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Abstract—This paper presents a novel grid-forming voltage
control strategy for a battery energy storage system to maintain
balanced three-phase output voltages when serving unbalanced
loads. A stationary reference frame (αβ) based control scheme
is proposed to regulate positive-sequence and negative-sequence
voltages. Compared with the conventional rotating reference
frame (dq) based control scheme, the proposed scheme shows
better dynamic performance. Then, we analyze the system zero-
sequence network and propose adding a grounding transformer
to the Y/Yg connected output transformer to further reduce
the voltage unbalance at the point of common coupling. The
simulation results demonstrate the effective performance of the
proposed voltage control scheme. Based on the results, the
power-voltage unbalance curve is derived for different output
transformer configurations to establish the relationship between
the power unbalance limit and the voltage unbalance limit for
microgrid power scheduling.

Index Terms—Grid-forming, three-phase battery inverter,
transformer, unbalanced load, voltage control.

I. INTRODUCTION

Grid-forming inverter-based resources (IBRs) are critical for
regulating voltage and frequency while responding to frequent
load fluctuations in off-grid, microgrid operation. One distinct
operational requirement in distribution system operation is to
serve unbalanced loads. When delivering unbalanced three-
phase load currents, the non-zero internal impedance of an
IBR leads to unbalanced voltages at the point of common
coupling (PCC). However, severely unbalanced system voltage
in steady-state or during transients can cause damages or
deteriorated operation to many voltage-sensitive loads, for
example, three-phase motor loads [1].

In the literature, there are two general considerations when
designing grid-forming IBRs for balancing system voltage:
topology and control. Inverter topology design has three de-
veloped typologies: three-phase three-leg inverter with split
dc-link capacitors, three-phase four-leg inverter [2], and three-
phase combined inverter [3]. The second topology and cor-
responding control strategies are complex and not suitable
for the system that needs an isolation transformer. The third
topology consists of three single-phase inverters, which is
mostly used in residential low-power applications. Thus, in this
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paper, we focus on the three-phase, three-leg inverter topology
for grid-forming voltage regulation because this topology is
commonly used by manufacturers and is suitable for high-
power applications.

There are two commonly used reference frames for inverter
controller design: dq rotating (synchronous) reference frame
(RRF) [4], [5] and αβ stationary reference frame (SRF) [6],
[7]. In general, RRF-based control scheme uses two pairs
of proportional integral (PI) controllers, which situate in two
reference frames while rotating in the opposite directions, to
regulate positive-sequence (PS) and negative-sequence (NS)
components, respectively [4]. However, the RRF-based control
strategies need band-stop filters to acquire the DC compo-
nents of the measurement signals. Adding filters introduce
delays that can worsen the dynamic performance of voltage
regulation. In [5], Cai et al. applied the proportional resonant
(PR) controller for NS voltage regulation to avoid the delay
caused by the added filter, but it requires high accuracy for
the decomposition of PS and NS components.

SRF-based control scheme requires one pair of PR con-
trollers for voltage regulation in AC domain. In [6], [7], the
voltage reference is generated by the droop control and an
unbalance compensator. The power used in droop control
is calculated using PS components so that the unbalance
compensator is applied for the reference generation to regulate
the NS voltage. However, the proposed control scheme in this
paper can achieve NS regulation without the need for the
unbalance compensator. Moreover, in the previous works, no
output transformer is connected with the inverter. Thus, zero-
sequence (ZS) network components are not analyzed and ZS
voltage regulation is not considered.

In this paper, to enhance the grid-forming operation of
the battery-energy-storage system (BESS) in an islanded mi-
crogrid, we propose an αβ SRF-based control structure for
the BESS to regulate the PS and NS voltage while using a
grounding transformer (GT) to reduce the ZS voltage. Our
contributions are threefold. First, we clearly demonstrated the
advantages of the SRF-based inner voltage control scheme
for PS and NS voltage regulation over the RRF-based control
scheme. Second, we demonstrated that ZS voltage caused by
unbalanced loads can be effectively reduced when adding a GT
at the PCC by analyzing the ZS network components. Third,
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Fig. 1. Topology and control structure of a three-phase grid-forming BESS.

we derived the relationship between power and voltage unbal-
ance and proposed a performance metric for regulating power
unbalance to meet inverter voltage unbalance requirements.

II. VOLTAGE CONTROL STRATEGY

As shown in Fig. 1, a grid-forming BESS consists of a
three-phase inverter, an LC filter, and a Y-Yg (or ∆-Yg)
isolation transformer for connecting the BESS to the main
grid. In [8], Guerrero et al. proposed a commonly used
droop-based hierarchical control structure, consisting of inner
current and voltage control loops, primary (droop) control,
and secondary control. This structure allows the seamless
transition between the off-grid mode and the grid-connected
mode without changing the control algorithm. When working
in the off-grid mode, the grid-forming BESS inverter operates
as a voltage source with two main functions: regulating PCC
voltage, vpcc, and setting system frequency, f .

