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Voltage Unbalance Compensation in
Distribution Feeders Using Soft Open Points

Rui You and Xiaonan Lu

Abstract——Soft open points (SOPs) are power electronic devic‐
es that may replace conventional normally-open points in distri‐
bution networks. They can be used for active power flow con‐
trol, reactive power compensation, fault isolation, and service
restoration through network reconfiguration with enhanced op‐
eration flexibility and grid resiliency. Due to unbalanced load‐
ing conditions, the voltage unbalance issue, as a common prob‐
lem in distribution networks, has negative impacts on distribu‐
tion network operation. In this paper, a control strategy of volt‐
age unbalance compensation for feeders using SOPs is pro‐
posed. With the power flow control, three-phase current is regu‐
lated simultaneously to mitigate the unbalanced voltage be‐
tween neighboring feeders where SOPs are installed. Feeder
voltage unbalance and current unbalance among three phases
are compensated with the injection of negative-sequence and ze‐
ro-sequence current from SOPs. Especially in response to pow‐
er outages, three-phase voltage of isolated loads is regulated to
be balanced by the control of SOPs connected to the feeders un‐
der faults, even if the loads are unbalanced. A MATLAB/Simu‐
link model of the IEEE 13-bus test feeder with an SOP across
feeder ends is implemented, and experimental tests on a hard‐
ware-in-the-loop platform are implemented to validate the effec‐
tiveness of the proposed control strategy.

Index Terms——Distribution network, service restoration, soft
open point (SOP), voltage unbalance compensation.

I. INTRODUCTION

IN recent years, distributed generators (DGs) such as wind
turbines and photovoltaics have been integrated into distri‐

bution networks due to the economic and environmental con‐
cerns of conventional energy resources [1], [2]. The intermit‐
tency and variability of high-penetration DGs make the oper‐
ation and control of distribution networks relatively more
complex and challenging [3]. This is because traditional dis‐
tribution networks usually exhibit radial structures consider‐
ing the need of reliable isolation of network faults with sim‐
ple protection strategies. They are designed to be passive

feeders supplying the load demands from the generation side
[4]. Therefore, power flow is supposed to be unidirectional.
However, considering the integration of distributed energy re‐
sources, there could be reverse power flow in conventional
distribution feeders that may jeopardize the operation of ex‐
isting grid equipment, e.g., protective devices, etc., and im‐
pose other operational issues, e. g., voltage violation, exces‐
sive current or voltage harmonics, etc. [5].

Among the preceding issues mentioned above, voltage un‐
balance is also very common in distribution feeders, and
may have significant impacts on distribution network opera‐
tion. Asymmetric three-phase line configuration and numer‐
ous single-phase loads lead to unbalanced distribution net‐
works. The unbalanced condition is further deteriorated due
to asymmetric integration of DGs [6], which results in the
voltage unbalance in different sections of distribution net‐
works. Under unbalanced conditions, the distribution net‐
work undergoes more losses and potential instabilities. More‐
over, the voltage unbalance has adverse effects on the equip‐
ment such as power electronic devices and adjustable speed
drives [7]. Therefore, it is desirable to establish the controlla‐
ble link between unbalanced sections to mitigate the unbal‐
anced condition collaboratively.

Conventional voltage regulation approaches are mainly on
primary equipment such as on-load tap changers, switchable
capacitor banks, and tie switches [8]. Due to the slow re‐
sponse and discrete voltage regulation, it is hard to meet the
requirement of rapid voltage regulation [9]. In order to solve
the fast voltage variation due to the cloud movement over
the photovoltaic systems, the use of static var compensators,
distribution-level static synchronous compensator (STAT‐
COM) [10], and voltage sourced converter (VSC) based DG
[11] has been proposed in the literature. However, these con‐
ventional approaches only focus on single point of intercon‐
nection for unbalance compensation. It is noteworthy that
the controllability and flexibility of network operation can
be enhanced with flexible interconnection with soft open
points (SOPs) [12], [13]. The benefits of SOPs in both radial
and looped (mesh) networks can be obtained, and the draw‐
backs can be avoided [14]. SOPs refer to power electronic
devices that can be used to replace conventional normally-
open points (NOPs), which locate at the end of distribution
feeders to interconnect neighboring feeder ends, as shown in
Fig. 1 [15] - [18]. Rather than simply switching on and off,
SOPs can provide versatile functionalities compared with leg‐
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acy NOPs, including balancing feeder loading, regulating
feeder end voltage, service restoration after faults, etc. [19],
[20]. Their engineering applications can be found in [21].
SOPs continuously regulate active power and reactive power
of the connected feeders, resulting in the collaborative con‐
trol on voltage unbalance [22], [23].

