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Voltage quality enhancement of
distribution network based on
unified power quality conditioner
with BESS

Yan Mei, Jiangbo Xu, Chen Peng, Weikang Kong, Gang Peng
and Guangyu Song*

Electric Power Research Institute of State Grid Xizang Electric Power Co., Ltd., Lhasa, China

This article proposes a voltage compensation control strategy for the distribution
network based on the unified power quality conditioner (UPQC) with battery
energy storage systems (BESS) to achieve comprehensive management of the
power quality and improve the system dynamic responses. Specifically, aiming at
that amplitude and phase jump of the terminal voltage, a capacity configuration
compensation scheme is proposed to achieve voltage vector compensation.
The series converter is designed to compensate for the amplitude and phase
of the load voltage. The parallel converter is designed to realize power
compensation and ensure that the grid voltage and current are sinusoidal and in
phase. A voltage control approach based on the nonlinear disturbance observer
(NDO) is developed for BESS to stabilize the DC bus voltage and improve
the anti-interference performance of the current. An NDO is designed to
accomplish current disturbance tracking and provide disturbance feedforward
compensation. Simulations validate that the proposed approach is effective
and feasible.
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1 Introduction

WITH the access to distributed energy and the surge of nonlinear loads, the power
quality problem of low-voltage distribution network terminals has become increasingly
prominent (Mahela et al., 2020). Since power systems become more complex and the
demand for electricity continues to grow, maintaining high power quality in distribution
networks becomes increasingly challenging.The increasing penetration of renewable energy
sources (RES) like solar and wind into the distribution network introduces variability
and intermittency, which can further exacerbate power quality problems (Ray et al., 2022).
Moreover, the access of nonlinear loads produces a lot of harmonic and reactive power to the
distribution network, resulting in voltage distortion, three-phase unbalance, and harmonic
pollution. Even it will threaten the safe and stable operation of the grid and cause huge
economic losses (Lou et al., 2021; Li et al., 2023). The improvement of power quality in
distribution networks has attracted extensive attention of experts from all over the world
(Carreno et al., 2024; Li et al., 2024). Due to its diversity in power quality functions, the
unified power quality conditioner (UPQC) has become an essential power quality regulation
device (Bacon et al., 2022). Combining the advantages of the shunt active power filter and
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the series active power filter, the UPQC can compensate for power
supply voltage, eliminate harmonic current, and realize reactive
power compensation (Wang J. et al., 2021).

With the rapid rise of the UPQC, a great deal of theoretical
research and engineering practice has been carried out
(da Silva et al., 2020; Yang and Jin, 2021; Khosravi et al., 2023;
Sanjenbam et al., 2023). Dash and Ray (2021) designed a novel
photovoltaic-based UPQC topology and proposed an adaptive
control approach to eliminate current distortion and improve
system robustness. However, the randomness of photovoltaics
is not conducive to the DC voltage stability and will result in
power fluctuation. Abdalaal and Ho (2022) proposed an enhanced
control scheme without additional sensors to provide reactive
power compensation and achieve grid voltage regulation. Xu et al.
(2023) presented a dynamic harmonics compensation control
strategy for single-phase UPQC to suppress grid voltage harmonics
and maintain voltage stabilization. A distributed parallel control
scheme of UPQC for the low-voltage distribution network was
developed to support the grid voltage and improve the voltage
quality of the load in Abdalaal and Ho (2021). Silva et al. (2024)
designed a feed-forward control method to accelerate the voltage
and current response compensated by UPQC. However, when
there are disturbances in the grid, the system cannot obtain an
accurate current reference to ensure that the sinusoidal current
is not distorted. The structure of the three-phase UPQC was
improved to realize the compensation of grid voltage drop and the
power factor improvement in Cardoso et al. (2024). This converter
does not need the participation of the line-frequency transformer,
but the design may require to be simplified. Felinto et al. (2022)
developed an improved UPQC in combination with the high-
frequency transformer to compensate for load unbalance. The
proposed approach requires no control of the DC-DC converter,
but it increases the hardware cost and power density. In (Jin et al.,
2020), a comprehensive control method for UPQC based on dq0-
axis detection was proposed to improve the control effect of the
conditioner. However, there are significant fluctuations in DC bus
voltage and the reactive power compensation effect is not ideal.

