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Optimization of the Size of UPQC System Based
on Data-Driven Control Design

Jian Ye, Student Member, IEEE, H. B. Gooi, Senior Member, IEEE, and Fengjiang Wu, Member,
IEEE

Abstract—The unified power quality conditioner (UPQC) has
become the most attractive solution to improve the power quality
(PQ) in the microgrids. However, the high manufacturing cost is a
huge challenge of popularizing the UPQC system. This paper
investigates the optimal size of the UPQC system based on the
compensation requirements. A generalized strategy is proposed to
optimize the size of the UPQC system, which determines the
fundamental ratings of the shunt converter, series converter, and
series transformer. A data-driven control (DDC) based controller
is developed using the variable phase angle control (PAC) method
to realize the implementation of the designed UPQC system under
the different compensating conditions. Moreover, the MATLAB
and OPAL-RT simulation results validate the practicability of the
generalized strategy and the DDC based controller.

Index Terms—Unified power quality conditioner (UPQC),
voltage sag and swell, volt-ampere (VA) optimization, phase angle
control (PAC) method, data-driven control (DDC).

I. INTRODUCTION

T IS well known that the unbalanced voltages, voltage swell

and sag are the most general utility voltage quality problems
[1], [2]. These problems will result in disruption of critical
loads, bringing about substantial financial losses, degrading the
power quality (PQ) and also lower the power factor of the
system. It is important to maintain the PQ of the supply within
the strict standards in the modern power system [3]-[6].

In 1998, Fujita and Akagi [7] proposed the Unified Power
Quality Conditioner (UPQC) system which has the capability
of improving PQ at both the source side and load side as shown
in Fig. 1. The UPQC system contains two major parts, one is
the power electronic converters where the series and shunt
converters are integrated together, and the other one is the
series transformer which handles the series injected voltage.
Since then, UPQC has become one of the most attractive solu-
tion to improve PQ in the distribution system due to its superior
performance in mitigating almost all major PQ problems [8]. In
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Fig. 1. UPQC general block diagram configuration.

recent years, researchers start to investigate the applications of
UPQC in smart grids [9]-[11]. However, UPQC is still at the
research stage, which has not been widely utilized so far. The
reason is that the UPQC system contains two sets of power
converters and a transformer. This significantly increases the
cost of producing and marketing the system. It is important to
reduce the rating of the UPQC system without any compromise
of the compensating capabilities. In this manner, it increases the
utilization of the UPQC and reduces the cost of the system,
which leads to high competitiveness of the whole system.
Recently, several different methods [12]-[19] have been used
to minimize the total VA loading of UPQC. In [12]-[19], it is
noticed that the minimization of the total VA loading under a
certain condition is realized by increasing the size of the UPQC.
In fact, the optimization of the size of the UPQC system has
seldom been studied so far. There is no generalized strategy to
optimize the rating of a UPQC system. The authors of [20]
propose an algorithm to reduce the VA ratings of both the
converters of UPQC. The minimization is based on the rela-
tionship between the VA loadings of UPQC and the displace-
ment angle [21], [22]. The optimized VA ratings of both the
converters are identified at a fixed displacement angle
(6 = 15°). By maintaining the fixed angle, both the converters
VA loadings are below their ratings at any operating condition
[20]. However, the rating of the transformer and those of the
converters will affect each other. If the rating of the transformer
is not considered during the optimization, the optimal VA rat-
ings of the UPQC system cannot be achieved. In this paper,
both the VA rating of the converter and that of the series
transformer are taken care of during the optimization process.
Furthermore, we are not limited to a fixed displacement angle
to calculate the VA ratings. The variable phase angle control
(PAC) method [21], [22] is applied in the proposed generalized
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strategy to reduce the VA rating of the UPQC system.