In terms of three-phase voltage unbalance compensation
with SOPs, there is limited work done in this area. An opti‐
mal operation strategy is proposed to mitigate the three-
phase voltage unbalance while minimizing power losses si‐
multaneously in [24]. A stochastic scenario-based optimal
sizing and siting model of SOPs for mitigating three-phase
voltage unbalance in distribution networks considering DG
and load uncertainties is proposed in [25]. However, the fo‐
cus is on the power flow optimization in the distribution net‐
works. The control strategy of voltage and current unbalance
compensation among three phases during normal network op‐
eration and under critical load restoration conditions has not
been explored.

To fill the gap, a control strategy of comprehensive volt‐
age unbalance compensation on feeders using SOPs is pro‐
posed in this paper. Compared with the existing voltage un‐
balance compensation methods for distribution feeders, the
main contributions of this paper are as follows.

1) Voltage unbalance among three phases at the intercon‐
nected feeders is compensated with the injection of negative-
sequence and zero-sequence currents from SOPs.

2) Three-phase current is regulated simultaneously at the
same time to improve the voltage unbalance between neigh‐
boring feeders where SOPs are installed with flexible power
flow control.

3) Balanced three-phase voltage is generated to support
isolated loads for service restoration, even if the loads are
unbalanced.

4) The compensation control above can be achieved inde‐
pendently on all feeders where SOPs are installed.

The rest of this paper is organized as follows. Section II
presents the operation principle of SOPs in distribution net‐
works. A control strategy is designed in Section III. A model
including the IEEE 13-bus test feeder with an SOP and case
studies are given in Section IV. Experiments on a hardware-
in-the-loop platform are implemented to illustrate the effec‐
tiveness of the proposed control strategy in Section V. Final‐
ly, the conclusions are drawn in Section VI.

II. OPERATION PRINCIPLE OF SOPS IN DISTRIBUTION

NETWORKS

A two-feeder distribution network is interconnected with a
back-to-back VSC based SOP, in replacement of a conven‐
tional NOP, as shown in Fig. 1. Compared with the NOP,
the SOP can control power flow precisely with lower opera‐
tion costs. The risk caused by frequent switching actions is
avoided. Therefore, the operational flexibility and resiliency
of distribution networks can be improved significantly [26].

Under normal network operation conditions, the power
flow can be controlled for the improvement of feeder load
balance and power loss reduction. In addition, network volt‐
age can also be regulated for increased DG penetration lev‐
els, which can be further elevated using SOPs with energy
storage devices [27], [28]. Independent reactive power can
be supplied or absorbed at both terminals of the SOP. One
converter operates in the P-Q control mode to control its ac‐
tive power P and reactive power Q, while the other one oper‐
ates in the Udc-Q control mode to stabilize DC-link voltage
Udc and regulate reactive power.

Under fault operation condition, if a fault occurs on one
feeder, the fault is isolated from the other one due to the
SOP overcurrent limit. After the fault is isolated, the connect‐
ed converter will be switched to the Uac-θ control mode to
re-allocate load demands and support critical load restoration
with the amplitude Uac and phase angle θ efficiently. Further‐
more, the other converter will operate in the Udc-Q control
mode. Therefore, the voltage support and service restoration
in the unfaulted areas are also achieved [29].

Under the above two conditions, two kinds of voltage un‐
balance issues exist. To realize the functions above and
solve the voltage unbalance issues, a control strategy with
two modes is proposed. The detailed analysis of the above is‐
sues and the corresponding control strategy will be discussed
in the next section.

III. CONTROL STRATEGY OF SOPS FOR VOLTAGE

UNBALANCE MITIGATION

The circuit topology of a back-to-back VSC based SOP is
shown in Fig. 2. It is similar to two STATCOMs with a com‐
mon DC bus. However, the original main functions (power
flow optimization and service restoration) of SOPs all in‐
volve active power control, while STATCOMs are used for
the reactive power compensation, unbalance compensation,
and harmonic control. Since the voltage unbalance compen‐
sation can be achieved with a VSC in a STATCOM, SOPs
are also expected to have the capability and contribute to the
unbalance improvement.