To suppress voltage fluctuation and provide power support,
the energy storage systems (ESS) in the distribution network
have been investigated and implemented (Hosseini and Parvania,
2023; Song et al., 2024a; Tziovani et al., 2022). By integrating
UPQC with battery energy storage systems (BESS), it becomes
possible to enhance the dynamic response of the system, providing
rapid compensation during transient events and contributing
to overall grid stability (Charalambous et al., 2021; Zhang et al.,
2024). A triple-port active bridge UPQC is designed based
on the BESS to improve the fault ride-through performance
of the DC grid in Yang R. H. et al. (2022). However, it is less
effective in improving power quality in the distribution network.
Wang H. et al. (2022) proposed an optimal mitigation scheme by
combining fixed energy storage equipment and mobile energy
storage equipment to attenuate voltage imbalance and mitigate
power fluctuation. Monteiro et al. (2024) utilized the charge and
discharge characteristics of the BESS and proposed a new multi-
objective UPQC to cope with the power quality issues, which
compensates for the grid voltage and load current. Combined
with superconducting energy storage, Yang R. et al. (2022) proposed
a UPQC based on dual active bridge topology to adjust the

terminal voltage and current, which has a simple structure and
good voltage stabilization capability. By applying ESS to UPQC, an
effective compensation control strategy was developed to achieve
voltage recovery and current quality regulation in Çelik and Ahmed
(2023). However, the scheme increases the cost investment, and the
controller design needs to be further optimized. Somayajula and
Crow (2014) proposed an ultracapacitor-based UPQC to mitigate
distribution network intermittency and enhance grid power quality.
However, the stability and smoothness of the DC voltage is not
adequately considered. Devassy and Singh (2021) proposed an
automatic transition scheme by integrating photovoltaic and ESS
into the UPQC to achieve a continuous and smooth power supply
to the load.

In this article, a UPQC-based voltage compensation control
strategy for distribution networks is proposed to compensate for the
load voltage vector and accomplish system power balance.Themain
contributions of the article are summarized as follows.

1) A capacity configuration compensation scheme for the
distribution network is proposed, which achieves the
comprehensive compensation of load voltage and improves the
output quality of voltage and current. Compared with other
approaches (Bacon et al., 2022; Khosravi et al., 2023; Jin et al.,
2020), the proposed scheme compensates for the sudden
changes of the load voltage amplitude and phase angle.

2) An NDO-based voltage control approach is developed for
BESS to guarantee the stability of DC bus voltage while
achieving the bus voltage reference tracking. Unlike other
control models (Ray et al., 2022; Sanjenbam et al., 2023; Dash
and Ray, 2021), the proposed approach accomplishes
disturbance compensation and improves the current
waveform quality.

3) The nonlinear disturbance observer (NDO) is developed to
achieve disturbance tracking and improve the anti-interference
ability of the system, which suppresses the impact of current
disturbance on DC voltage stability.

The remainder of the article is organized as follows. Section 2
gives the structure of UPQC. The voltage compensation control
strategy of the distribution network based on UPQC is proposed
in Section 3. Section 4 shows the simulation results of the proposed
strategy. Finally, the conclusion is given in Section 5.

2 System description

The structure of the UPQCmainly includes the series converter,
shunt converter, DCbus capacitor, andBESS, as depicted in Figure 1.
When the power supply voltage drops, the series converter is
regarded as a voltage source to compensate for the grid voltage
vector and ensure the voltage quality at the user side, which is
connected in series to the distribution network through inductive
filtering. The shunt converter is regarded as a current source, which
is connected in parallel to the load side through inductive filtering,
to compensate for reactive power, eliminate current harmonics, and
ensure the sinusoidal characteristics of the grid current. The BESS
is used to maintain DC bus voltage stability and provide load power
compensation when necessary.
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FIGURE 1
Structure diagram of UPQC with BESS.

Based on Kirchhoff ’s law, the mathematical model of the UPQC
is established as

{{{
{{{
{

ui1 − Lg
diLg
dt
= us

ui2 − L f
dic
dt
= uL

(1)

where ui1 and ui2 represent the output voltages of series converter
and shunt converter, respectively, Lg and L f represent the inductor
filters of the series converter and shunt converter, respectively, iLg
and ic represent the output current of series converter and the
compensation current of shunt converter, respectively, us represents
the compensation voltage of series converter, uL is load voltage.

