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The unified power quality conditioner (UPQC), based on power angle control (PAC), addresses the power dis-
tribution issue and enhances equipment utilization between two active power filters (APF) of UPQC by
employing conventional linear control algorithms that have complex control structures and exhibit challenges in
adjusting controller parameters and control delays. This study proposes a UPQC predictive direct control strategy
based on power angle control (PDCS-PAC). We combine the direct control strategy with the finite control set
model predictive control (FCS-MPC) to establish the UPQC finite set model predictive direct control system
model in the dq coordinate system. This approach simplifies the controller structure and alleviates the control
algorithm’s complexity. Based on a detailed analysis of the PAC mechanism, an instantaneous power angle
determination method is proposed based on the reactive power equalization technique, and a predictive direct
control strategy given the current generation mechanism is constructed for the series and shunt sides of the
UPQC, considering the active power balance of the UPQC system and the principle of constant load fundamental
voltage amplitude. Finally, we construct a simulation platform and a laboratory prototype to validate the
feasibility and efficacy of the proposed control strategy.

1. Introduction

The ubiquity of distributed power sources and non-linear loads [1]
has increased the power systems’ susceptibility to power quality issues,
such as current distortions and voltage disturbances [2]. To address
these challenges [3], various power electronics compensation devices
have been proposed [4,5]. Among them, the unified power quality
condition (UPQC) can compensate for harmonic currents and harmonic
voltages at the network’s load side and suppress disturbances such as
voltage dips, drops, and fluctuations [6]. The UPQC combines the ad-
vantages of a series active power filter (SAPF) and parallel active power
filter (PAPF) [7], rendering it ideal for comprehensively addressing
power quality issues at the grid and customer sides [8].

Based on the UPQC control method and the electrical quantity being
regulated [9], UPQC control strategies are categorized into indirect
control [10] and direct control [11,12]. The direct control strategy
considers the fundamental components of voltage and current in the
control object, bypassing harmonic component detection. This mecha-
nism allows transformation to a fluctuation-free direct current (DC)
component in the dq coordinate system and easy attainment of static-
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free control using proportional-integral (PI) controllers. Regardless of
the chosen control strategy, the control objectives are achieved through
SAPF compensation of the voltage difference between the grid and the
load, and PAPF provision of load reactive power demand and compen-
sation of harmonic currents. Consequently, in conventional UPQC con-
trol strategies, the PAPF often operates in a high load state while
fulfilling load reactive power demand and compensating for harmonic
current, while the SAPF remains mostly idle and does not contribute to
load reactive power compensation.

Recently, researchers have proposed the phase angle coordination
(PAC) technique to optimize the power balance between SAPF and PAPF
[13,14]. PAC achieves global power coordination control of UPQC sys-
tems by integrating a certain phase angle shift between the load voltage
and grid voltage to regulate SAPF to process part of the reactive power
[15]. This approach reduces the required installation capacity and en-
hances equipment utilization [16]. Based on the UPQC reactive power
flow theory analysis, a study established a multi-intelligent dynamic
coordinated control mechanism [17], using SAPF instead of PAPF for
full reactive power compensation, while reserving PAPF for harmonic
compensation without considering power balance between the two

Received 31 March 2023; Received in revised form 14 November 2023; Accepted 8 December 2023

Available online 21 December 2023

0142-0615/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:liuzhan_cumt@163.com
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2023.109718
https://doi.org/10.1016/j.ijepes.2023.109718
https://doi.org/10.1016/j.ijepes.2023.109718
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2023.109718&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Wang et al.

converters. Subsequently, some studies have realized the reactive power
sharing function between active power filters (APFs) on both sides by
controlling SAPF voltage, allowing it to provide part of the load reactive
power demand [18]. However, this approach does not address voltage
transient change compensation and reactive power through SAPF
simultaneously. Reference [19] proposes a compensation strategy for
power coordinated distribution to maintain SAPF’s operating voltage at
its rated value to offload PAPF to the maximum extent. Nevertheless,
PAPF still provides the load’s reactive power, which strains SAPF when
the load’s reactive power demand exceeds PAPf’s capacity. To address
load current harmonics and grid voltage comprehensively [20], a
detailed analysis of the reactive power coordination control mechanism
based on the power angle control strategy is presented. This approach
mitigates active loop current between SAPF and PAPF, minimizes power
losses, optimizes SAPF’s role, and alleviates prolonged overloads and
heavy load issues of the PAPF. However, this technique relies on a dual
closed-loop control system, which introduces multiple linear controllers,
leading to challenges in parameter rectifications and increasing algo-
rithm complexity and system delays.