Our contributions to this topology and control scheme are
highlighted in red in Fig. 1. First, we designed an αβ SRF-
based inverter controller. The voltage reference of the inner
voltage controller, v∗o , is generated based on the conventional
droop and secondary control without the need for the decom-
position of the PS and NS components. The inner voltage
controller design for PS and NS voltage regulation is described
in Section II-B in detail. Second, we added a GT in the circuit
to mitigate the impact of ZS currents on voltage regulation for
keeping vpcc balanced when serving highly unbalanced single-
phase loads.

A. Positive- and Negative- Sequence Voltage Representation

Unbalanced three-phase phasors can be decomposed into
PS, NS, and ZS phasors [4]. The PS and NS voltages are
expressed as:v+av+b

v+c

 =

 V +
m cos(ωt+ φ+)

V +
m cos(ωt− 2π/3 + φ+)

V +
m cos(ωt+ 2π/3 + φ+)

 (1)

v−av−b
v−c

 =

 V −
m cos(ωt+ φ−)

V −
m cos(ωt+ 2π/3 + φ−)

V −
m cos(ωt− 2π/3 + φ−)

 (2)

where V +
m and V −

m are the amplitude of PS and NS voltage,
respectively; φ+ and φ− are the phase of PS and NS voltage,
respectively. By using the Clarke transformation matrix T1,
the voltages in SRF (αβ-coordinate) are obtained:[

v+α
v+β

]
= T1

v+av+b
v+c

 =

[
V +
m cos(ωt+ φ+)

V +
m sin(ωt+ φ+)

]
(3a)

[
v−α
v−β

]
= T1

v−av−b
v−c

 =

[
V −
m cos(ωt+ φ−)

V −
m sin(ωt+ φ−)

]
(3b)

where
T1 =

2

3

[
1 −1/2 −1/2

0
√
3/2 −

√
3/2

]
By using the Clarke-Park transformation matrix T2, the volt-
ages in RRF (dq-coordinate) are derived:[

v+d
v+q

]
= T2

v+av+b
v+c

 =

[
V −
m cosφ+

V −
m sinφ+

]
(4a)

[
v−d
v−q

]
= T2

v−av−b
v−c

 =

[
V −
m cos(2ωt+ φ−)

−V −
m sin(2ωt+ φ−)

]
(4b)

where

T2 =
2

3

[
cos(ωt) cos(ωt− 2π/3) cos(ωt+ 2π/3)
− sin(ωt) − sin(ωt− 2π/3) − sin(ωt+ 2π/3)

]
B. Inner Voltage Controller Design

Fig. 2(a) depicts the PS and NS inner voltage controller of
the battery inverter in the double synchronously rotating dq
reference frames. The three-phase voltages and currents are
transformed into PS dq+ axes and NS dq− axes voltages and
currents using a positive phase-locked-loop (PLL) angle θ and
a negative PLL angle −θ, respectively [4].

From (4), it can be seen that although the PS component
decomposed to the dq coordinate is DC, the dq projection of
the NS component is not DC but a second harmonic (2ω) AC.
Thus, monitoring and controlling PS and NS voltages require
a dual-reference control scheme, PS dq+ RRF and NS dq−

RRF, rotating in the opposite direction. In addition, the second
harmonics should be filtered or removed from the PS and NS
dq-axes quantities before being sent to the PI controllers in the
inner current and voltage control loops. Thus, band-stop filters
(notch filters) are used to reject double-frequency components
while leaving other frequencies components unaltered. How-
ever, adding the filter introduces filter delay and slows down
the convergence of the output phase angle.

Fig. 2(b) illustrates the inner voltage controller in the SRF.
From (3), it can be seen that PS and NS components in αβ
coordinate are AC values with the grid’s nominal frequency,
ω = 2πf . Thus, both voltage and current controllers are based
on the PR control instead of the conventional PI control. The
advantage of the PR control is that it can provide infinite gain
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Fig. 2. Control diagram of the inner controller of a three-phase grid-forming
BESS inverter. (a) dq RRF-based control; (b) αβ SRF-based control.

at the selected resonant frequency. Therefore, it has excellent
tracking capability of AC variables. Because the inner loops
are implemented in two-phase stationary frame and all the
measured voltage and current are directly transformed from
abc to αβ coordinates, the computational burden is greatly
simplified.

In Section III-A, we will conduct a side-by-side perfor-
mance comparison to demonstrate the advantage of using the
αβ SRF based control structure.