This paper investigates the optimal size of the whole UPQC
system based on the compensation requirements. A generalized
strategy is proposed to optimize the size of the UPQC system
which determines the fundamental VA ratings of the shunt
converter, series converter, and series transformer. The pro-
posed UPQC system is compared with the UPQC-P,
UPQC-VA,in, and UPQC in [20]. A data-driven control (DDC)
[23], [24] based controller is developed to realize the imple-
mentation of the proposed UPQC system under the different
compensating conditions. In recent years, the DDC approaches
have been implemented in different fields, such as microgrids
[25], heat exchanging process [26], fuel cell [27], and so on.
One of the attractive features of the DDC approaches is that it is
model-free control, which only requires the measured 1/O data
from the controlled system [23]. In the DDC approaches, the
plant model disappears or no longer dominates the control
process. Another feature of the DDC approaches is its high
robustness [23]. If some parameters of the model, such as the
impedances of inductors and capacitors are deviated from the
original values due to aging, the model-based control (MBC)
cannot maintain its stability. The reason is that the MBC re-
quires the precise model of the controlled system. The DDC has
stronger robustness regarding the model parameters changing
caused by aging. Based on the developed DDC controller, the
simulation study of the proposed UPQC system is also con-
ducted in this paper.

II. PROBLEM FORMULATION

A. Mathematical Modelling

The detailed phasor diagram of PAC with any arbitrary dis-
placement angle (8) is illustrated in Fig. 2 [21], [22], where Vs
is the rated source voltage and k is the source voltage ratio. k
represents the steady state, voltage sag, and voltage swell con-
ditions when k = 1, k < 1, and k > 1 respectively. The series
voltage (V;,) is injected with the proper phase angle (y) and
magnitude to maintain the resultant load voltage (V) at the
rated value and a displacement angle (&) shift. For better
demonstration, the steady state currents, i.e., load current (I;)
and shunt current (Iy,), in the conventional UPQC-P approach
are presented with dotted lines in Fig. 2.

It is noted that the resulting load current (I}) has an angle (&)
shift according to the displacement angle (&) [21], [22].
Therefore, the load power factor angle (@) and the magnitude of
the load current (I, or I}) are constant during operations. Based
on the equations derived in [21], [22], we can establish the
mathematical model of the UPQC system.

The magnitude of the series voltage is computed as follows:

V., =V N1+k>=2kcosS )
The VA loading of the series converter can be determined as

Sre:I/se'I:S:P)L'%'\ll"rkz_szOSé‘ Q)

The VA loading of the shunt converter can be expressed as

S = \APshz + Qsh2 3

_ Vicosd Vs'=kVs
g
Fig. 2. The detailed phasor diagram of PAC [21], [22].
1+ k> —2kcossS sind
S = \/Pf R0 2R S (9
Adding (2) and (4), the VA loading of UPQC is obtained as
SUPQC =S, TS (%)

The VA rating of the series transformer is calculated by
multiplying the maximum winding current by the maximum
series voltage as

1
SST = maX(Vse)'_S (6)
All the aforementioned equations (1)-(6) are functions of §
and k.

B. Objective Functions and Constraints

The main objective of this paper is to minimize the VA rat-
ings of the whole system. The basic logic is that the VA load-
ings should not exceed the VA ratings. Based on the mathe-
matical model and the basic logic, we formulate the optimiza-
tion problem as follows

min. F=(X,Y,2) (7)
subjectto S (k,0)<X (8)
S, (k,0)<Y 9)

(10)

where in the objective function (7), X, Y, and Z are the VA
ratings of the series converter, shunt converter, and series
transformer. The inequality constraints (8)-(10) can ensure that
the VA loadings are within the limit of the VA ratings. After
that, we introduce the weights in the objective functions [28]. In
this work, the weights have physical meanings which are the
unit costs of the transformer and converter. Then the physical
meaning of the objective function turns out to be the total cap-
ital cost of the UPQC system. The optimization problem is
rewritten as follows:

Vse(k,é')«k[—ssz

min

min. A F=1 x(X+Y)+4,xZ (11)
subjectto S (k. ,0)<X (12)
Sk 5) <Y (13)
Vxe(kminﬂé‘l).l_sgz (14)