Therefore, it is crucial to enhance the UPQC control strategy’s
compensation performance, eliminate complex parameter rectification
links, and achieve power balance on both converter sides. Fractional-
order control strategy with model predictive control (FCS-MPC) offers
an appealing solution due to its intuitive and easy-to-understand
modeling, absence of PID controllers and PWM modulators, and sim-
ple control structure [21]. This approach has the potential to further
enhance the UPQC control system [22].

Recent applications of FCS-MPC in power quality control have pri-
marily focused on active power filters, centering on algorithm refine-
ment to reduce prediction computations [23], expanding the range of
selectable vectors through virtual vector synthesis to improve system
control performance [24], designing systems for specialized applications
[25], and investigating different topologies [26]. However, research on
UPQC control strategies employing FCS-MPC remains relatively scarce
and is primarily at the stage of program feasibility verification [27,31].
Compared to conventional PI closed-loop control systems, the UPQC
power quality disturbance compensation strategy based on FCS-MPC
minimizes the tedium of parameter tuning and eliminates linear con-
trollers and modulation techniques. However, due to the indirect control
principles, the power quality compensation effect is influenced by the
harmonic detection link [28,29]. To address this concern, a direct pre-
diction compensation strategy based on FCS-MPC has been proposed
[30]. This approach simplifies the UPQC controller structure and en-
hances system control performance by constructing a prediction model
within the coordinate system. However, this method relies on vector
operations and does not address the power balancing problem of SAPF
and PAPF.

To address the challenges in existing approaches, this study proposes
a UPQC predictive direct control strategy based on Power Angle Control
(PDCS-PAC) as follows.

1) A UPQC predictive direct control strategy based on PAC in the dgq
coordinate system is implemented, simplifying the controller
structure.

2) The instantaneous power angle values of the PDCS-PAC are deter-
mined using the reactive power averaging method.

3) Following an analysis of the PAC control mechanism, a predictive
direct control approach for the given current generation for SAPF
and PAPF is established. This approach considers the active power
balance within the UPQC system and maintains the constant ampli-
tude principle of the load fundamental voltage.

The remaining paper is organized as follows. Section 2 presents the
system modeling of PDCS-PAC-based UPQC. Section 3 elaborates on the
given current generation mechanism of PDCS-PAC-based UPQC. Section
4 provides the simulation and experimental analyses of the proposed
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strategy. Finally, Section 5 outlines the contributions of this study.
2. System modelling of UPQC based on PDCS-PAC
2.1. Brief analysis of the PAC method

The UPQC topology for a two-level, three-phase, three-wire system is
illustrated in Fig. 1. The figure depicts the supply voltage (usq, Usp, and
ug.), the load voltage (upq, ugp, and ug), the SAPF output voltage (iq1, Upi,
and u.;), the PAPF output voltage (ug2, up2, and up), the series trans-
former grid compensation voltage (uq, U, and uc), the series trans-
former secondary side current (icq1, ip1, and ic1), the SAPF output
current (ig1, ip1, and i.1), the PAPF output current (i, ip2, and is),.the
PAPF load compensation current (icqo, ich2, and i.c2), the supply current
(isq, ish, and isc), and the load current (irg, irp, and irc). In the figure, C; and
L, denote SAPF’s filter capacitor and filter inductor, respectively; C and
Ly signify PAPF’s filter capacitor and filter inductor, respectively; C
represents the UPQC DC side energy storage capacitor; and up¢ is the
voltage across C.

The PAC control’s schematic diagram is depicted in Fig. 2. The figure
shows the supply voltage and current (Us and I;), the load voltage and
current (Ug, and I1), the load voltage and current by the PAC (Up and I),
the compensation currents of the PAPF without and with the PAC (Is,
and Iy), the supply voltage and current during voltage fluctuations (U,
and Iy, and the compensation voltage of the SAPF (Us). In addition, &
denotes the power angle control between U and Uy; @5, and gg, signify
the angles between Uy, and U; and between I, and Uy, respectively; ¢
represents the power factor angle; U and I are the root mean square
values of the desired load voltage and load current, respectively.

