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Abstract
A modified conceptual structure of MUPFC for controlling the voltage sags in interconnected power systems is presented in
this paper. For this purpose, the conventional UPFC is distributed through several series and one shunt converters. By this
way, the higher frequency components are removed which only the 3th-order is remained. Also, by using single-phase series
converters, better dynamic performances with proper reliability are provided. So, there are more redundancy possibilities
through different operating conditions. The proposed single-phase series converters are floated from the ground which there
is not required high-voltage protections equipment through transmission lines resulted in lower initial and operational costs
compared to conventional UPFCs. Real-time ability of the proposed scheme is investigated through a 3-phase transmission
line stressed by fault events in which by distributing the series converters through the line, the ability of MUPFC through time
domain simulations is evaluated. Results present proper performances of the proposed controller scheme for voltage sags fast
restoration with high damping ratio.

Keywords Power control · Transmission line · Voltage sag · Harmonic

Abbreviations

FACTS Flexible AC transmission systems
MUPFC Modified unified power flow controller
PE Power-electronic
PLL Phase-locked loop
SSSC Static synchronous series compensator
STATCOM Static synchronous compensator
UPFC Unified power flow controller

1 Introduction

Increasing power demands and network structures in power
system resulted in difficult to control and management of the
active and reactive powers follow in inter-connected trans-
mission lines and hence maintain the system stability criteria
[1]. By innovating FACTS equipped with a series of PE
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devices, it is possible to control the transmission lines param-
eters and power transactions with proper stability criteria [2].
In this case, UPFC known as one of the powerful devices
which control the transmission line parameters using the bus
voltages, angles and line impedances [3]. Simple view of
UPFC structure is shown in Fig. 1. As it can be seen, UPFC
is made through combining a SSSC and a STATCOM con-
nected together through a dc link. By this way, a two-side
active power can be exchanged through the shunt and series
output terminals of the STATCOM and SSSC, respectively
[4].

The PE converter in series part of UPFC plays as the main
section by providing multi-amount of voltage and control-
ling the voltage phase and magnitude. The provided voltage
mainly plays as a voltage source that is implemented to adjust
the transmission line and angle. By this way, the reactive and
active power can be controlled independently within the line.

The series part of UPFC can injects the reactive and active
power to the system or absorbs two related power through
the series capacitor and the line. In this case, active power
is generated by the UPFC shunt section connected back-to-
back to the series section.

Also, it can be deducted that the required reactive power is
supplied through series section as the same as SSSC device

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s00202-023-01846-y&domain=pdf
http://orcid.org/0000-0002-5451-5187


2676 Electrical Engineering (2023) 105:2675–2685

Fig. 1 Simplified UPFC structure

[5]. In fact, shunt is responsible to adjust the dc link voltage
through generating/absorbing output active power. Hence, it
plays as a parallel synchronous with the system. Also, same
as STATCOM, UPFC shunt part compensate reactive power
for improving the bus voltage. Since, for controlling both cur-
rents and voltages, all UPFC sections are involved so, in wide
ranges, the installation cost of UPFC is too high and expen-
sive. Since the conventional UPFC has one common dc link,
so a fail at series or shunt converters will be influence directly
at the whole of the system. To increase the power system reli-
ability in the presence of converter failures, such redundant
backups and bypass circuits (e.g. backup transformers) are
necessary, which caused to increase the overall cost of the
system. Despite the controlling capabilities and the benefits
UPFC for enhancing power system security, it has been less
used commercially in power system due to high prices.

This paper presents a modified concept of UPFC, called
as MUPFC which is made from the conventional UPFC with
lower cost. Similar to UPFC, MUPFC is capable to con-
trol and adjust all of the system parameters. In this case, the
common dc link is eliminated between the series and shunt
converters which lead to decrease in cost of the system. In
this case, the active power interchange between the series
and shunt converters is within the lines at the 3th-harmonic
frequency. In the proposed scheme, the series part of UPFC
is distributed through the transmission lines by implement-
ingmultiple single-phase series converters [6]. In Comparing
with the conventional UPFC, the proposed MUPFC has two
main advantages including: (1) low overall cost in the system
because of the single-phase series converters in transmission
lines and (2) high security and reliability because of the mul-
tiple numbers of series converters in system.