Using the coordinate transformation matrix T̃dq0 (Song et al.,
2024a), the UPQC model in dq coordinates can be obtained as

{{{{{{{{{{{{{
{{{{{{{{{{{{{
{

ui1dq − Lg
diLgdq
dt
+ Lg
[[[[

[

0 ω 0

−ω 0 0

0 0 0

]]]]

]

iLgdq = usdq

ui2dq − L f
dicdq
dt
+ L f
[[[[

[

0 ω 0

−ω 0 0

0 0 0

]]]]

]

icdq = uLdq

(2)

where

T̃dq0 =
2
3

[[[[[

[

cos φ cos(φ− 2π3 ) cos(φ+ 2π3 )

sin φ sin(φ− 2π3 ) sin(φ+ 2π3 )
1
2

1
2

1
2

]]]]]

]

,

subscripts d and q represent dq-axis components of voltage and
current, respectively.

Considering the continuous conduction of the switch tube, the
BESS model can be constructed as (Song et al., 2024b)

{{{
{{{
{

uB − LB
diL
dt
= (1− dj)uDC

io +CDC
duDC
dt
= (1− dj) iL

(3)

where uB is the battery voltage, iL is the inductor current, LB andCDC
are the inductor and capacitor of the BESS, io and uDC are the output
current and output voltage of the BESS, dj is the control input.

3 Proposed control strategy design

In this section, a voltage compensation control strategy for
the distribution network is proposed to achieve comprehensive
management of power quality. To address the problem of the voltage
jump, a capacity configuration compensation scheme is designed
for UPQC to compensate for the amplitude and phase of the
load voltage. Then, an NDO-based voltage control approach for
BESS is proposed to guarantee the stability of DC bus voltage and
suppress voltage fluctuation, where the designed NDO improves the
disturbance rejection ability of the system.

3.1 Voltage phasor compensation

Figure 2 displays the voltage and current phasor diagram of
the UPQC. In Figure 2, u̇g denotes the grid voltage, ̇ig and ̇iL denote
the grid current and the load current compensated by the UPQC
respectively, u̇∧g , u̇∧L , and u̇

∧
s denote the grid voltage, the load voltage,

and the compensation voltage of series converter when the grid
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FIGURE 2
Voltage and current phasor diagram of UPQC.

voltage drops, respectively, ̇i∧g , ̇i
∧
L , and ̇i

∧
c denote the grid current,

the load current, and the compensation current of shunt converter
when the supply voltage drops, respectively, δ and φ denote the
power angle and impedance angle respectively, φs and φc denote
the phase angles of compensation voltage and compensation current
respectively.

When the power grid is operating normally, the load voltage can
be denoted as

uL∡δ = ug∡0+ us∡φs (4)

Then, the voltage amplitude of the series converter can be
obtained as

us = √u2g + u2L − 2uguL cos δ (5)

According to the cosine theorem, the voltage phase angle of the
series converter can be deduced as

φs = π− arctan
sin δ

1− cos δ
(6)

To satisfy the power demand of the load, considering the load
SL = PL + jQL, the load current can be calculated as

iL∡(δ−ϕ) =
PL − jQL

uL∡− δ
(7)

Further, to guarantee that the grid current is in phase with the
grid voltage, we have

ig = iL cos (δ−ϕ) =
√P2L +Q

2
L

uL
cos[arctan(

−QL

PL
)+ δ] (8)

The capacity of the series converter can be configured as

Ss = u̇s ̇i
∗
g =

us√P2L +Q
2
L

uL
cos[arctan(

−QL

PL
)+ δ]∡φs (9)

Similarly, the capacity of the shunt converter can be
configured as

Sc = u̇L ̇i
∗
c = √P2L +Q

2
L sin[arctan(

−QL

PL
)+ δ]∡(δ+ π) (10)

FIGURE 3
Phasor diagram after voltage and current compensation.