Without PAC, the PAPF fulfills the load’s reactive power demand by
injecting the compensation current Ig,. In this case, the PAPF supplies all
the reactive power required by the load. In contrast, the PAC control
strategy involves the SAPF injecting voltage through the series trans-
former, causing a shift in the load voltage from U; to Uy and a certain
portion of reactive power to route through the SAPF. Therefore, the
SAPF contributes to the load’s reactive power. Concurrently, the load
current I shifts to I, necessitating the PAPF to inject compensation
current Iy, to ensure that no additional active power is provided on the
supply side. The indirect UPQC control achieves the desired displace-
ment between the network-side voltage and the load voltage by intro-
ducing a precisely angled fundamental frequency voltage to both ends of
the coupling transformer [17]. In contrast, the UPQC control strategy
based on direct control allows PAPF’s direct control of the load voltage
[19]. To optimize SAPF utilization and alleviate prolonged heavy PAPF
operation, the PDCS-PAC modifies the coordinate transformation angle
in the PAPF prediction model and the given current generation mech-
anism to control the phase angle difference 5§ between the load voltage
and the grid voltage.

2.2. SAPF modeling based on PDCS-PAC
The mathematical model for SAPF in the dq coordinate system is
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Fig. 1. Topology structure of UPQC.
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A |

Fig. 2. PAC control’s schematic diagram.

expressed as

o[ ol -
dt | ig —o 0]|in Ly | g — Ueg

where ig; and ig1, ucq and ucg, and ug; and ug; denote the d- and g-axes
components of the SAPF output currents ig, ip;, and ic, the series
transformer grid compensation voltages u.q, Ucp, and u.., and the SAPF
output voltages ug;, up;, and u. following the M; transformation,

respectively; L, represents the filter inductance of the SAPF; and w sig-
nifies the grid angular frequency.

2 2
cosf;  cos(0; — —ﬂ) cos(6; + —ﬂ)
2 3 3
M, = 3 (2)
. . 2 . 2
—sinf, —sin(6;, — T) —sin(0; + T)
where 6; = wt.
A discretization of (1) yields the following SAPF prediction model.

6]l PR 2] e

L

where T denotes the discretization period.

This study uses a control delay compensation method to compensate
for the delay effect generated by the digital signal controller [32].
Combining (3) with the SAPF optimal voltage vectors uyq; and uq; at
moment k, the control delay compensation current ixg (k + 1) and ixq1(k
+ 1) at moment k + 1 are derived as:

et R e e

Using the eight voltage fundamental vectors generated by the
switching state [30], with the SAPF prediction model, the predicted
current values ifq1(k + 2) and icg (k + 2) at moment k + 2 are computed
as follows:

5 Updl — Mz‘d(k)
olmig] @

n
qul

(k+2) “Tyw 1 | ligge+ 1) ] " Ly Lugg (k+ 1) — g (k+ 1)
6

i, (k+ 2)} :{ 1 T.\w} [ikdl(k+ 1)} L {udl(k+ 1) —uea(k+ 1)}

(7

wheren=1 ~ 8.
Since the UPQC requires time to execute the FCS-MPC algorithm,
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hindering the timely and precise compensation of the harmonic com-
ponents, addressing the time delay issue associated with the FCS-MPC is
imperative. This study employs two Lagrangian second-order extrapo-
lations to compensate for the time delay for the given current:

iy (k+2) isq1 (k) i (k—1) i (k—2)
: =6 -8 + ®)
|:lng(k +2) i (k) i:ql(k -1) i1 (k—2)

where i*sq1(k-2), i*5q1(k-2), *sq1(k-1), *sq1(k-1), *sm(k), *sq1(K),
&4k + 2), and #4(k + 2) denotes the given currents at k-2, k-1, k, and k
+ 2, respectively.