Under normal network operation conditions, if three-phase
loads, e. g., load 1 and load 2, are unbalanced, unbalanced
three-phase load current will occur, which deteriorates the
three-phase unbalanced voltage of the feeder. When the SOP
operates in the service restoration, the balanced three-phase
voltage generated from the connected converter will result in
unbalanced three-phase load voltage. This is because the
three-phase inductance L used to attenuate high-frequency
harmonics is the same. Unbalanced three-phase load current
leads to the unbalanced three-phase load voltage.
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Fig. 1. Schematic of installation and operation of SOP in distribution net‐
work.
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In order to compensate the unbalanced voltage, a control
strategy with two control modes is proposed. Under normal
network operation and service restoration, three-phase cur‐
rent unbalance compensation control and three-phase load
voltage balance control are applied, respectively, which will
be detailed below.

A. Three-phase Current Unbalance Compensation Control

Taking load 1 in Fig. 2 as an example, the unbalanced
load leads to the unbalanced three-phase currents il1a, il1b,
and il1c, which are the sum of the positive- , negative- , and
zero-sequence components in (1).
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where il1p, il1n, and il10 are the amplitudes of the positive- ,
negative- , and zero-sequence load currents, respectively; φp,
φn, and φ0 are the phase angles of positive- , negative- , and
zero-sequence currents, respectively; and ω is the angular
frequency. If the negative- and zero-sequence currents are
generated by VSC 1, only the positive-sequence current is
supported from feeder 1. This means that the feeder current
is controlled to be balanced, contributing to the three-phase
voltage unbalance mitigation of the feeder. The diagram with
three-phase current unbalance compensation control is
shown in Fig. 3.

The power flow control is presented firstly. One of the
two VSCs controls the active power to one feeder P accord‐
ing to its reference P*, and the other one stabilizes the DC-
link voltage Vdc according to its reference V *

dc. The active
power loop or the DC-link voltage loop is used to generate
the current reference, i. e., the d-axis current component i*

d.
The reactive power to the connected feeder is controlled indi‐
vidually by the two VSCs. Meanwhile, the reactive power er‐
ror is transformed into the q-axis current component i*

q. Two
limiters are used to achieve current limiting in i*

d and i*
q dur‐

ing system faults and disturbances. Three-phase reference
currents of VSC, i*

a, i*
b, and i*

c, are calculated based on the
voltage phase angle of the feeder. The angle is calculated
from a phase locked loop (PLL), whose input is the positive-
sequence voltage component extracted from the instanta‐
neous feeder voltages Vla, Vlb, and Vlc based on the nominal
angular frequency ω* [30]. The reference currents of VSC,
i*

sa, i*
sb, and i*

sc, are compared with the measured output cur‐
rents isa, isb, and isc to determine gate signals of insulated
gate bipolar transistor (IGBT). The load current unbalance
compensation between the two feeders connected by the
SOP is realized.

Negative-sequence current injection control and zero-se‐
quence current injection control are illustrated below. The
measured three-phase load currents ila, ilb, and ilc are trans‐
formed into the d- and q-axis components i*

ld and i*
lq based

on -θ. Further, the DC components, corresponding to the
negative-sequence current components, are extracted through
moving average filters (MAFs). The MAF is performed as a
low pass filter [31] as shown in (2).

x̄(t)=
1

Tw
∫

t - Tw

t

x(τ)dτ (2)

where Tw is the window width, whose corresponding frequen‐
cy is the frequency of input signal sinusoidal components;
and x̄(t) is the average value of the input signal. The d- and
q-axis current components determined from proportional inte‐
gral (PI) controllers are transformed into three-phase nega‐
tive-sequence current references Δi*

na, Δi*
nb, and Δi*

nc based on
-θ. The feeder current unbalance among three phases is com‐
pensated by adding these references to the power flow refer‐
ence current. If the three-phase four-wire network is used,
the zero-sequence load current may also exist. Therefore, the
zero-sequence current also needs to be generated from the
VSCs. The calculated zero-sequence current component Δi*

nz

is also added to achieve the current unbalance compensation.
In this case, the generation route of zero-sequence current
must be provided in terms of the circuit topology such as
the split-capacitor in Fig. 2. The feeder current unbalance
among the three phases can be independently compensated
by the two VSCs, due to the decoupling function of DC-link
capacitor in the SOP.
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Fig. 2. Circuit topology of a back-to-back VSC based SOP.
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This means that three-phase current unbalance compensa‐
tions for feeder 1 and feeder 2 are achieved by VSC 1 and

VSC 2, respectively. Furthermore, the current unbalance

compensation control on more connected feeders can be

achieved individually by more VSCs for multi-terminal

SOPs.

