The capacitor dc reference voltage (Vdcref) is set to 1.0 pu (Vmax)
seen as a solid red line in Fig. 17(b). This is the maximum dc
voltage that the capacitor is designed to handle when the battery
pack SoC is 100% . The measured capacitor voltage (Vdc) tracks
the reference voltage by charging from the grid, as shown by
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the solid black line in Fig. 17(b). Moreover, the two capacitor
voltage Vdctop and Vdcbot are well balanced by the balancing
algorithm. While the capacitor voltage regulation is achieved,
the MI reaches 0.66 pu, creating a significant margin from the
voltage limit seen in Fig. 17(c). At t = 6 s, the reactive power
reference is set to Qmax = 0.6 pu (maximum at rated capacitor
voltage). The measured reactive power tracks the set reference
achieving the reactive power boost as seen in Fig. 17(a). Thus,
the proposed RBCS strategy enhances the reactive power on
3L-NPC-based BESS-STATCOM (nearly doubling it) at lower
SoC’s by seamlessly disconnecting the battery and charging the
dc link capacitors without disrupting capacitor voltage balance.
The strategy integrates smoothly into existing converter controls
and is versatile enough to adapt to various multilevel topologies
(e.g., active NPC, flying capacitor, modular multilevel convert-
ers) when they are directly connected to the dc link without an
intermediate dc–dc converter.

VIII. CONCLUSION

This article presents a novel control strategy for boosting
the reactive power capability from BESS-STATCOM, which
consists of a single-stage PCS connected to an electrical grid.
The proposed strategy involves a seamless transition from nor-
mal to Qboost mode and vice versa, effectively increasing the
system’s reactive power capability by almost threefold. The
reactive power boost effectively raises the BESS-STATCOM’s
reactive power capability to match that of a BESS-STATCOM
with a fully charged battery pack. In addition, the transition
for the proposed strategy has been proven to occur at zero
battery current, eliminating the need for an expensive dc circuit
breaker. Simulations for a 5 MVA BESS-STATCOM (2-level
and 3-level PCS) and experimental validation on a 32.5 kVA
2-level PCS confirm the effectiveness of the proposed strategy.
Though this article does not quantify cost and space savings,
the findings suggest significant potential benefits, especially for
space-constrained applications requiring an oversized BESS-
STATCOM for reactive power support.
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