‘min
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Fig. 3. VA loading curves of the series and shunt converters and VA rating
curves of the series transformer for k = 0.6 and k = 1.4.
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where in the objective function (11), 4;, and A, are the unit
costs of the converter and transformer; and ATF is the total
capital cost of the UPQC system. In (12)-(17), we only consider
the worst-case scenario (k = k;, and k4, ) to reduce the
computation burden of the problem. It is noted that the oper-
ating displacement angles are different under the two condi-
tions. The worst-case scenario consideration ensures that the
UPQC system will satisfy the worst compensating requirement.
Based on (11)-(17), a generalized strategy is proposed to serve
the purpose of minimizing the total capital cost of the UPQC
system in the next section.

I1I. DESIGN OF THE UPQC SYSTEM
A. Search Strategy

To illustrate the process of finding the optimal point, we
make the physical interpretation by considering the specific
case in [20]. The source voltage is balanced and pure sinusoi-
dal. The load is assumed to be balanced, harmonic-free, and
inductive. The supply voltage is three-phase, 400V (line
voltage), and 50 Hz. The full load power demand is 10 kW +
j10 kvar. The UPQC system is designed to have the capability
of compensating 40% voltage swell and sag. The feasible op-
erating displacement angle is in the range of [0, 7/4]rad.

The VA loading curves of the series and shunt converters
under the worst voltage sag and swell conditions (k = 0.6 and
k = 1.4) are plotted in Fig. 3 using (2) and (4). The corre-
sponding curves of the series transformer VA rating are also
plotted in Fig. 3 using (6). The VA loading curve of the series
converter and the VA rating curve of the series transformer for
k = 0.6 are the same according to (2) and (6). It is noted that
Sse» Ssn», and Sgr are smooth nonlinear functions of 6. The
optimization problem is recognized as a smooth nonlinear
programming (NLP), which can be solved by the NLP method,
such as the interior-point method [29]. We rewrite the optimi-
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Fig. 4. Paths of four different initial points moving to the optimal point after
iterations.

TABLEI
PSEUDO CODE

Given the starting point x°, t := t°, u > 1, tolerance & > 0.

Repeat (until m/t < €)

1. Centering. Starting at current x, use the Newton’s method to compute
x*(t) by minimizing £, +(1/¢)-¢-

2. Update x := x*(t).

3. Increase t := ut.

zation problem as follows:
min.

fo(x) (18)
f,(x)<0, i=1... (19)
where x contains five variables, i.e., (X, Y, Z, §;, §5). In (19),

fi(x) < 0 represents the six inequality constraints, hence,
m = 6. The logarithmic barrier function of (19) is given by

#(x)==2 1 log(=£;(x)), domg={x|f; <0}  (20)
The optimization problem can be approximated via the loga-

rithmic barrier function as
min.

subject to

Jo@)+1/0)-h(x) 2n
where the approximation improves as t = oo in (21). We pre-
define x*(t) as the solution of (21), which is unique for each
t > 0. The pseudo code is presented in Table 1.

B. Design of the UPQC

In this section, the UPQC is designed for the aforementioned
specific case using the proposed generalized strategy. Input the
load power demand (P, = 10kW and Q, = 10kvar), rated
line to line voltage (V, = 400V) of the load, voltage compen-
sating requirements (k,;;, = 0.6 and k,,,,,, = 1.4), unit cost of
the converter and transformer (4, = $1.5/VA and A; =
$0.5/VA),t° =1, u =10, and £ = 1e7 at the start of the
algorithm. All the input data can be updated according to the
practical situations in different systems. Moreover, a multi-start
strategy is utilized to verify the calculated optimal point is a
global one. We start with four different initial points (0, 4000,
4000, 0, 0), (4000, 0, 4000, 0, 0), (4000, 4000, 0, 0, 0), and
(4000, 4000, 4000, 0, 0). The interior-point algorithm provably
converges to the same optimal point (2425, 2948, 2726) as
illustrated in Fig. 4. The optimization results of X, Y, and Z are
rounded. The optimal values of §; and &, are 0.23 and 0.24,
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respectively. The optimal value of the objective function (11) is
determined as 9423. Hence, the per-phase VA ratings of the
series converter, shunt converter, and series transformer are
determined as 2,425V A, 2,948 VA, and 2,726 VA. The dis-
placement angles under 40% voltage sag and swell are
0.23 rad and 0.24 rad respectively. The per-phase minimum
capital cost of the UPQC system is $9,423. The maximum
series injected voltage is calculated as 113 V using (6).