When the grid voltage sags in amplitude and jumps in phase,
the UPQC with BESS injects compensation voltage into the grid
and provides compensation current to the load, which improves
the load voltage quality and provides active power support and
reactive compensation.Thephasor diagramafter voltage and current
compensation is depicted in Figure 3. Based on Kirchhoff ’s law, the
voltage relationship is given as

u∧L∡0 = u
∧
g∡− δ+ u∧s ∡φs (11)

Since the load voltage and current remain constant before and
after the grid voltage drops, the following equation holds.

i∧c = i
∧
L sin φ =

√P2L +Q
2
L

uL
sin[arctan(

−QL

PL
)] (12)

According to the sine theorem, the following relation can be
obtained as

i∧L
sin(π−φc + δ)

=
i∧c

sin(φ− δ)
(13)

Further, we have

φc = π+ δ− arcsin[
sin(φ− δ)

sin φ
] (14)

The capacity of the shunt converter when voltage phasor
attenuation is encounter, is configured as

Sc = u̇
∧
L
̇i∧∗c = √P

2
L +Q

2
L sin[arctan(

−QL

PL
)]∡−φc (15)

Likewise, the capacity of the series converter is configured as

Ss = u̇∧s ̇i
∧∗
g = u∧s√i∧2c + i∧2L − 2i

∧
c i∧L cos(φc −φ)∡(φs −φc) (16)

where u∧s =√u∧2g + u∧2L − 2u
∧2
g u∧2L cosδ, i∧L =

√P2L+Q
2
L

u∧L
cos [arctan ( −QL

PL
)].

When there is a fault in the grid and the connection is
interrupted, the power required by the load should be provided
by BESS. To ensure uninterrupted power supply to the load, the
capacity of the BESS is designed as

SB =
PLt

κ ⋅ uDC ⋅ ηb
(17)

where t is the continuous power supply time, κ is the power
coefficient, ηb is the charging and discharging efficiency.
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FIGURE 4
Control strategy of series converter.

It can be seen that the proposed compensation scheme realizes
the comprehensive compensation of the load voltage vector. When
the grid voltage sags, the increase of the shunt compensation current
reduces the grid current, which reduces the risk of over-current in
the distribution network.

3.2 UPQC control strategy design

In the distribution network, the grid current and load voltage are
controllable. In this paper, the voltage compensation control strategy
is developed for the UPQC, where the series converter compensates
for the grid voltage and the shunt converter compensates for the
reactive power of the load, suppresses harmonic current, and ensures
the sinusoidal in-phase property between the grid current and
grid voltage.

Due to the energy loss and other disturbance factors in the line,
the power quality of the load cannot be guaranteed. Especially when
encountering faults, the voltage quality of the load will be seriously
degraded. To improve the voltage quality of the grid, the control
strategy of the series converter is proposed, which is illustrated
in Figure 4. It can be noted that compared with other control
methods (da Silva et al., 2020; Silva et al., 2024; Jin et al., 2020), the
compensation voltage reference u∗s is generated by the deviation
between the grid reference voltage and the load reference voltage
(u∗L , u

∗
g ), rather than directly using the grid voltage reference.

The compensation signal can track its reference to achieve full
compensation of the voltage vector. The compensation voltage
reference is expressed as

[

[

u∗sd
u∗sq
]

]
= [

[

u∗Ld − u
∗
gd

u∗Lq − u
∗
gq

]

]
(18)

Since the PI controller cannot realize the static error-free
tracking for AC component, the quasi-proportional resonant (Q-
PR) controllers are employed to achieve voltage tracking without
static error and suppress the resonant voltage disturbance. The

fundamental frequency current can also realize its reference
tracking. The transfer function of the Q-PR controller is
expressed as (Song et al., 2024a)

GQ−PR (s) = kg +
2kgrωrs

s2 + 2ωrs+ω2
0

(19)

where kg and kgr are proportion and resonance gains of Q-PR
control, ωr and ω0 are cut-off frequency and resonant bandwidth.
ω0 is selected as 628 rad/s to suppress the double-frequency
component. Considering the national standard of the frequency
fluctuation, ωr is calculated as 3.14 rad/s.

To stabilize the sinusoidal grid voltage and compensate for the
voltage drop, the voltage control lawof the series converter is given as

{{{{{
{{{{{
{

i∗sd = (kg +
2kgrωrs

s2 + 2ωrs+ω2
0
)(u∗sd − usd)

i∗sq = (kg +
2kgrωrs

s2 + 2ωrs+ω2
0
)(u∗sq − usq)

(20)

where i∗sd, i
∗
sq are the output current reference of the series converter.