C. Output Transformer Configuration Design

When serving unbalanced loads in power distribution grids,
apart from the PS and NS components, ZS components are
another contributor to the unbalanced voltage. The ZS circuit
of a BESS is determined mainly by the output transformer
characteristics, such as the connection method of the primary
and secondary windings, the winding grounding arrangements,
and the construction type of the magnetic circuit.

The output transformers for IBRs have two connection
types: Y-Yg (see Fig. 3(a)) and ∆-Yg (see Fig. 3(b)) [9]. The
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ZS impedance of a Y-Yg transformer, Z0
Y−Yg

, and a ∆-Yg
transformer, Z0

∆−Yg
, can be expressed as:

Z0
Y−Yg

= Z1 + Zm0 + 3Zn ≈ Zm0 (5)

Z0
∆−Yg

= Z1 + (Z2//Zm0) + 3Zn

≈ Z1 + Z2 + 3Zn

(6)

where Zm0 = rm0 + jωLm0 is the transformer magnetizing
impedance, Zn is the grounding impedance, Z1 = r1 + jωL1

and Z2 = r2 + jωL2 are the primary and secondary trans-
former impedance, respectively.

From (5) and (6), it can be seen that Z0
Y−Yg

≫ Z0
∆−Yg

because the magnetizing impedance is thousands of times
higher than transformer winding impedance and grounding
impedance by design. Thus, the ZS voltage and current in
a system with a Y-Yg output transformer would be higher
than those with a ∆-Yg output transformer. However, because
∆-Yg transformer configuration provides the additional ZS
path, upstream relays might not trip during the ground fault.
Thus, ∆-Yg configuration should not be used in most ground-
connected distribution networks [10].

To reduce the ZS voltage at the PCC when using a Y-Yg
output transformer, we propose to add a GT (∆-Yg or Zig-
Zag configuration) to the PCC (See Fig. 1). As shown in Fig.
3(c), by providing the ZS current with a low-impedance path
to flow through, the ZS impedance, Z0

Y−Yg/GT, is:

Z0
Y−Yg/GT = (ZGT1 + ZGTm//ZGT2))//(Zm0 + 3Zn + Z1)

≈ ZGT1 + ZGT2

(7)

where ZGT1, ZGT2, ZGTm are the primary, secondary, and
magnetizing impedance of the GT, respectively. As ZGT is
much smaller than Zm0, the ZS voltage at the PCC can be
significantly reduced.

From Fig. 3, we can see that ZS current cannot flow in the
three-wire ungrounded inverter, so the inverter inner voltage



TABLE I
SIMULATION PARAMETERS

Inverter Electrical Parameters
System Frequency f 60 Hz
PCC Nominal Voltage vpcc (line-line) 4160 Vrms

Inverter Nominal Voltage vo (line-line) 480 Vrms

Battery Nominal Voltage Vb 1200 V
LC Filter Inductance Lf 350 µH
LC Filter Inductance Cf 5000 µF

Inverter Controller Parameters
Current PR controller Proportional gain kpi 4
Current PR controller Resonant gain kri 200
Voltage PR controller Proportional gain kpv 2
Voltage PR controller Resonant gain krv 1000
Droop controller Coeff. np, nq 1e−7

Secondary freq. PI controller gain k2pf , k2if 0.3, 10
Secondary voltage PI controller gain k2pv, kiv 0.001, 0.5

Output Transformer Parameters
Nominal Power, frequency 5 MVA, 60Hz
Nominal Voltage (line-line) 480 Vrms / 4160 Vrms

Resistance r1 r2, leakage inductance L1 L2 0.0012 p.u., 0.03 p.u.
Magnetization impedance rm, Lm 200 p.u., 200 p.u.
Core type Three-limb core

controller cannot sense and regulate the ZS components at the
PCC by design. Thus, adding a GT to reduce the ZS voltage
at the PCC is the best option for maintaining balanced vpcc.
Note that adding a GT also provides an effective grounding
for the BESS during ground faults.

III. SIMULATION RESULTS ANALYSIS

To verify the performance of the proposed unbalance volt-
age control scheme, an electromagnetic transient (EMT) mi-
crogrid testbed for the IEEE 123-bus distribution feeder system
was developed on the OPAL-RT platform. A 2-MVA BESS
with the topology shown in Fig. 1 is connected at the feeder
head (i.e., Node 149). The BESS is the only grid-forming
resource in the microgrid. To test the BESS operation in
two operation conditions: supplying and absorbing unbalanced
power, we add a 5-MVA, grid-following PV system (param-
eters given in [11]) to the feeder at node 149. The electrical
and controller parameters of the BESS modeled on OPAL-
RT/eMEFASIM are listed in Table I. The GT is designed based
on IEEE 1547.8 standard [12] (rated at 3.772 MVA with ZS
impedance of 0.6185 p.u.).