C. Comparison Analysis

The VA rating of UPQC with the UPQC-P and UPQC-V A ,;i,
approaches can be obtained by following the procedures and
techniques in [12]-[20]. The comparison of UPQC with the
different approaches is made in Table II. It is noted that
UPQC-VA,,;, increases the total capital cost significantly
compared with that of UPQC-P. The proposed UPQC can re-
duce the total capital cost effectively by $3,123, which is al-
most 10% of the original cost ($3,123/$31,391 = 9.9%). The
UPQC in [20] cannot provide the lowest total capital cost. This
is because the authors in [20] did not consider the series
transformer VA rating in the optimization process, and its cap-
ital cost was not involved. The designed UPQC in [20] was
based on a fixed displacement angle (§ = 15°). However, the
displacement angle in the proposed generalized strategy can be
varied to obtain a lower total capital cost. To realize the im-
plementation of the designed UPQC system, the corresponding
control method is utilized.

IV. PROPOSED DATA-DRIVEN CONTROL

This paper investigates the VA loadings of the UPQC sys-
tem. The power coordination between both the converters
should be taken care of for the UPQC. Hence, the controller
should be developed from the viewpoint of the power. In this
section, the DDC is developed to realize the implementation of
the designed UPQC system. We first illustrate the relation
between the model fidelity and cost in Fig. 5(a). The detailed
modelling of the system requires a high cost, including the cost
of effort and computational time. However, the system-level

TABLE II
TOTAL CAPITAL COST COMPARISON BETWEEN UPQC-P,
UPQC-VAmn, UPQC IN [20], AND PROPOSED UPQC FOR THE SAME
COMPENSATION REQUIREMENT

UPQC Type -P -VAnin in [20] | Proposed UPQC
Sse/ph (VA) 2,223 3,577 2,490 2,425
Ssn/ph (VA) 4,007 3,334 2,907 2,948
Ssr/ph (VA) 2,237 3,584 2,815 2,726
Vee (V) 93 149 117 113
Total Capital
Cost/3-ph ($) 31,391 | 36,476 | 28,509 28,268
Change in Total
Capital Cost ($) 0 +5,085 | —2,882 -3,123

modelling requires a smaller cost. The MBC is based on the
detailed modelling, while the DDC is based on the system-level
modelling. The architecture of the DDC approaches is illus-
trated in Fig. 5(b). The I/O data is first measured from the
controlled system. Then the system control is realized by uti-
lizing the measured I/O data and system laws. In the proposed
DDC, the measured 1/O data is the source voltage vs 45, load
voltage vy 4., source current ig ., load current i; 5., and
dc-link voltage V,;.. By using the power coordination laws
described in Section II.A, the UPQC is controlled at system
level. The proposed DDC can minimize the total online VA
loading of UPQC and ensure that the VA loadings of the con-
verters are within their ratings by coordinating the power be-
tween the series and shunt converters.

A. Determination of the Instantaneous Power and Displace-
ment Angle

The determination of the instantaneous power and dis-
placement angle requires the measured source voltage vs g,
load voltage vy 41, and load current i; ;.. The signal flow
graph is presented in Fig. 6(a). The measured v g5, and i} g
are transformed from the abc frame to the aff frame. By ap-
plying Akagi’s instantaneous power (p-q) theory [30], the in-
stantaneous load active and reactive power is computed using
the aff components of the load current and voltage as follows

P=V., i (22)
(23)