To better achieve voltage control and decouple inductor of the
series converter, the compensation voltage reference is fed forward
to the current control loop. The current control law of the series
converter is given as

{{{
{{{
{

ui1d = (kip +
kii
s
)(i∗sd − isd) −ωLgisq + u

∗
sd

ui1q = (kip +
kii
s
)(i∗sq − isq) +ωLgisd + u∗sq

(21)

where kip, kii are the proportional and integral gains of the PI
controller.

The control strategy of the shunt converter is
illustrated in Figure 5. The DC components of the three-phase load
current, grid current and compensation current can be obtained by
Park transformation. Since the grid current has both fundamental
and harmonic components, the low-pass filter (LPF) is adopted
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FIGURE 5
Control strategy of shunt converter.

FIGURE 6
DC bus voltage control diagram of BESS.

to filter out high-frequency harmonics. The DC component in
dq-axis can be expressed as

id =
2
3
[cos δ cos(δ− 2π3 ) cos(δ+ 2π3 )]

[[[[

[

ia
ib
ic

]]]]

]

(22)

where δ is acquired by the phase-locked loop (PLL).

To realize bus voltage regulation and controller power balance,
the compensation current reference is designed as

i∗cd = iLd + io − iDC − ig (23)

where iDC represents the compensation signal generated by DC bus
voltage deviation via PI controller. When the load does not vary, the
signal iDC provides power support for the system and compensates
for power loss. i∗cq is configured as zero.

Frontiers in Energy Research 06 frontiersin.org

https://doi.org/10.3389/fenrg.2024.1472503
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Mei et al. 10.3389/fenrg.2024.1472503

TABLE 1 System parameters.

Parameter Value

Grid voltage ug 380 V

DC bus voltage reference u∗DC 800 V

DC bus capacitor CDC 2,200 μF

DC-DC converter inductor LB 2 mH

Switching frequency fs 10 kHz

PI controller of DC bus signal, kDCp,kvDCi 0.12, 0.55

PWM gains kpwm 0.002

Bandwidth gain k f 1

Observer gains α1,α2 −500, −2000

Inductor of series converter Lg 3 mH

Inductor of shunt converter L f 2 mH

Cut-off frequency, ωc π rad/s

PI controller of shunt converter, kvp,kvi 0.001, 15

PI controller of series converter, kip,kii 0.021, 2.1

Q-PR controller gains, kg,kgr 0.2, 280.8

Switching frequency of inverter fsw 20 kHz

To establish a unified control framework, the voltage control of
the shunt converter is modified by adding the load voltage reference.
The inner current control law is obtained as

{{{
{{{
{

ui2d = (kvp +
kvi
s
)(i∗cd − icd) −ωL f icq + u∗Ld

ui2q = (kvp +
kvi
s
)(i∗cq − icq) +ωL f icd + u∗Lq

(24)

where kvp, kvi are the proportional and integral gains of the PI
controller. The voltage signals (ui1d, ui1q, ui2d, ui2q) are yielded to
implement the converter control.

3.3 BESS voltage controller design

Due to the power change and constant power characteristics at
the load terminal, the current disturbance can affect the stability
of DC bus voltage, especially in the case of drastic power change.
Also, the BESS is connected with the converter, resulting in
the existence of the double-frequency component in the current
disturbance.The suppression of double-frequency ripple contributes
to improving the output power quality and anti-interference
performance of the BESS.

To suppress the fluctuation of DC bus voltage, an NDO-based
voltage control approach is proposed in this paper. The DC bus
voltage control approach of the BESS is displayed in Figure 6. The

NDO is designed to achieve disturbance feedforward compensation
and generate the disturbance estimate. The inductor current
reference irefL is produced by adding the current disturbance estimate
̂io to the deviation signal via the PI controller. The SOGI is
employed to eliminate the double-frequency ripple component of
the current signal.

