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Impact of Unified Power-Quality Conditioner
Allocation on Line Loading, Losses, and Voltage

Stability of Radial Distribution Systems
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Abstract—This paper presents an investigative study on the
impact of unified power-quality conditioner (UPQC) allocation on
radial distribution systems. A design approach for UPQC, called
sag-based design for phase-angle control for UPQC (UPQC-SPAC)
is proposed. The phase-angle shifting of the load voltage required
to mitigate a given value of voltage sag is determined and the same
is used during a healthy operating condition in order to provide
the reactive power compensation of a distribution network. To
study the impact of the UPQC-SPAC allocation on distribution
systems, it is placed at each node, except the substation node, one
at a time. The load-flow algorithm for radial distribution systems
is suitably modified to incorporate the UPQC-SPAC model. The
simulation results show that a significant amount of power-loss re-
duction, under voltage mitigation, and the enhancement of voltage
stability margin can be obtained with an appropriate placement
of the UPQC-SPAC in a distribution network. The performance
comparison of the UPQC-SPAC with one previously reported
design approach shows that it is more efficient in undervoltage
mitigation. An appropriate allocation of the UPQC-SPAC is also
found to be beneficial for the networks with distributed-generation
units.

Index Terms—Power distribution planning, power loss, unified
power-quality conditioner (UPQC), voltage stability.

NOMENCLTURE
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Angle between the source and load-end
voltage.

THD of shunt compensating (load)
current.

Active (reactive) power demand of the
load.

I. INTRODUCTION

W ITH THE advent of advanced power-electronics tech-
nologies, extensive research is going on around the

globe to improve power quality (PQ). The flexible ac transmis-
sion systems (FACTS) are the outcomes of this research. These
days, similar types of technologies are used in PQ improvement
in distribution systems. The unified PQ conditioner (UPQC)
is one of these types of advanced power-electronics devices.
A UPQC is similar in construction to the unified power-flow
controller (UPFC), one of the versatile flexible ac transmission
systems (FACTS) devices used in transmission systems. The
UPFC and UPQC provide simultaneous shunt and series com-
pensations with a series and a shunt inverter, respectively. A
UPFC works in transmission systems which are supposed to
be balanced and relatively distortion free. However, a UPQC
is made to operate in distribution systems which are relatively
unbalanced and with higher harmonic contents due to the
increasing trend of power-electronic interfaces. There is a con-
siderably large volume of literature on UPQC and a state-of-art
review can be obtained in [1].
With the two inverters, a UPQC can protect a customer/load

from sag, swell in supply voltage, and it can also reduce the
harmonic pollution created by the load. The shunt inverter
injects a shunt compensating current to the load in order to
provide load reactive compensation and to compensate the
harmonic distortion created by the load. The series inverter is
used to mitigate voltage-related problems, for example, sag
and swell in supply voltage, etc. Basically, it injects a series
voltage to the load. These two inverters are connected back to
back with a dc link and this becomes the most common form
of UPQC structure after its practical implementation reported
in [2]. There are various UPQC models reported, and they
are categorically presented in [1], such as UPQC-P, UPQC-Q,
UPQC-S, UPQC-VA , etc. In UPQC-P, the series inverter
handles only active power by injecting an in-phase voltage
to the load in order to mitigate the voltage sag problem. In
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UPQC-Q, the series inverter mitigates voltage sag/swell by
providing reactive power which is done by injecting a voltage
in quadrature with source voltage. A comparative performance
assessment of these two UPQC models is given in [3]. The
series inverter in UPQC-S can simultaneously inject real and
reactive power [4]. In UPQC-VA , a model based on the
minimization of the VA rating of the UPQC is provided. This
model is reported in [5], where the optimum phase angle of the
injected voltage of the series inverter is determined.
There are a few different directions of research on UPQC