Meanwhile, the magnitude of the source voltage |Vs| is ob-
tained by measuring the fundamental peak value of the meas-
ured Vs qpc. The instantaneous value of the compensating re-
quirement k is calculated by dividing |Vs| by the rated source
voltage magnitude V. Based on the computed p, ¢, and £, the
online VA loading optimization techniques will coordinate the
power between the series and shunt converters by solving a
NLP to give a corresponding displacement angle § as follows

atVigig

9=Vip'ta " Vialp

min. SUPQC (p,q,k,0) (24)
subjectto S (p,k,0) < Se 0 (25)
Sy (P,q,k,0) < Sshfo (26)

Vse (k’ 5) < VseﬁO (27)

where in (24), Sypgc is the objective function from (5). In
(25)-(27), the series injected voltage (V. ) and the operating VA
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loading of the series converter (S,,) and shunt converter (Sg)
are constrained to the rated values, i.e., Vg, o, Sse 0, and Sgp, o.
For each compensating requirement (k), the minimum VA
loading (Sypgc_min) ©f UPQC and the corresponding operating
displacement angle (&) are obtained by minimizing Sypqc. It is
noted that a low pass filter (LPF) is utilized to avoid rapid
change in the magnitude of §.

B. Source Current and dc-link Control

The control of the source current and dc-link requires the
measured source voltage Vg g5, source current ig g5, dc-link
voltage V,., and calculated load active power p. Compared
with the original p-q theory, we made a modification by gen-
erating the reference source current instead of the shunt com-
pensating current. The LPF is used to generate the fundamental
load active power p. The error between the measured and ref-
erence dc-link capacitor voltage is processed by a proportional
integral (PI) controller to generate the power loss (p,, ) asso-
ciated with the dc-link voltage supply. As the source will only
supply the dc-link capacitor related power loss and the funda-
mental active power, p + p, .- and g = 0 are used to calculate
the aff components of the reference source current. It is an
inverse process of calculating the power, given by
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Fig. 7. Schematic of the DDC for the proposed UPQC.

i;,a 1 ‘_}S,fl ‘_)S,ﬂ ﬁ + l_gloss
. |T== = | = — { } (28)
lS,/” vS,a + VS,ﬁ vS,ﬂ _VS,a q

where in (28), Vg 4p is obtained by extracting the fundamental
voltage from the aff components of the vg ;.. Then, the ref-
erence source current ig . is transformed from the af frame to
the abc frame. The error signal of the measured and reference
source current is handled by the PWM controller to generate the
switching signals. The signal flow graph is shown in Fig. 6(b).

C. Load Voltage Control

The control of the load voltage requires the measured source
voltage Vs g5, load voltage v, 45, and calculated displacement
angle 8. The block diagram is presented in Fig. 6(c). A phase
locked loop (PLL) controller is used to generate the sinwt and
coswt signals from vg 5. After that, §, sinwt, coswt, and the
rated load voltage magnitude V; are utilized to generate the
reference load voltage vj ;.. The error signal of the measured
and reference load voltage is handled by the PWM controller to
generate the switching signals.

D. Dual Control Strategy

The dual control strategy [31] is applied for the proposed
UPQC system. The schematic is illustrated in Fig. 7. In the dual
control strategy, the load voltage control signals are sent to the
shunt converter, where the shunt converter is operated as a
sinusoidal voltage source. On the other hand, the source current
and dc-link control signals are sent to the series converter,
where the series converter is operated as a sinusoidal current
source. The advantages of the dual control strategy are as fol-
lows
1)  As the objective of the UPQC system is to maintain the

desired source current and load voltage, the dual control
strategy directly utilizes the reference source current and
load voltage instead of the reference shunt compensating
current and series injected voltage. This makes it a
straightforward process from implementing the control to
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achieving the objective.
2)  The dual control strategy is able to help the applied algo-
rithms for reduction of complexity in the control scheme.

The process of the proposed DDC approach is summarized as

follows:

1) The I/O data is first measured from the controlled UPQC
system.

2) Based on the measured I/O data, the instantaneous power
(p,q) and displacement angle (d) are computed by solving
the Akagi’s p-q equations and the NLP problem stated in
Section IV.A, respectively.