The SAPF current prediction at moment k + 2 is evaluated by
substituting #cq, #cq, icq1 and i¢g; into the cost function g';:

scq

g = Btk 2=yt )+ (2,6+ -2+ 2) @)

The switching state N; that minimizes the switching state g"; of the
SAPF output at moment k + 2 is determined as:

N; = argming/ (k +2) 8)

2.3. PAPF modeling based on PDCS-PAC

The mathematical model for PAPF in the dq coordinate system is

dlip 0 o || in L T ugy — upa

dt qu —w 0] |ip + L, | up —uy ©)
where ig2 and igo, urq and uyg, and ugo and ug denote the d- and g-axes

components of the PAPF output currents igy, iy, and i, the load voltages

Uy q, Urp, and uy., the PAPF output voltages ug2, Up2, and ugo following the

M, transformation, respectively; Ly signifies the filter inductor of the
PAPF.

2 2
) cos,  cos(f, — ?ﬂ) cos(6, + ?ﬂ)
M=% (10)

2 2
—sinf, —sin(6; — —ﬂ) —sin(6, + —ﬂ)
3 3
where 6, = 01 + 4.
A discretization of (9) yields the PAPF prediction model.

e D) [ @] Rl e®] an

Combining (11) with the PAPF optimal voltage vectors uyg2 and tog2
at moment k, the control delay compensation current ixq2(k + 1) and
ixg2(k + 1) at moment k + 1 are obtained as follows:

et R R | i o Pt

Utilizing the eight voltage fundamental vectors generated by the
switching state and integrating them with the PAPF prediction model,
the predicted currents iZ42(k + 2) and iggo(k + 2) at moment k + 2 are
derived as follows:

rok+2) | =T 1 [ ligpk+ 1) Ly Lug(k+ 1) —ug (k+ 1)
(13)

[iﬁ,z(k+ 2)} B { 1 Tsw} {ik,,z(k—i- 1)} . T, {udz(k—i- D —upg(k+ 1)

Delayed compensation for a given current is addressed using two
Lagrangian second-order extrapolations:

|:iibd(k + 2):| |:il*,d2 (k):l |:izdz(k -1 i (k—2)
» =6| —8 + (14)
) i1 (k) ipk=1) | i (k-2)

i*1d2(k-2),1%1g2(k-2),1%L42(k-1),1* 1 g2(k-1),1* 142 (k),i* 1 g2(k),
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iPpalk + 2), and iﬁbq(k + 2) represent the given currents corresponding to
k-2, k-1, k, and k + 2, respectively.

By substituting #pq, pq, icao and i¢go into the cost function g", we can
derive the PAPF current prediction at moment k + 2 as follows:

2
& = (Bl + 2) = ik + 2)" + (k4 2~ okt 2))° (A5)

The switching state N», which minimizes the switching state g", of
the PAPF output at moment k + 2 is obtained as:

N, = argming} (k + 2) (16)

3. The current generation mechanism of UPQC based on PDCS-
PAC

3.1. Instantaneous power angle 5 determination of UPQC based on PDCS-
PAC

Following an in-depth analysis of power flow and the derived cor-
relation equations for the converters on both sides of the UPQC
controlled by PAC [15], Reference [33] provides the expression for the
fundamental reactive power Qsaprr of SAPF under all working
conditions:

ul .
QSAPFf = TSIH(sCOSgD (17)

where f denotes the ratio of the disturbed supply voltage Uy root
mean square to the normal voltage Us (f = U /U).

Ideally, the active power supplied by the grid Pssand required by the
load Py are identical. Therefore, the power angle 6 can be expressed as:

1 [fOsaper | . i [fOsaper]| . i [fOsaprr
}78111 [ Py }7sm [ Py }

18)

Based on the reactive power equalization method [20], the SAPF and
PAPF are designed to ensure equal load reactive power sharing, i.e.
Qsaprs = Qpaprf = 0.5Qys. The instantaneous power angle 6 is determined
by combining (18).

§ = sin™! {fQLf} (19)

To ascertain the instantaneous fundamental components Prs and Qi
of the active and reactive power of the load, the load’s three-phase
voltage and current are transformed into the dq coordinate system
following the principle of constant power transformation.

3
[uLdp ”Lq/)}T = \/%Ml [uLa Uy Upe ]T (20)
T <
[lLdp qup] = §M1[1Lu Iy lLL] (21)

where uygp, Urgp, irdp, and irgp denote the d- and g-axes components of
the load voltage and current, respectively, following the constant power
transformation.