and they are: 1) development of different series compensation
schemes, for example UPQC-P, UPQC-Q, UPQC-S, etc.; 2) the
development of different UPQC topologies/structures, for ex-
ample, three-phase four-wire structure [6], interline UPQC [7]
where the two inverters are placed in different feeders of a net-
work, UPQC without a common dc link or OPEN UPQC [8]
etc.; 3) development of a control strategy for UPQC, for ex-
ample, phase-angle control [9], simultaneous voltage and cur-
rent compensation scheme [10], particle swarm optimization-
based feedback controller [11], etc.; and 4) minimization of the
cost/VA rating of the UPQC [12], etc. Recently, an investigation
on the combined operation with distributed-generation (DG)
units is reported in [13] and [14]. In almost all works, UPQC
is designed to protect a single load, which seems to be the most
sensitive load that requires uninterrupted and a regulated power
supply. Process industries with variable speed drives, critical
service providers such as medical centers, airports, and broad-
casting centers are examples of sensitive load. However, the im-
pact of UPQC placement at a particular node of a network on
the remaining nodes is not investigated except in [15], where the
impact of UPQC allocation on undervoltage mitigation of dis-
tribution networks is studied. But the work is limited to a fixed
shunt compensation for UPQC, and the impact of UPQC allo-
cation on power-loss reduction as well as improvements in line
loadability and voltage stability are not studied. The fixed shunt
compensation irrespective of the load demand and the location
of UPQC in a network is not a realistic approach.
The theme of this paper is to study the impact of a UPQC

allocation on overall distribution systems. The strategy used in
phase-angle control for UPQC (UPQC-PAC) [9] is followed in
the series inverter design. In the UPQC-PAC, the series inverter
is used to shift the phase angle of load voltage, keeping its mag-
nitude the same. Due to this phase shift, the series inverter par-
ticipates in reactive power compensation. This considerably re-
duces the VA rating of the shunt inverter and the overall VA
rating of UPQC [9]. However, the design of the UPQC-PAC is
aimed at the reactive power compensation of the single load in
[9]. Thus, a modified design is carried out in this paper. The
contributions of this work are summarized as follows:
• development of a UPQC model, called sag-based design
for phase-angle control for UPQC (UPQC-SPAC), capable
of mitigating a given value of voltage sag and providing
the reactive power compensation of distribution networks
during healthy conditions;

• the development of a distribution system load-flow algo-
rithm incorporating the UPQC-SPAC model;

• study the impact of UPQC placement at a particular node
on the remaining nodes of the distribution networks.

Fig. 1. Schematic of the UPQC.

Fig. 2. Phasor diagram of shunt and series compensations of UPQC-SPAC at
the normal/healthy voltage condition and during voltage sag.

The simulation study is performed on 33-node and 69-node test
distribution systems. The performance of the proposed model is
compared with an existing UPQC model and with two optimal
reactive power compensation strategies. The effect of UPQC-
SPAC allocation on a distribution network with DG is studied.
This paper is organized as follows. The UPQC-SPAC model

and the distribution system load flow incorporating the UPQC-
SPACmodel are described in Sections II and III, respectively. In
Section IV, an analysis of the VA rating of UPQC-SPAC is pro-
vided. The simulation study on the impact of the UPQC-SPAC
allocation is presented in Section V and discussed. Section VI
concludes this paper.

II. MODELING OF THE UPQC-SPAC

A UPQC consists of a series and a shunt inverter as shown in
Fig. 1. The series inverter injects a series voltage in order
to mitigate sag and a swell of supply voltage. The shunt inverter
injects a shunt compensating current in order to com-
pensate the reactive component of load current and harmonic
distortion created by the load. It is assumed that the UPQC is
placed very close to the load end. The phasor diagram shown in
Fig. 2 shows the voltage and current injections provided by the
series and shunt inverters, respectively. In the proposed design
approach, the series voltage is injected to the source at a healthy
operating condition and during voltage sag.
The magnitude of depends on the maximum voltage sag

to be mitigated. The injection of the series voltage creates
a phase angle shift of the load-end voltage. In UPQC-PAC,
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the maximum phase angle shift, that is, the maximum value of
is determined in view of the reactive power compensation re-
quired from the series inverter [9]. In the proposed scheme, it
is determined according to a given maximum value of voltage
sag mitigation required. This is the novelty of the UPQC-SPAC
over the UPQC-PAC model. The VA ratings of the series and
shunt inverters are determined in the following subsections. The
overall VA rating of the UPQC-SPAC is the sum of the VA rat-
ings of the series and shunt inverters.