B. Three-phase Load Voltage Balance Control

When load 1 is isolated due to fault occurrence on feeder

1, VSC 1 should operate in the Uac-θ control mode to realize

the service restoration. Balanced three-phase voltage is gener‐

ated at load 1 with the control diagram presented in Fig. 4,

where PWM stands for paulse width modulation and PR
stands for proportional resonance.
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The measured three-phase voltage of load 1 is trans‐
formed into the d- and q-axis components Vpd and Vpq. Differ‐
ent from the three-phase current unbalance compensation
control, θ is generated inherently with the integral of the
nominal frequency. Both AC and DC components exist in
the dq-axis components. MAFs are used to extract the DC
components, corresponding to positive-sequence voltage
components [32]. The d-axis reference voltage V *

pd is calcu‐
lated as:

V *
pd = 2/3 Vrms (3)

where Vrms is the nominal line to line root mean square volt‐
age of load 1. The q-axis reference voltage V *

pq is set to be
0. Errors are used to calculate the output voltage compo‐
nents of VSC 1 in the d- and q-axis. At last, they are trans‐
formed into the three-phase positive-sequence voltages Vpa,
Vpb, and Vpc.

In order to eliminate the negative-sequence voltage at load
1, negative-sequence reference voltage components in the d-
and q-axis are both set to be 0. Similar to the positive-se‐
quence voltage control, three-phase negative-sequence com‐
pensation voltage Vna, Vnb, and Vnc can be calculated accord‐
ing to the dq-axis components Vnd and Vnq. The only differ‐
ence is that -θ is used for the coordinate transformation. If
load 1 is supplied from the three-phase four-wire network
originally, zero-sequence voltage compensation control
should also be applied. Zero-sequence compensation voltage
V0 is calculated with a PR controller, whose input signal is
the error between actual zero-sequence voltage and reference
zero-sequence voltage at load 1. The calculated negative-se‐
quence voltage and zero-sequence compensation voltage are
added to the positive-sequence voltage to obtain the final
three-phase voltages Va, Vb, and Vc and achieve the voltage
balance control at load 1.

VSC 2 operates in the Udc-Q control mode to stabilize the
DC-link voltage. Furthermore, the three-phase current unbal‐
ance compensation control of the feeder mentioned above
can still be used to mitigate the current unbalance at feeder
2. The delay between the fault occurrence and service resto‐
ration exists. This is due to the requirements for isolating a
permanent fault and guaranteeing the generation restoration
for distribution automation [26]. Therefore, there is enough
time to finish the control mode transition of load 1 from Udc-
Q or P-Q control mode to Uac-θ control mode.

IV. SIMULATION RESULTS

The IEEE 13-bus test feeder model is built in MATLAB/
Simulink to verify the effectiveness of the control strategy
for voltage unbalance compensation under different network
operation conditions. An SOP is connected between node
633 and node 692 in Fig. 5.

System parameters are shown in Table I. An average mod‐
el of the SOP is used, and losses, harmonics, and fast switch‐
ing transients of its two VSCs are neglected. The three-
phase current unbalance compensation control and three-
phase load voltage balance control are studied, respectively.
The two cases and simulation results are presented below.

A. Three-phase Current Unbalance Compensation Control
Under Normal Network Operation Condition

VSC 1 is controlled to stabilize the DC-link voltage. The
negative-sequence current is injected gradually from 0.1 s,
and is kept stable after 0.2 s. The zero-sequence current in‐
jected increases gradually from 0.2 to 0.3 s.

The negative-sequence current and zero-sequence current
injected from VSC 2 increase gradually from 0.3 to 0.4 s
and from 0.4 to 0.5 s, respectively. The power flow control
is enabled from 0.5 s to balance the loading of node 633
and node 692. The output power of VSC 2 increases gradual‐
ly from 0.5 s and is kept stable after 0.6 s.

The output current of VSC 1 iVSC1 composed of its posi‐
tive-sequence component ip, negative-sequence component
in, and zero-sequence component iz is show in Fig. 6.