The instantaneous fundamental components uy gy, Urqpf; izdps and ipgps
of the load voltage and current are extracted using a low-pass filter
(LPF). P s and Qi are attained by substituting the following equations.

{P Lf} - [ ULdpf qup/} {iLdpf} (22)

Oy —Urgpr  Uidpr | | ILgpr

The block diagram of the instantaneous power angle § determination
based on PDCS-PAC is illustrated in Fig. 3.
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Fig. 3. Instantaneous § determination.

3.2. Given the current’s generation mechanism of SAPF based on PDCS-
PAC

Utilizing the principle of active power balancing on the network and
load sides [12], the d-axis feeder current i*s4; of the SAPF combines the
Pl-regulated current ip¢ of the DC bus voltage and the current command
feedforward iy The g-axis feedthrough current i*s; is set to zero to
ensure no reactive power input on the network side. In the PDCS-PAC-
based UPQC, SAPF functions as a sinusoidal current source synchro-
nized with the supply voltage to alleviate current quality issues and
maintain a stable DC bus voltage while emitting some reactive power to
relieve the reactive power burden on PAPF (Fig. 4).

In the dq coordinate system, the d- and g-axes given currents i*sg;and
i*sq1 of SAPF are computed as follows:

|:i:dl _ {l}d + ibc} 23)
it 0

where ipc signifies the disparity between the DC bus reference
voltage u*pc and the actual voltage upc regulated by the PI controller.
ipc serves to compensate for system losses caused by filters and con-
verters, balance the system power of UPQC, and stabilize the DC bus
voltage.

The instantaneous fundamental components s, Usq, Urdss ULgp iLdf
and iz of the load currents (izq, irp, and ir), grid voltages (usq, usp, and
us) and load voltages (upq, urp, and ug.) are M; transformed, extracted
using a LPF, and substituted into the following equation.

i = iy & Uity 24)
\ /ufdf + uqu
3.3. Given the current’s generation mechanism of PDCS-PAC-based PAPF

The PIregulator minimizes load voltage fluctuations and maintains a
sinusoidal load voltage with constant amplitude, following the constant
amplitude principle of the compensated load voltage. This load voltage
determines the given currents of the PAPF i*14, and i*14, the desired
voltage, and the PAPF compensation current. The PDCS-PAC-based
PAPF (Fig. 5) functions as a sinusoidal voltage source controlled in
phase with the network side voltage to alleviate voltage quality issues. In
the dq coordinate system, the d- and g-axes desired voltages u*;q4 and
u*pq are set to 220v2Vand 0V, respectively, to deliver the load voltage
and suppress voltage harmonics, ensuring sinusoidal load voltage.

In the dq coordinate system, the d- and g-axes, given currents i*14y
and i* 4> of PAPF, are determined as follows:

u
191 = ot DC
U pU gl dq u.s'd/ \UW/»
> > . .
Uy sl b [ttty Urliar T Uiy

g e \/u2 +u’
[FS AN Fl: sd s
La® Lb > Lc abe ZLd/“ZLq/‘ sa 5q

Fig. 4. The current generation mechanism of PDCS-PAC-based SAPF.
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irn i +ica Urg
e = o . +
g2 legp T leq2 Uig
where i*.4; and i*.4> denote the PI-regulator-adjusted output values
obtained by subtracting the desired voltage from the actual load voltage;

icg2 and icgo represent the d- and g-axes components of PAPF’s load
compensation currents (icq, ich2, and i.c2) after the My transformation.

0 —O)Cz
C()Cz 0

(25)

4. Simulation analysis

To assess the efficacy of the proposed PDCS-PAC control (Fig. 6), we
employ MATLAB/Simulink for simulation and analysis. The circuit pa-
rameters of UPQC are listed in Table 1.

The simulation analysis encompasses the three-phase grid currents,
the three-phase load voltages, the grid voltage and current phases, the
DC bus voltage, and the reactive power under various working condi-
tions. These conditions include a 15% voltage transient rise in the grid
voltage at 0.1 s, a 15% voltage transient drop at 0.2 s, a voltage har-
monic of about 12% at 0.3 s, and a sudden load change at 0.4 s.