A. Performance Comparison between the SRF and RRF based
Controller Design Methods

We compare the controller performance of the proposed
αβ SRF-based method with the conventional dq RRF-based
method. As shown in Fig. 4, initially, the BESS operates in
battery discharging mode with unbalanced output three-phase
current (IA = 0.1 p.u., IB = 0.6 p.u., IC = 0.3 p.u.). At
t = 1s, an unbalanced load step change is applied so that
the BESS absorbs power from the grid at phase a and c
(IA = −0.4 p.u. and IC = −0.1 p.u.) and supplies power
to the grid at phase b (IB = 0.2 p.u.).

The steady-state value of PCC voltage and current are the
same in both cases, which indicates that both control schemes
have a good current tracking performance in steady-state.
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However, the dynamic performance of the proposed αβ SRF-
based control scheme is significantly better than that of the dq
RRF-based method. As shown in Fig. 4(b), when taking the
RRF-based approach, the NS voltage overshoots and it takes
200 ms to damp. As a result, the PCC voltage can overshoot
above 1.05 p.u. and the unbalance of the three-phase voltage
is significant in the 200-ms period. The results demonstrate
that because no filters are required when using the SRF-based
approach, its voltage tracking performance outperforms the
RRF-based approach.

B. Power-Voltage Unbalance Curves

Voltage unbalance factor (VUF) and power unbalance factor
(PUF) are commonly used to quantify voltage and load power
unbalance. The definitions of VUF can be found in standards,
such as [12]–[14]. Most standards require electrical supply
systems to be designed for limiting the maximum voltage
unbalance to 3%. As introduced in [15], when considering
ZS voltage in four-wire system, VUF is calculated as:

V UF =
√
V 2
− + V 2

0 /|V+| (8)

where V+, V−, and V0 are the magnitude of PS, NS and ZS
voltage. In this paper, we calculate PUF as:

PUF =
Max(|PA − Pavg|, |PB − Pavg|, |PC − Pavg|)

|Prated|
(9)

where PA/B/C represents the power magnitude of phase
a/b/c, Pavg = (PA + PB + PC)/3 is the three-phase power
average, and Prated is the rated power per phase.

Experiments can be conducted for different PUF values so
that the corresponding VUF points can be computed. Then, a
PUF-UVF curve can be obtained, as shown in Fig. 5. From
the figure, we can see that the VUF of the ∆-Yg output
transformer is very linear and when PUF increases from 0
to 0.65, the VUF can be maintained below 1%. However, if a
Y-Yg output transformer is used, VUF can be regulated within
3% only when PUF is 30% or less. If a GT is added to the Y-
Yg output transformer, VUF can be regulated within 3% when
PUF 55% or less, a significant improvement to the system



Fig. 5. PUF versus VUF for different transformer configurations

(c)

(b)

(a)

A

B

C

)

Fig. 6. Real-time simulation results for the IEEE 123-bus testbed. (a) PV and
load power; (b) BESS output power and PUF; (c) PCC voltage and VUF

capability of supplying unbalanced loads. The importance of
the PUF-VUF curve is that it reveals the power unbalance
limit, which can be used by an energy management system as
an operational constraint for maintaining power balance.

C. Real-time Simulation Results

The proposed control scheme for mitigating voltage unbal-
ance is verified on the real-time simulator, OP5700-OPAL-
RT, with a 12-hour simulation from 7:00 am to 7:00 pm. The
model in OPAL-RT is sampled at every 100us. As shown in
Fig. 6(a), the PV and load power scheduling are based on the
energy management algorithm in [16], where PV curtailment
and load shedding are executed to meet the power supply
needs. Because PUF (see Fig. 6(b)) was maintained below
55%, VUF (see Fig. 6(c)) was within 3%. Note that PUF
and VUF have similar shapes. This is because the PUF-VUF
curve is close to linear when adding a GT to the Y-Yg output
transformer, as shown by the red dots in Fig. 5.

IV. CONCLUSION

In this paper, we propose an αβ SRF-based voltage un-
balance control architecture for a grid-forming BESS. Com-
pared with the dq RRF-based approach, the proposed method
eliminates band-stop filters and achieves superior tracking
capabilities. We propose to include a GT at the PCC to further
reduce the system voltage unbalance. We derive the PUF-VUF
curves for different transformer configurations. This allows the
power unbalanced limits to be calculated from the inverter
voltage unbalance limits for microgrid power management
purposes. The simulation results demonstrate that when using
the proposed SRF-based inner voltage control loop and adding
a GT with the Y-Yg connected output transformer, VUF can
be regulated within 3% when the PUF is limited within 55%.
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