A. Determination of VA Rating for the Series Inverter

The VA rating of the series inverter depends on the injected
voltage and the compensated source-end current as
given

(1)

At healthy condition, the source voltage is . But
during voltage sag, the source voltage magnitude is reduced to

: per-unit sag in source voltage .
Therefore, the series voltage injection required to mitigate
p.u. amount of voltage sag can be determined by

(2)

Since the load-end voltage magnitude is kept constant at any
condition, i.e., , (2) is rewritten as

(3)

Assuming that the UPQC is lossless, the active power demanded
by the load is equal to the active power drawn from the source
[16]. Hence

(4)

(5)

From (1), (3), and (6), the VA rating of the series inverter is
obtained as

(6)

B. Determination of the VA Rating for the Shunt Inverter

The VA rating of the shunt inverter depends on the load-end
voltage which is equal to the source voltage and
the compensating shunt current provided by the shunt in-
verter as given

(7)

According to Fig. 2, the compensating current can be deter-
mined as

(8)

Fig. 3. Flowchart of the load-flow algorithm incorporating the UPQC-SPAC
model ( total number of nodes).

From (5) and (8)

(9)

Due to the increasing use of nonlinear loads, the load current
consists of harmonics. Thus, one of the functions of UPQC is
harmonic elimination. The harmonic content in load current is
measured by the total harmonic distortion (THD). It is defined
as the ratio of distortion component of the current to the
fundamental component as given

(10)

The shunt inverter of UPQC is controlled in such a way that
it can compensate the distortion component of the load
current [5], i.e.,

(11)

From (10) and (11)

(12)

(13)
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Therefore, the rms value of the shunt current is obtained as

(14)

From (13) and (14), the shunt compensating current provided
by the shunt inverter can be determined as

(15)

Thus, the VA rating of the shunt inverter is

(16)

C. Determination of Phase Angle

Let there be sag in source voltage and its magnitude be re-
duced to : per-unit source voltage during
sag . From Fig. 2, it can be written that

(17)

Let the minimum series voltage that should be injected to restore
load voltage be . Therefore, putting this to (17), the
angle can be determined as

(18)

Since , this yields ,
i.e., . This provides an important design constraint that
the per-unit voltage rating of the series inverter is to be greater
than equal to the per-unit sag in source voltage.

D. Active and Reactive Power Provided by the Inverters at the
Healthy Operating Condition

The UPQC-SPAC operates in phase-angle control mode
during healthy conditions. Therefore, the active and
reactive power delivered by the series inverter can be
determined as

(19)

(20)

Similarly, the active and reactive power delivered
by the shunt inverter can be obtained as

(21)

(22)

The angles and are determined [9] by

(23)

(24)

The total reactive power delivered by the UPQC-SPAC is

(25)

III. INCORPORATION OF THE UPQC-SPAC MODEL IN
DISTRIBUTION SYSTEM LOAD FLOW

To study the impact of UPQC allocation in a distribution
network, the UPQC-SPAC model is incorporated in the for-
ward-backward sweep load-flow algorithm [17], a simple but ef-
ficient algorithm for radial distribution systems. The algorithm
consists of two major steps:
Step 1) Backward sweep: In this step, the load current of each

node of a distribution network is determined as

(26)

where and represent the active and
reactive power demand at node . Therefore, the
current in each branch of the network is computed
as follows:

(27)

where the set consists of all nodes which are lo-
cated beyond node [17]. To incorporate the shunt
inverter model, the reactive power demand at the
candidate node at which a UPQC is to be placed,
i.e., is modified as

(28)

Step 2) Forward sweep: This step is used after the backward
sweep in order to determine the voltage at each node
of a distribution network as follows:

(29)

where nodes and represent the sending and receiving end
nodes, respectively, for branchmn, and is the impedance
of the branch.
The series inverter model is incorporated by advancing the

phase angle of the voltage of the candidate node at which a
UPQC is to be placed by angle as given

(30)

where is the phase angle of the voltage at the node at
which a UPQC is placed and is the load voltage.
The flowchart of the load-flow algorithm incorporating the

UPQC-SPAC model is shown in Fig. 3. In this flowchart, each
node except the substation node (i.e., node 1) is considered as a
candidate location for the UPQC-SPAC allocation and separate
load flow is performed for each location. This helps to under-
stand the impact of the UPQC-SPAC allocation during healthy
conditions.
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Fig. 4. UPQC-SPAC allocation at different nodes of the 33-node system: (a) VA rating, (b) percentage of VA shared by the series inverter, and (c) active power
injection of series and shunt inverters.