4.1. Linear algorithms and predictive direct control strategy compensate
for effects without PAC

In Fig. 7, the linear algorithm and the predictive direct control
strategy maintain the grid current sinusoidally. The linear algorithm
exhibits a slower response near the power quality disturbance point due
to coupling compensation issues. In contrast, the proposed UPQC pre-
dictive direct control strategy demonstrates a rapid stabilization of the
compensated grid current near the disturbance point, ensuring grid
current stability and a stronger compensation effect.

Grid voltage disturbance compensation (Fig. 8) depicts that the
linear algorithm and the predictive direct control strategy can maintain
the load voltage stable and sinusoidal characteristics, regardless of
transient grid voltage variations, harmonics, or sudden load changes.
The predictive direct control excels in compensation, exhibiting a su-
perior control effect on load voltage during system disturbances
compared to the linear algorithm.

Fig. 9 illustrates that the predictive direct control ensures that the

Series transformers i .
u s
V] W Load
uS v L

. . Gir'd id '
oo Uy gl L Vo
¢ PAPF given current

SAPF given current
generation mechanism generation mechanism
Eq.(25)

Eq.(23).24)

- - L "
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Given deljcxy i§ Valu.e func.tion Value function | [b Given delay
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Control delay Model Model Control delay
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IIT T“c izT TML

Fig. 6. Block diagram of PDCS-PAC-based UPQC system.
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Table 1
UPQC circuit parameters.

Simulation parameters

Numerical values

Grid voltage/frequency

Series transformer ratios

Inductors and capacitors of SAPF
Inductors and capacitors of PAPF
Voltage and capacitance of DC bus
FCS-MPC control period

220 V/50 Hz

1:1

L; =50 mH, C; = 0.2 pF
L; = 4 mH, C; = 300 uF
upc = 800 V, C = 5500 pF
Ts =70 ps

ol

Ungompensated Grid Current

-30

30

(oo
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Predictive Direct Control

0.3
Times(s)
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Fig. 7. Grid current of the two control algorithms under different work-

ing conditions.

+ Predictive Direct Control

0.3
Times(s)

0.4 0.5 0.6

Fig. 8. Load voltage of two the control algorithms under different work-

ing conditions.
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oltage and Current Phase
Before Compensation

L

T

T,
\

e
U, After Compensation

Fig. 9. Grid voltage and current phase.

power factor of the grid remains 1. Comparing the grid voltage and
current phase before and after compensation indicates that the current
waveform follows a sinusoidal pattern, aligning with the voltage
waveform. This observation highlights the predictive direct control’s
effective harmonic current compensation characteristics.

The impact of the predictive direct control strategy on the DC bus
voltage control is depicted in Fig. 10. Although the DC bus voltage
fluctuates slightly during abrupt changes in operating conditions, it
quickly regains stability using the proposed control strategy.

The reactive power waveform of the UPQC predictive direct control
strategy without PAC (Fig. 11) indicates that PAPF supplies the reactive
power required by the load under different operating conditions. Grid
and SAPF emit minimal reactive power.

4.2. PDCS-PAC compensation effect

Simulation results of the PDCS-PAC compensation effect under
various operating conditions are presented in Fig. 12 (a)-(d). The figures
indicate that the PDCS-PAC strategy effectively maintains the stability of
grid current, load voltage, and DC bus voltage, provides a robust
compensation control effect when system disturbances occur, and en-
sures a grid-side power factor of 1. The proposed control strategy
prompts the SAPF to contribute a portion of the reactive power required
by the load under different operating conditions (Fig. 12 (e)). This
enhancement enhances SAPF utilization and alleviates the reactive
power burden on the PAPF.

Statistical data on the total harmonic distortion (THD) of the voltage

800 \/-/H/——’\-\M———
a 780
X760
740
720
700
0 0.1 0.2 0.3 0.4 0.5 0.6

Times(s)

Fig. 10. DC bus voltage waveform.
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Fig. 12. UPQC compensation effect with PAC on the (a) grid current, (b) load
voltage, (c) grid voltage and current phase, (d) DC bus voltage, and (e) reactive
power waveforms.

and current for the three algorithms under various operating conditions
is illustrated in Fig. 13. PDCS-PAC exhibits the lowest voltage and cur-
rent harmonic components. Irrespective of system conditions, including
temporary voltage fluctuations, harmonics, or sudden load changes, the
proposed control strategy maintains the THD of voltage and current
below 5%, satisfying the grid entry standard.