According to Equation 3, the state-space equation of the BESS is
obtained as

[

[

u̇DC
̇iL
]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
ẋ

= [[

[

0 1
CDC

− 1
LB

0
]]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
A

[

[

uDC
iL
]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
x

+ [[

[

− 1
CDC
1
LB

]]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
B

[

[

uDC
iL
]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
x

[dj]⏟⏟⏟⏟⏟⏟⏟
v

+ [

[

− 1
CDC

0
]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
G

[io]⏟⏟⏟⏟⏟⏟⏟
̃d

+ [[

[

0
uB
LB

]]

]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
ϖ

(25)

where A, B, and G are coefficient matrices, v is the system input, ̃d is
the current disturbance.

To realize accurate disturbance observation, the NDO is
developed as

{{{{{{{
{{{{{{{
{

h1 = α1 (x1 − x̂1)
̇̂x1 = Ax+Bxv+Gh1
h2 = α2 (h1 −

̂ ̃d)
̇̂ ̃d = h2

(26)

where x̂1 and ̂ ̃d are estimates of x1 and ̃d, α1 and α2 are NDO
gains, h1 and h2 are auxiliary variables. The accurately estimated
current disturbance is fed to the output of the voltage control loop,
which suppresses the DC bus voltage fluctuation induced by current
disturbance.

The SOGI is employed to filter out the double-frequency
component in the current reference so that there is no double-
frequency ripple in the output of the converter (Alcala et al., 2010).
Considering the double-frequency feature of the output current, the
transfer function of the SOGI is expressed as

Gd (s) =
k fωds

s2 + k fωds+ω2
d

(27)

where k f is the bandwidth gain, ωd = 4π f rad/s.
According to Figure 6, we have

uDC (s) =
kpwmGu (s)Gd (s)Gc (s)

Cs+ kpwmGu (s)Gd (s)Gc (s)
u∗DC (s)

− 1
Cs+ kpwmGu (s)Gd (s)Gc (s)

io (s)

+
kpwmωcGd (s)Gc (s)

Cs2 +Ξs+ϒ
̂io (s) (28)

whereΞ = Cωc + kpwmGu(s)Gd(s)Gc(s),ϒ = kpwmωc Gu(s)Gd(s)Gc(s),
Gu and Gc are the gains of voltage and current PI controller, ωc is
the cut-off frequency. It reveals that the DC bus voltage Equation 28
can precisely track its reference and the NDO Equation 26 can
achieve disturbance compensation. It can be seen from Equation 28
that the proposed controller Equations 26–28 has both tracking
performance and disturbance rejection property.

Remark 1: Voltage sags and swells are among the most common
disturbances. Voltage sags and swells can result from short circuits,
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FIGURE 7
Dynamic results with nonlinear loads. (A) Grid voltage (ug) and load voltage (uL). (B) Grid voltages (uga,ugb,ugc) and grid current (iga). (C) Load voltage
(uLa,uLb,uLc). (D) DC bus voltage (uDC). (E) Compensation currents (ica, icb, icc). (F) Loads currents (iLa, iLb, iLc). (G) Grid currents (iga, igb, igc) and grid voltage
(uga).

FIGURE 8
Dynamic results with load change. (A) Grid voltage (ug) and load voltage (uL). (B) Grid voltages (uga,ugb,ugc). (C) Load voltage (uLa,uLb,uLc). (D) DC bus
voltage (uDC). (E) Compensation currents (ica, icb, icc). (F) Loads currents (iLa, iLb, iLc). (G) Grid currents (iga, igb, igc) and grid voltage (ugb).

largemotor starts, or sudden changes in load (Somayajula andCrow,
2014). Since the presence of reactive power can cause inefficiencies
in power delivery, the paper considers the ability ofUPQCwithBESS
Equations 1–3, Equation 25 to provide reactive power compensation
Equations 4–17. Also, the paper addresses disturbances caused by
abrupt changes in load demand, which can affect both voltage
stability and power quality. The proposed method can help in
smoothing out these fluctuations Equations 18–24. In sum, in
addition to current disturbances, a wide range of other disturbances

are considered, including voltage sags, swells, and issues related to
reactive power and load variations, which are mainly presented in
the simulation cases.