Fig. 5. UPQC-SPAC allocation at different nodes of the 69-node system: (a) VA rating, (b) percentage of VA shared by the series inverter, and (c) active power
injection of series and shunt inverters.

IV. ANALYSIS OF THE VA RATING OF UPQC-SPAC

In this section, an analysis of the VA rating of the series and
shunt inverters for UPQC-SPAC is provided. The two test distri-
bution systems used in the study are: 1) 33-node and 2) 69-node
systems. The system data are available in [18] and [19], respec-
tively. Both systems have one substation located at node 1 and
all other nodes are load nodes. The substation voltage is spec-
ified to be p.u. The effect of a UPQC-SPAC allocation at
each node of the test networks, one at a time, during healthy
condition is studied by considering that the UPQC-SPAC is de-
signed to mitigate:
• Case #1: 20% of voltage sag, that is, 0.2 0.8.
• Case #2: 40% of voltage sag, that is, 0.4 0.6.
• Case #3: 60% of voltage sag, that is, 0.6 0.4.
• Case #4: 80% of voltage sag, that is, 0.8 0.2.
The THD of the load current is considered to be 0.2. The

results of a UPQC-SPAC allocation at each node of the 33-node
and 69-node distribution systems, one at a time, are shown in
Figs. 4 and 5, respectively. The VA rating for the UPQC-SPAC
at different locations for the two test systems is shown in
Figs. 4(a) and (b). The results illustrate that higher-rated
UPQC-SPAC is required if it is to be placed closer to the
substation. It is expected because the branches located closer

to the substation carry higher load current. It is also observed
that higher-rated UPQC-SPAC is required to mitigate a higher
amount of voltage sag. The reason is that higher series-injected
voltage is required to mitigate a higher value of voltage sag.
The percentage of VA shared by the series inverter at different
UPQC-SPAC locations in the two test systems is shown in
Figs. 4(b) and 5(b). The result illustrates that the percentage
VA sharing of the series inverter is more than that of the shunt
inverter. However, this becomes less with the Case #3 and #4
designs. The reason is that angle increases with a higher value
of .
Thus, the difference between the angles and increases.

This results in a higher amount of shunt compensating current
required in the reactive power compensation. Hence, the VA
rating of the shunt inverter increases. Active power injection
by both inverters of the UPQC-SPAC with Case #2 design is
shown in Figs. 4(c) and 5(c) for the two test systems. The result
shows that both inverters inject an equal and opposite amount
of active power which circulates between the two inverters. Ac-
tually, the series inverter consumes a certain amount of active
power. This increases the dc-ink voltage. Therefore, to keep the
dc-link voltage constant, the shunt inverter injects a compen-
sating current in such a way that the active power consumed
by the series inverter is fed back to the supply. Thus, a certain
amount of active power always circulates between the series and
shunt inverters [9].
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Fig. 6. Impact of UPQC-SPAC allocation at different nodes of the 33-node distribution system in view of: (a) network power loss, (b) the maximum line current
of the network, and (c) RUVMN.

Fig. 7. Impact of UPQC-SPAC allocation at different nodes of the 69-node distribution system in view of: (a) network power loss, (b) the maximum line current
of the network, and (c) RUVMN.

V. SIMULATION STUDY ON THE IMPACT OF THE
UPQC-SPAC ALLOCATION

This section provides the simulation study to show the im-
pact of UPQC-SPAC allocation on different operational aspects
of distribution systems during healthy condition, for example,
power loss, undervoltage mitigation, etc. The results are shown
in Figs. 6 and 7 for the 33- and 69-node systems, respectively.
Four test case designs for the UPQC-SPAC, mentioned before,
are used in the simulation study.