3) The p and 0 are used to generate the reference source
current and load voltage, respectively.

4)  The reference source current and load voltage signals are
sent to the series and shunt converters respectively to re-
alize the control of the UPQC system.

V. MATLAB SIMULATION RESULTS

The simulation of the designed UPQC is conducted using the
MATLAB platform. The simulation results are illustrated in
Fig. 8. It is noted that the simulation of the designed UPQC is
conducted for all compensating conditions from 40% voltage
sag (k = 0.6) to 40% voltage swell (k = 1.4) under the full
load (10 kW + j10 kvar) to verify its feasibility. Each oper-
ating condition (k) relates to a corresponding displacement
angle (0) as shown in Fig. 8(a). The displacement angle (J) is
responsible for the power coordination between the series and
shunt converters, which is realized by the online VA loading
optimization techniques stated in Section IV.A. The series
transformer injected voltage (v, ) and the per-phase VA load-
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TABLE III
PARAMETERS OF THE PROPOSED UPQC IN THE REAL-TIME
SIMULATION
Si1 = 10 kW + j10 kvar
Si2 = 6 kW + j7 kvar
Si3 = 3 kW +j5 kvar
Spa = 2 kW + j3 kvar

Three-phase linear load

Series converter VA rating Sse0o = 7.3 kVA
Shunt converter VA rating Ssho =88kVA
Series transformer VA rating Ssr 0o =8.2kVA
Nominal source voltage (line voltage) Vs ape = 400V
Nominal source frequency fs=50Hz
Voltage ratio of the series transformer n=1
Series converter coupling inductance Lse = 5.0 mH
Shunt converter coupling inductance Ly, = 2.0 mH
de-link capacitor C4c = 5500 uF
de-link voltage Vae =700V
dc-link PI controller K, =0.06,K; = 0.12
Sampling frequency fo=50kHz
Switching frequency of the converters fen =10 kHz
TABLE IV
THDs OF THE SOURCE AND LOAD VOLTAGE AND CURRENT
Three-phase nonlinear load THD (%) -
vs,abc 17L,aln: ls,abc lL,abc
UPQC-P 30.0 1.3 34 30.1
Proposed UPQC 30.0 13 32 30.1

ing of the shunt converter, series converter and total UPQC
(Ssn» Sse> and Sypgc) are within their rated values as presented
in Fig 8(b) and (c).

VI. REAL-TIME SIMULATION RESULTS

In recent years, the real-time simulation is increasingly used
in the electrical systems due to the development of the com-
puter technologies [32], [33]. In a real-time simulator, the
performance of the designed system can be tested in real-time.
The real-time simulation has shown good performance in dif-
ferent areas, such as HVDC systems, FACTS, modular multi-
level converter, microgrids, electric ship, and so on [32], [33].
In the industrial and academic research work, the real-time
simulation has been playing an essential role [32]. In this paper,
the real-time simulation of the UPQC system is conducted on
the OPAL-RT platform to compare the performance of the
proposed UPQC system and the conventional one. The con-
ceptual structure of the real-time simulation and the laboratory
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OPAL-RT setup are presented in Fig. 9(a) and (b), respectively.
The parameters of the UPQC are summarized in Table III. By
solving the nonlinear optimization problem stated in Section II,
the VA ratings of the series converter, shunt converter, and
series transformer are determined in Section III. The selection
of the coupling inductors and the dc-link capacitor is the same
as the conventional UPQC, which will not affect the size of the
system. The real-time simulation results are illustrated in Figs.
10-14.