4 Simulation results

The effectiveness of the voltage compensation control strategy
is verified under different test conditions. The system model is
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FIGURE 9
Dynamic results under voltage sag (20%). (A) Grid voltage (ug) and load voltage (uL). (B) Grid voltages (uga,ugb,ugc) and grid current (iga). (C) Load
voltage (uLa,uLb,uLc). (D) Compensation currents (ica, icb, icc). (E) Loads currents (iLa, iLb, iLc). (F) Grid currents (iga, igb, igc) and grid voltage (uga).

FIGURE 10
Dynamic results under voltage swell (10%). (A) Grid voltage (ug) and load voltage (uL). (B) Grid voltages (uga,ugb,ugc) and grid current (iga). (C) Load
voltage (uLa,uLb,uLc). (D) Grid currents (iga, igb, igc) and grid voltage (uga).

built in the MATLAB/Simulink simulation environment. System
parameters are presented in Table 1.

4.1 System performance with nonlinear
loads

To verify the effectiveness of the proposed scheme, the nonlinear
loads are applied to the system for the simulation test. The dynamic
results of theUPQCwith nonlinear loads are depicted in Figure 7. As
shown in Figure 7A, the load voltage is 310.17 V. It can be seen that
the proposed voltage compensation strategy achieves voltage vector
compensation by the series converter. Figures 7B and G display
the dynamic results of the grid voltages and grid currents. It is
observed that the phase of the grid voltage is the same as that of the

grid current. By the current compensation of the parallel converter,
the output waveforms maintain smooth sinusoidal characteristics.
Furthermore, the NDO guarantees the stabilization of the DC bus
voltage under the condition of the current disturbance. It reveals
that the proposed method realizes the comprehensive management
of voltage quality and ensures the stability of DC bus voltage.

4.2 System performance with load change

To test the dynamic performance of the system, a simulation
case is conducted considering load change. The dynamic results
of the UPQC with load change are displayed in Figure 8. At
t = 0.5 s, the load increases from 1000 W to 1500 W (0 → 500
Var). As observed in Figure 8A, the voltage vector can still be
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compensated by the proposed control scheme under the condition
of the load change.The compensation voltage generated by the series
converter is injected into the system so that the grid voltage and
the load voltage maintain in-phase sinusoidal characteristics. The
compensation current generated by the parallel converter realizes
the synchronization of the grid voltage and grid current. When the
load increases, the load voltage can still remain constant with a
satisfactory output effect, as shown in Figure 8C. It takes 13 ms to
implement the quick response of the grid current. The results show
that the proposed controller has a fast dynamic response and can
ensure the smooth output of the grid current when the load changes
instantaneously.

4.3 System performance under voltage sag
and swell

Figures 9, 10 present the system dynamic results when the
system encounters voltage sag and voltage swell. To validate the
proposed control strategy, at t = 0.5 s, the grid voltage sag by 20% in
Figure 9 and the grid voltage swell by 10% in Figure 10. It is obvious
in Figures 9A, 10A that the amplitude-frequency characteristics of
the grid voltage and load voltage are consistent when the system is
operating normally.When the system fails, the amplitude of the grid
voltage changes, but the phase of the grid voltage is still consistent
with that of the load voltage. It can be noted that the proposed
control scheme can still guarantee the smooth and stable output
of grid voltage and current when the voltage sag or swell occurs.
The UPQC with the proposed controller achieves the power quality
improvement.

5 Conclusion

In this paper, a voltage compensation control strategy was
proposed for the distribution network to achieve comprehensive
management of power quality. To compensate for the amplitude and
phase of the load voltage, a capacity configuration compensation
scheme was proposed, which realizes the capacity configuration
among parallel converter, series converter, and BESS. An NDO
was designed to implement the current disturbance tracking and
achieve disturbance compensation by a feedforward channel. Then,
an NDO-based voltage control approach was developed for BESS to
guarantee the stabilization of the DC bus voltage and improve the
response speed of DC voltage. Simulation results demonstrated that
the proposed control strategy effectively mitigated voltage sags and
swells, significantly enhanced the dynamic response, and improved
the overall stability and reliability of the distribution network, which
highlighted the effectiveness of the integration of UPQC with BESS
in managing power quality and enhancing system responsiveness.
Future research will focus on robust cyber security measures to

protect the grid from potential cyber threats and ensure the integrity
of the control systems, combinedwith advanced control systems and
energy storage technologies.
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