650

646 645 632 633 634

611 684 671

692

675

652 680

+�+�

Breaker

VSC 1

VSC 2

Fig. 5. Configuration of IEEE 13-bus test feeder model with an SOP.

TABLE I
SYSTEM PARAMETERS

Parameter

DC-link capacitor

DC-link rated voltage

Filter inductor

Rated line-to-line voltage of VSC

Rated power of SOP

Value

1000 μF

7.2 kV

2 mH

4.16 kV

1 MVA
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Fig. 6. Output current of VSC 1 composed of ip, in, and iz.
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Since three-phase zero-sequence current injected is identi‐
cal, only zero-sequence current of phase a is displayed. The
output current of VSC 2 iVSC2 including each sequence com‐
ponent is shown in Fig. 7. The currents of node 633 and
node 692 are shown in Fig. 8 and Fig. 9, respectively. The
currents from 0 to 0.1 s, and from 0.7 to 0.8 s are shown in
Fig. 10 and Fig. 11, respectively. It can be observed that the
unbalanced loads lead to unbalanced currents of node 633
and node 692 in terms of both the amplitude and the phase.
With the injection of negative-sequence current and zero-se‐
quence current, the node current is controlled to be balanced
successfully.

The DC-link voltage is shown in Fig. 12. The current in‐
jection introduces the DC-link voltage oscillation with 120
Hz of doubled network frequency. However, the average
voltage is almost constant, and the stable DC-link voltage is
kept. From t = 0.5 s, the increase of positive-sequence cur‐
rent of VSC 2 results in the dropping of DC-link voltage.

With the positive-sequence current adjustment from VSC
1, the DC-link voltage is stabilized successfully. With the
power flow control, the same amplitude of the three-phase
balanced node current (about 130 A) is obtained finally.

It should be noted that if two STATCOMs, also employ‐
ing two VSCs, are installed at node 633 and node 692, the
node current unbalance compensation among three phases
can also be obtained. However, the power flow with the posi‐
tive-sequence current control cannot be achieved. The SOP
advantages over that of two STATCOMs are verified.

Voltages of node 633 and node 692 are shown in Fig. 13.
Though the improvement on the node current unbalance is
obvious, it is not true for the improvement of node voltage
unbalance. This is because the node voltage is influenced by
many factors such as the node current, source voltage, and
the loads connected to other nodes. For example, if the
source voltage is severely unbalanced due to the unbalanced
loads connected to other nodes, the improvement in current
unbalance of the node employing an SOP with the proposed
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control strategy does not mean that the node voltage unbal‐
ance can be compensated greatly. However, the control of
three-phase current unbalance compensation of the node
is beneficial to the improvement of node voltage unbal‐
ance.

B. Three-phase Load Voltage Balance Control During Load
Supply Restoration

The breaker in Fig. 5 is set open due to a fault. VSC 2 is
controlled to feed the isolated loads connected to node 692
and node 675. From t = 0.05 s, the common method only
with positive-sequence voltage control is used. This means
that the balanced three-phase voltage is generated from VSC
2. The negative-sequence voltage and zero-sequence voltage
are enabled from 0.3 s and 0.4 s, respectively, with the pro‐
posed control strategy to show the improvement in the load
voltage balance. VSC 1 still operates in the Udc-Q control
mode to stabilize the DC-link voltage. Negative-sequence
current and zero-sequence current are injected from 0.4 s.

The voltage of node 692 and the reference voltage of
VSC 2 are shown in Fig. 14. The positive-sequence, nega‐
tive-sequence, and zero-sequence components of the refer‐
ence voltage of VSC 2 are shown in Fig. 15. The output cur‐
rent of VSC 2 is shown in Fig. 16. Due to the unbalanced
loads, only positive-sequence voltage control results in unbal‐
anced three-phase current and voltage of node 692. With the
negative-sequence and zero-sequence voltage control pro‐
posed from VSC 2, the voltage unbalance of node 692 is
compensated successfully from 0.4 s.

The DC-link voltage is shown in Fig. 17, and the output
current of VSC 1 is shown in Fig. 18. Once the service res‐
toration is achieved with VSC 2 control from 0.05 s, the ac‐

tive power output of VSC 2 leads to the DC-link voltage
dropping. With positive-sequence current control of VSC 1,
the DC-link voltage is regulated around its rated value suc‐
cessfully at last.
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The current of node 633 is shown in Fig. 19. After
t = 0.05 s, the change of positive-sequence output current of
VSC 1 leads to the increased current of node 633. Though
VSC 2 operates in the Uac - θ control mode, the current of
node 633 is still controlled to be balanced successfully with
the negative-sequence and zero-sequence current injection
from VSC 1.