A. Real-Time Simulation Results of the UPQC-P

The compensating conditions of the source and load will be
introduced first. The source voltage (vs) has a 40% swell during
t =0.1-0.2 s. Then it stays at steady state during t = 0.2-0.3 s.
The 40% voltage sag appears at t = 0.3 s, then it continues till t

= 0.8 s. The v is also distorted during t = 0.7-0.8 s. The load
power demand is S;; during t = 0.1-0.4 s, then it switches to
S12,S13,and S;, att=0.4s,0.5 s, and 0.6 s, respectively. The
load changes to a nonlinear load (diode rectifier connected to
R-L load) during t = 0.7-0.8 s. In Fig. 10(a), The load voltage
(v;) remains at the desired level after compensation. The source
current (ig) decreases during voltage swell, increases during
voltage sag, and stays constant at steady state as presented in
Fig. 10(b). The THDs of the source and load voltage and cur-
rent are presented in Table IV. The THDs of the v 45, and
is qpc are within the IEEE 519 THD limitations after the com-
pensation by UPQC-P. The results in Fig. 11 are summarized in
Table V. It is noted that the source only supplies the active
power and will not inject any reactive power. The series
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converter will not participate in the load reactive power com-
pensation (Qg, = 0 kvar). The shunt converter supported all
the reactive power. The magnitude of the series transformer
injected voltage (|V;.|) is 0 V at steady state, 93 V at 40%
voltage swell and sag. The maximum three-phase VA loadings
of the series converter, shunt converter, and total UPQC (S,
Ssn, and Sypgc) occur at t = 0.3-0.4 s, which are 6.6 kVA, 12.0
kVA, and 18.6 kVA.

B.  Real-Time Simulation Results of the Proposed UPQC

The compensating condition for the proposed UPQC is the
same as that stated in Section VI.A. In Fig. 12(a), it is noted that
the series converter still injects voltage (vs,) during the steady
state, because the online VA loading optimization techniques
compute a displacement angle (&) and send it to the reference
load voltage (v;). In Fig. 12(b), the shunt injected current (i)
is reduced compared with that of the UPQC-P during t=0.1-0.7
s, which will result in a VA loading reduction in S as illus-
trated in Fig. 14(h). The reason is that part of the VA loading of
the shunt converter is shifted to the series converter. In Fig.
14(g), it can be observed that S, has increased during t =
0.1-0.7 s compared with that of the UPQC-P. The power coor-
dination is realized by the online VA loading optimization
techniques stated in Section IV.A. The proposed UPQC also
has the capability to deal with the distorted source voltage and

TABLE V
REAL-TIME SIMULATION RESULTS OF THE UPQC-P AND THE
PROPOSED UPQC

Time Slot 0.1- | 02- [ 03- | 04- | 05- | 0.6-
0.2s 0.3s 0.4s 0.5s 0.6s | 0.7s

P, (kW) 10.0 | 10.0 | 100 | 6.0 | 3.0 | 2.0

Qy, (kvar) 100 | 100 | 100 | 7.0 | 5.0 | 3.0

Ps (kW) 10.0 | 100 | 100 | 6.0 | 3.0 | 2.0

Qs (kvar) 00 | 00 | 00 | 00 | 00 | 0.0

Py (kW) 28 | 00 | 66 | 40 | 20 | 1.4

UPQC Qs (kvar) 00 | 00 | 00 | 00 [ 0.0 | 0.0
Py, (kW) 28 | 00 | -66 | -40 | 2.0 | -1.4

Qs (kvar) 10.0 | 100 | 100 | 7.0 | 5.0 | 3.0

Sse (KVA) 28 | 00 | 66 | 40 | 20 | 14

Son (KVA) 104 | 100 | 120 | 80 | 54 | 3.3

Sypgc (KVA) | 132 | 100 | 186 | 12.0 | 7.4 | 4.7

Ve (V) 93 0 93 93 93 93

P, (kW) 10.0 | 100 | 100 | 6.0 | 3.0 | 2.0

Qy, (kvar) 100 | 100 | 100 | 7.0 | 5.0 | 3.0

Ps (kW) 10.0 | 100 | 100 | 6.0 | 3.0 | 2.0

Qs (kvar) 00 | 00 | 00 | 00 | 00 | 0.0

P,e (kW) 31 01| 62 | 33 1.7 | 11

Proposed Qs (kvar) 1.7 12 | 38 | 36 | 1.8 | 12
UPQC P, (KW) 3.1 01 | -62 | 33 | -1.7 | -1.1
Qs (kvar) 83 | 88 | 62 | 34 | 32 | 1.8