A. Impact on Network Power Loss

The effect of network power loss due to the UPQC-SPAC al-
location at different nodes is shown in Figs. 6(a) and 7(a) for
the two test systems. The power losses of the network without
UPQC-SPAC are 202.67 kW and 224.98 kW for the 33-node
and 69-node systems, respectively. The result shows that sub-
stantial loss reduction can be achieved with UPQC-SPAC if it is
properly designed and suitably located in the network. This hap-
pens due to the load reactive power compensation provided by
the UPQC-SPAC. A UPQC-SPAC designed to mitigate a higher
amount of voltage sag provides better reactive power compen-
sation. The solution corresponding to the lowest power loss for
the 33-node system is obtained at node 7 with the Case #2 de-
sign. Similarly, the location corresponding to the lowest power
loss at node 61 for the 69-node system is obtained with the Case

#3 design. However, it is also seen that the Case #3 design in-
creases the power loss for both networks if it is located at some
specific nodes.

B. Impact on Maximum Line Current

The effect of the UPQC-SPAC allocation on maximum line
current for the two networks is shown in Figs. 6(b) and 7(b). The
maximum line current of the networks without UPQC-SPAC are
0.0461 p.u. and 0.4903 p.u. for the 33- and 69-node systems,
respectively. The results illustrate that themaximum line current
is reduced with UPQC-SPAC allocation. It is also observed that
better results are obtained if the UPQC-SPAC is designed to
mitigate a higher amount of voltage sag.

C. Impact on Undervoltage Mitigation

A UPQC can efficiently be used in undervoltage mitigation
if it is used in healthy operating conditions as shown in [15].
In this paper, the upper and lower voltage limits are set to be
1.05 p.u. and 0.95 p.u., respectively. If the voltage at any node
is less than the lower limit, it is said that it suffers from the un-
dervoltage problem. In the 33-node system, 21 out of 33 nodes
(i.e., 63.63%) have an undervoltage problem. Similarly, 9 out
of 69 nodes (i.e., 13.04%) suffer from an undervoltage problem
in the 69-node system. To quantify the effect of the UPQC al-
location on undervoltage mitigation, an index called the rate of
undervoltage mitigated nodes (RUVMN) [15] is used.
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Fig. 8. Performance comparison between the fixed shunt compensation-based
approach [15] and the UPQC-SPAC based on: (a) RUVMN of the network and
(b) rating of the UPQC.

It is defined as the percentage of nodes that comes out from
the undervoltage problem. For example, 10% im-
plies that 10% of nodes, having an undervoltage problem, come
out from it. The RUVMN is obtained due to the UPQC-SPAC
allocation in different locations of the two test networks, which
is shown in Figs. 6(c) and 7(c). These illustrate that better
RUVMN can be obtained if the UPQC-SPAC is appropriately
placed in the network. It is also observed that a UPQC-SPAC
designed to mitigate a higher amount of voltage sag has the
ability for better undervoltage mitigation. A performance
comparison of the UPQC-SPAC is also carried out with the
fixed shunt compensation-based approach of UPQC reported
in [15]. The shunt inverter rating is kept constant to 2 MVA
irrespective of its location in the network in [15]. The compar-
ative results, in terms of RUVMN and the rating of the UPQC
obtained with the 33-node system, are shown in Figs. 8(a) and
(b), respectively. Better performance in terms of RUVMN is
obtained with the UPQC-SPAC with the Case #4 design. But
the ratings of the solutions obtained with the Case #4 design
are found to be higher. According to the rating, the solutions
obtained with the Case #2 design are better. But the RUVMN
in most locations is poor. The intermediate results are obtained
with Case #2 and #3 designs. As a compromise solution, the
UPQC-SPAC obtained with the Case #2 design at node 7 yields
the same RUVMN with a lower MVA rating (i.e., 1.69 MVA)
compared to the approach reported in [15].