We compare the proposed strategy with existing literature based on
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Fig. 13. Semi-physical experimental platform to compare (a) voltage THD and
(b) current THD.

the FCS-MPC predictive indirect control algorithm without PAC and the
non-linear sliding mode algorithm under identical parameter conditions
[28,34]. The comparative analysis is presented in Table 2. verifying the
superiority of the proposed algorithm.

5. Physical analysis

To validate the accuracy of the simulation outcomes, we construct an
experimental platform (Fig. 14) to corroborate the proposed PAC-based
UPQC predictive direct control strategy. For the hardware-in-the-loop
semi-physical verification, we employ the HDSP-DF28335P real
controller to generate pulses. The primary circuit model was built on a
Typhoon HIL402 system. The system voltage and current harmonic
distortion rate were analyzed using a HIOKI power quality analyzer
PQ3198. The relevant parameters of the main circuit are detailed in
Table 1.

Table 2
THD comparison of other control algorithms.
THD/ Type of working Non-linear Prediction indirect ~ PDCS-
% operation sliding mode control PAC
Voltage  Voltage swell 2.45 2.09 0.58
Voltage sag 2.38 1.94 0.55
Current  Before load 2.42 2.17 0.63
change
After load change 2.84 2.38 0.51
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Fig. 14. Semi-physical experimental platform.

5.1. Performance of the PDCS-PAC under normal voltage conditions

The experimental findings when the three-phase grid input voltage is
normal (220v/2 V) are illustrated in Fig. 15. The PDCS-PAC effectively
controls the grid-side power factor to 1 (Fig. 15(a)). The strategy
maintains the load voltage at the set reference value 220+/2 V and
controls the phase deviation of the load and grid voltages (Fig. 15(b)).
The SAPF and PAPF do not engage in active power compensation, and
the load’s active power is solely supplied by the grid (Fig. 15(c)). The
load’s reactive power is equally distributed between the two inverters in
the PAC-based UPQC system, with no reactive power sourced from the
grid (Fig. 15(d)). The harmonic distortion rates of the grid currents
before and after compensation are presented in Fig. 15(e) and (f). Due to
the impact of the non-linear load, the grid experiences substantial har-
monic distortion. Following compensation by the PDCS-PAC, the THD of
the grid current declines from 23.59% to 2.34%, ensuring the stability of
the grid current.

5.2. Performance of the PDCS-PAC under harmonic voltage condition

Experimental results under harmonics (14%) in the three-phase grid
input voltage are exhibited in Fig. 16. The PDCS-PAC effectively main-
tains the grid power factor to 1 under harmonic voltage conditions and
retains the sinusoidal waveform of load voltage with constant ampli-
tude, maintaining a stable voltage on the user side. The SAPF and PAPF
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Fig. 15. Normal voltage condition. (a) Grid voltage and current phase; (b) grid
voltage and load voltage phase; (c) active power; (d) reactive power, (e)
compensates the front grid current, and (f) grid current after compensation.
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supply the load reactive power and the load’s fully active power is
provided by the grid (Fig. 16(c) and (d)). Following PDCS-PAC’s
compensation, the THDs of the grid current and load voltage are reduced
to 2.49% and 2.43%, respectively, maintaining system stability (Fig. 16
(e) and ().

5.3. Performance of the PDCS-PAC under dual operating conditions of
voltage harmonics and swell

Experimental outcomes of the three-phase grid with voltage swell
(10%) and the presence of harmonics (14%) are illustrated in Fig. 17.
Although the swell and harmonics increase and distort the grid voltage,
the load voltage maintains constant sinusoidal wave amplitude under
PDCS-PAC (Fig. 17(b)). The proposed strategy (Fig. 17(a)) exhibits no
impact of the supply voltage fluctuation on the power factor on the
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Fig. 17. Harmonic and swell dual condition. (a) Grid voltage and current
phase, (b) grid voltage and load voltage phase, (c) active power, (d) reactive
power, (e) grid current after compensation, and (f) load voltage after
compensation.
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network side. In addition, an active flow between SAPF and PAPF exists
under voltage fluctuations, and the grid supplies the load active power
(Fig. 17(c)). Both inverters supply the load reactive power and the grid
does not supply reactive power (Fig. 17(d)). Following the compensa-
tion of PDCS-PAC, the THD of grid current and load voltage are 2.55%
and 2.63%, respectively, enhancing the system’s power quality issue
(Fig. 17(e) and (f)).