Sse (KVA) 3.5 12 | 73 | 49 | 25 | 16

Sen (KVA) 88 | 88 | 88 | 47 | 3.6 | 2.1

Sypgc (kVA) | 123 | 100 | 161 | 9.6 | 6.1 | 3.7

Vel (V) 13 | 27 100 | 113 | 113 | 113




load current as shown in Fig. 12(a) and (b). The THDs of the
V1, abe a0d ig 45 are within the IEEE 519 THD limitations after
the compensation by the proposed UPQC as presented in Table
IVv.

In Fig. 13, the fundamental source voltage (Vs fynq) Without
sag and swell is compared with the load voltage (v;) to illus-
trate the displacement angle (6) change. At t = 0.2 s, the 6
changes from 0.24 rad to 0.12 rad. It changes to 0.23 rad at t =
0.3s. Att=0.4s, it changes from 0.23 rad to 0.37 rad.

The results in Fig. 14 are summarized in Table V. It is noted
that the active and reactive power of the load and source behave
the same as in UPQC-P. The series converter injects the reac-
tive power (Q,.) to share the load reactive power demand.
Consequently, the reactive power from the shunt converter
(Qsp) is reduced. The maximum VA loading only appears at the
full load condition. Specifically, the maximum series converter
VA loading (Ss.) occurs at 40% voltage sag (0.3-0.4 s), which
is 7.3 kVA. The shunt converter VA loading (S,;,) maintains at
8.8 kVA during t = 0.1-0.4 s. The maximum total UPQC VA
loading (Sypqc) appears at 40% voltage sag (0.3-0.4 s), which
is 16.1 kVA. The Sypqc is reduced compared with that of the
UPQC-P at the full load condition. Furthermore, under the
lower load demand conditions (t = 0.4-0.7 s), the Sypqc is still
lower than that of the UPQC-P. The VA loadings of the
proposed UPQC are within the designed V A ratings obtained in
Section II1.B. Under the full load condition, the magnitude of
the series transformer injected voltage (|V;.|) is 27 V at steady
state, 113 V at 40% voltage swell, and 100 V at 40% voltage
sag. Under the lower load demand conditions, the |V, | is 113 V
at 40% voltage sag. Obviously, the proposed UPQC system has
the minimum capital cost, which is effectively reduced com-
pared with that of the UPQC-P. Moreover, the online operating
VA loading of the proposed UPQC system is simultaneously
reduced due to the proposed DDC controller.

Finally, we would like to discuss the possibility of appling
the proposed optimization control method in the unified power
flow controller (UPFC). It is worth noting that the UPFC is
operated in a power transmission system, which is at a high
voltage level. The phase angle and magnitude of the bus voltage
are controllable. The active and reactive power transmitted
through the line can be controlled independently via controlla-
ble phase angle and bus voltage. The proposed optimization
control method can be adapted for the UPFC to control the
transmitted active and reactive power, while ensure the safe
operation of the UPFC.

VIL

A generalized strategy has been proposed to determine the
optimal ratings of the UPQC system, which leads to the min-
imum total capital cost. The DDC based controller is developed
to realize the implementation of the designed UPQC system.
The MATLAB and OPAL-RT simulation results validate the
practicability of the proposed generalized strategy and the
corresponding control method. The advantages of the proposed
generalized strategy and the corresponding controller are out-
lined as follows:

1) Both the rating of the series transformer and those of the

CONCLUSION

2)

3)

4)

(9]

[10

=

(1]

[12]

[13]

[14]

power converters are handled. The total capital cost is also
considered, which makes the optimization process more
complete and accurate.

The proposed generalized strategy can be utilized for the
different UPQC by updating the input data according to
the practical situations in different systems.

The DDC based controller can minimize the UPQC online
VA loading and ensure the safe operation of the system.
The proposed generalized strategy can be extended to the
advanced UPQC topologies for the future research stud-
ies.
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