V. EXPERIMENTAL RESULTS

The hardware-in-the-loop experiment based on StarSim
HIL is conducted to validate the voltage unbalance compen‐
sation control proposed in this paper, and the setup is shown
in Fig. S1 in Supplementary Material [33]. A simplified
IEEE 13-bus test feeder and an SOP with the detailed model
are simulated by a real-time hardware-in-the-loop system
based on NI-PXIe-1071 with the time step of 1 μs. A
TMS320F28335 DSP with 10 kHz sampling frequency is
used to control the SOP with the proposed control strategy.
The current ratio and voltage ratio between actual signal and
measured signal are 100: 1 and 1000: 1, respectively. Under
the normal network operation condition, the negative-se‐
quence current and zero-sequence current are generated at
the same time. They are controlled to increase gradually
within 0.1 s. After the node current is balanced, the power
flow control is implemented to regulate the node current
gradually within 0.2 s. The current of node 633 and the out‐
put current of VSC 1 are shown in Fig. S2 in Supplementary
Material. The current of node 692 and the output current of
VSC 2 are shown in Fig. S3 in Supplementary Material. Al‐
though high-frequency harmonics are observed in the VSC
output current and node current, the node unbalanced cur‐
rents at both sides of SOP are compensated successfully
with the proposed control strategy. With the power flow con‐
trol, the balanced node currents with the same amplitude are
achieved. This means that the SOP is controlled to balance
the loading of the feeder effectively.

During the restoration of power supply, only the positive-
sequence voltage is generated gradually from VSC 2 firstly.
Then, the negative-sequence voltage control and zero-se‐
quence voltage control are both implemented at the same
time. At last, VSC 1 is controlled to compensate the unbal‐
anced feeder current. The voltage of node 692 and the out‐
put current of VSC 2 are shown in Fig. S4 in Supplementa‐
ry Material. Unbalanced three-phase loads lead to unbal‐
anced three-phase isolated load current and voltage. Bal‐
anced three-phase isolated load voltage is obtained success‐

fully with the proposed control strategy. The current of node
633 and the output current of VSC 1 are shown in Fig. S5
in Supplementary Material. Though VSC 2 operates in the
Uac - θ control mode, the feeder unbalanced three-phase cur‐
rent is still compensated successfully from VSC 1 finally.

Overall, from the simulation and experimental results
above, the proposed control strategy has been validated. Un‐
der normal network operation conditions, the two VSCs
have compensated the three-phase current unbalance of the
connected nodes, contributing to the three-phase voltage un‐
balance mitigation of the feeder. Once the service restoration
is enabled, the connected VSC has fed the unfaulted loads
and regulated the load voltage to be balanced. Furthermore,
the other VSC has finished the three-phase current unbal‐
ance compensation of the connected feeder successfully.
Therefore, as long as a VSC operates in the P-Q or Udc-Q
control mode, the three-phase current unbalance of the con‐
nected feeder can be compensated with the proposed control
strategy.

VI. CONCLUSION

In this paper, a control strategy of voltage unbalance com‐
pensation of SOPs in distribution feeders is proposed. When
the distribution network is normal, the SOP has compensated
the three-phase current unbalance of the connected feeder
with the injection of negative-sequence current. If the distri‐
bution network is designed with the three-phase four-wire
structure, zero-sequence current should also be generated.
Under this condition, the generation route of zero-sequence
current must be provided in terms of the circuit topology.
The current can be injected from one VSC or both ones.
Therefore, the compensation is independent, and the flexibili‐
ty can be guaranteed. This contributes to the mitigation of
three-phase voltage unbalance. It is also more convenient to
achieve load balancing, based on the three-phase current of
balanced feeder. In the service restoration mode, the three-
phase voltage of isolated loads has been controlled to be bal‐
anced with the negative-sequence and zero-sequence voltage
control, even though the loads are unbalanced. The voltage
quality and network stability are expected to be improved
with the proposed control strategy. Only one SOP with the
proposed control strategy is studied in the IEEE 13-bus test
feeder in this paper. Whether new issues will be introduced
in more complex test feeders including more SOPs will be
the future research topic.
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