5.4. Performance of the PDCS-PAC under dual operating conditions of
voltage harmonics and sag

Experimental results during a voltage drop (10%) in the three-phase
grid and a harmonic voltage (14%) are illustrated in Fig. 18. Although
quality issues exist with the supply-side voltage due to sag and har-
monics (Fig. 18(a) and (b)), the grid current and load voltage maintain a
constant sinusoidal wave amplitude under the control of the PDCS-PAC-
based UPQC strategy, and the system power factor is always 1. During
voltage fluctuations, an active power exchange occurs between the two
PAC-based UPQC inverters, and simultaneous reactive power is supplied
to the load, without the grid contributing to the load’s reactive power
compensation (Fig. 18(c) and (d)). Following the compensation by
PDCS-PAC, the THD of grid current and load voltage are 2.43% and
2.71%, respectively, enhancing the system’s power quality issue (Fig. 18

(e) and ().

5.5. Performance of the PDCS-PAC under changing load conditions

Experimental results of the load variation condition are illustrated in
Fig. 19, where the UPQC connected non-linear load changes from R =
20 Qand L =50 mH to R =40 Q and L = 10 mH. The current input to the
grid varies with load variation (Fig. 19(a) and (b)). In addition, the
proposed PDCS-PAC strategy can maintain the stable amplitude of the
sinusoidal load voltage (Fig. 19(c)-(f)). It also exhibits the input current
on the grid side as a sinusoidal wave controls the grid voltage and cur-
rent in the same phase, and retains the system power factor as 1. The
PAPF and SAPF supply the reactive power required by the load, relieving
the reactive power burden on PAPF and enhancing SAPF utilization.

This study computes the harmonic distortion rate THD for various
operating conditions before and after compensation of the UPQC system,
as detailed in Table 3.
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Fig. 18. Harmonic and sag dual conditions. (a) Grid voltage and current phase,
(b) grid voltage and load voltage phase, (c) active power, (d) reactive power, (e)
grid current after compensation, and (f) load voltage after compensation.



G. Wang et al.
0| wAuBaC
To ™ AUWARFARS AW A
it Xt/ /
- A s \\/ v ‘\—’/
=0 amgdiv| 0 4ms/div
() (b)
U
1 U 300 /sr Fa\ fal
3 / I / L\ l” | [\
& I S / \ { '\‘ { !
% 0 \n.// \//’*\\W#/-H\ 50 \ / § 1 i
) |/ \ \
: 300\ \V \/
1 4ms/div 4ms/div
() (@
14 4
12 <§ 5 e
8 L ~ 2 ~ Ogipr
E 4 / 0y PAPF § . \ H
20 = R %Y S—
P N g fsomssciapesbins
-8 SAPF ) \QS
:}i dms/div | 4 4ms/div
(e) )

Fig. 19. Changing load conditions. Grid current (a) before and (b) after load
change. (c) Grid voltage and current phase. (d) Grid voltage and load voltage
phase. (e) Active power. (f) Reactive power.

Table 3
THD before and after system compensation.

Voltage condition Before compensation THD/  After compensation THD/%

types %

Load Grid Load Grid

voltage current voltage current
Harmonics + Rise 13.67 23.53 2.63 2.55
Harmonics + Sag 14.16 23.52 2.71 2.43
Harmonics 14.00 23.42 2.43 2.49
Normal 0.10 23.59 2.54 2.34
Load change 0.10 25.01 2.67 4.24

6. Conclusion

This study proposes a prediction direct control strategy for PAC-
based UPQC. The strategy simplifies the controller structure, alleviates
the control algorithm’s complexity, and optimizes the power distribu-
tion of the UPQC series and parallel converters using the equal sharing
principle of reactive power. Real-time simulation and experimental re-
sults validate the efficacy and feasibility of the strategy. In addition,
comparative analysis with the linear algorithm and the predictive direct
control strategy without PAC indicates that the proposed strategy re-
lieves the reactive power burden on the PAPF, enhances SAPF utiliza-
tion, and demonstrates good voltage-current harmonic management
performance.
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