D. Impact on Maximum Loadability and Voltage Stability

To study the impact of the UPQC-SPAC allocation on voltage
stability, the load demand of each node is increased and the ef-

Fig. 9. Effect of loading on node voltage with and without UPQC-SPAC allo-
cation.

fect of it on the node voltage is studied. This is done by using a
multiplying factor called the loading factor , defined as the
ratio of increased load demand to the nominal/base-case load
demand [20], i.e.,

(31)

where and represent the nominal/base-case
active and reactive power demands, respectively, for node
. The maximum loadability of a network is the maximum

value of the loading factor until the voltage at any node of
the network starts collapsing. The higher value of maximum
loadability implies better voltage stability margin [20]. Fig. 9
shows the voltage at node 6 with and without UPQC-SPAC
allocation of the 33-node system. The result shows that there
is significant improvement in the voltage stability margin
with the UPQC-SPAC allocation. The maximum loadability
obtained with the UPQC-SPAC at different nodes is shown in
Fig. 10. The result illustrates that significantly higher maximum
loadability can be obtained if a UPQC-SPAC is located at some
specific nodes, for example, at nodes 6, 7, 8, 26, 27, etc. for the
33-node system and at nodes 58, 59, 60, 61, etc. for the 69-node
system. The results obtained with Case #3 and Case #4 designs
show better loadability.

E. Impact on Distribution System With DG

A UPQC can provide reactive power support to a DG unit
during voltage sag as shown in [14]. To study its impact on a net-
work at healthy condition, an induction generator unit is placed
at each node of the 69-node system, one at a time. Its active
power rating is 1 MW and it consumes reactive power from the
system at a power factor of 0.8. The network power loss due to
the UPQC-SPAC allocation at the presence of DG at each node
of the network is shown in Fig. 11. The result illustrates that the
network power loss is reduced at few locations, for example, at
nodes 57–61 and it increases at most of the locations. The so-
lution corresponding to the minimum power loss is shown in
Table I. The result shows that the rating of the UPQC-SPAC
is considerably reduced because the line current at most of the
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Fig. 10. Maximum loadability of the network due to UPQC-SPAC allocation
at different nodes studied on the: (a) 33-node and (b) 69-node systems.

Fig. 11. Network power loss of the 69-node system with combined DG and
UPQC-SPAC allocations.

TABLE I
SOLUTIONS CORRESPONDING TO THE LOWEST POWER LOSS

branches is reduced due to the presence of DG at node 61 of the
network.

F. Performance Comparison with DSTATCOM and Capacitor
Allocations

The performance of the UPQC-SPAC with Case #2 design is
compared with two optimal reactive power compensation strate-
gies, that is, DSTATCOM [21] and capacitor allocations [22].
The solutions corresponding to the lowest power loss obtained
with the 69-node system are given in Table I. A better solution
in terms of power loss and node voltage is obtained with the
UPQC-SPAC. But its rating is higher compared to DSTATCOM
because the voltage sag mitigation is not considered in the de-
sign of DSTATCOM in [21].

VI. CONCLUSION

An investigative study has been carried out to bring out the
impact of the UPQC allocation on distribution systems. A new
design approach for UPQC to mitigate a given value of voltage
sag is proposed. A modified load-flow algorithm including the
UPQC-SPAC model is devised. The salient observations from
the results obtained are summarized as follows.
• The series inverter of the UPQC-SPAC is used in a major
role in reactive power compensation of a distribution net-
work during healthy operating conditions.

• A UPQC-SPAC located at a particular node can protect all
of the downstream loads of the feeder from the voltage
sag occurring upstream. Hence, the best location for the
UPQC-SPAC is supposed to be the node closest to the sub-
station. But this increases the MVA rating of the UPQC-
SPAC because it has to handle higher load current. Thus,
it requires more investment cost.

• The performance of the UPQC-SPAC is location specific.
If it is located at some specific nodes, significant improve-
ments in power loss, undervoltage mitigation, and voltage
stability margin can be obtained.

• If a UPQC-SPAC is designed to mitigate a higher amount
of voltage sag, its phase angle increases. Thus, it can
provide more reactive power compensation.

• Due to the UPQC-SPAC placement at a particular node,
the customers of the other nodes also benefit.

• The UPQC-SPAC can provide reactive power support to
DG and its rating is reduced during the presence of DG.

This paper focuses on the study of the impact of UPQC allo-
cation on distribution systems. A design optimization with the
formulation of suitable objective functions may provide the op-
timal location and rating for UPQC in a network. This requires
further investigation.
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