This paper is organized as follows; in Sect. 2, the principle
and design of the proposed scheme is presented. Then in
Sect. 3, the controlling region of is presented from which the
steady state analysis MUPFC is also discussed. In Sect. 4,
a short introduction about the MUPFC Control is presented
and finally in Sect. 5, the MUPFC ability in the presence
of converter failure is analyzed by introducing simulation
scenarios in time domain.
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Fig. 2 The procedure of conversion UPFC to MUPFC
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2 Mechanism of inter-area oscillations

In this paper, two different approaches are implemented for
UPFC to enhancement the system security and decrease the
cost as follows. First, the common dc link between the series
and shunt converters of the UPFC are eliminated and then
the series part is distributed in transmission line as shown in
Fig. 2. As it is illustrated in Fig. 2, by implementing two pro-
posed approaches, a modified UPFC is designed as MUPFC.

The proposed MUPFC consisting of one shunt converter
and various distributed series converters. In this case, the
shunt part works as a STATCOM, while the series part works
as MUPFC concept, which is consisted several single-phase
series converters instead of one large scale converter. In this
scheme, each series distributed converter in MUPFC works
as an independent converter from which has own specified
capacitor to prepare the required controlling voltage. The
structure of the MUPFC is shown in Fig. 3. As illustrated in
Fig. 3, besides two main series and shunt converter parts, the
MUPFC also needs two transformers in Y -� connection and
two high-pass filters connected parallel at the both sides of
the transmission line. The reasons for these require compo-
nents are explained in Sect. 2 -part A. The control strategy
of conventional UPFC is works by connecting the series and
shunt converters in back-to-back connection, which permit
to flow and exchange the active power in lines freely.

In order to evaluate similar control strategy through
MUPFC and UPFC, the proposed method is investigated
by eliminating the dc link and analyzing the interchange of
active power within the converters.
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2.1 Eliminate the common DC link

In the proposed MUPFC shown in Fig. 3, it can be seen
a common connection between the series single-phase con-
verters and ac part of shunt converter that is one transmission
line. By this way, the active power can be exchanged within
the ac part of the converters through the lines. The main
principle is based on the calculating nonsinusoidal compo-
nents of active power through the lines. According to Fourier
series, a nonsinusoidal current andvoltage canbeprovidedby
some sinusoidal equations in several frequencies with mul-
tiple amplitudes. The calculated active power resulted from
these nonsinusoidal currents and voltages are defined as the
average amount of themultiplying current and voltage. Since
the summation of all product terms with several frequencies
are going to zero, so the related active power can be explained
as follows.

P =
∞∑

i=1

Vi Ii cosφi (1)

From (1), Ii and Vi are the current and voltage for ith
harmonic component respectively, and ϕi is the related angle
between the current and voltage. Also, (1) explains the active
power at several frequencies which are independent from
each other and the related current and voltage at each fre-
quency has no impact on the injected active power at other
frequencies components. By this way, active power generates
on several frequencies using series converters and receives
the power from another frequency without require to source
of frequency. By implementing the proposed method for
MUPFC, the shunt part can receive the active power from
the network at the reference frequency and generate the cur-
rent within the network at another frequency component.
This harmonic component of current will going within the
related transmission line. Relevant to value of the needed
active power at the reference frequency, the MUPFC series
distributed converters inject a voltage at another frequency
which leads to absorb the active power from other harmonic
components. By assuming converter has no any losses, the
active power injected at reference frequency will be equaled
to the power received from the ith harmonic component.
Figure 4 shows the proposed principle for exchanging the
active power within the series and shunt converters in the
proposed MUPFC scheme.

As it is illustrated, the specified high-pass filter impresses
the reference frequency to flow the harmonic frequency com-
ponents through the line. In this case, there is a return way for
harmonic frequency components. The series and shunt con-
verters, ground connection and high-pass filter implement
as closed loop circuit for the current harmonic components.
Because of the unique specifications of 3th-harmonic com-
ponents, it is considered to interchange the active power in
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Fig. 4 Active power interchange within MPUFC converters

+

3th
1th
1th

1th1th 3th

+1th 3th
+1th 3th

Primary
Y

Secondary
Δ 
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MUPFC. By this way, the 3th-harmonic component is iden-
tical in each phase and provided through zero sequence.

In this case by installing two Y–� transformers that are
vastly used in power systems to convert the voltage level,
at both sides of converters, the related zero-sequence com-
ponent is blocked. Hence, by this way no additional filter
is required to limit the harmonic components in the rest of
the grid. In fact, by providing the 3th-harmonic component
in the lines as shown in Fig. 4, the related high-pass filters
are replaced by low cost cables which are connected within
the neutral point of transformer and the ground as shown in
Fig. 3. Due to � connection in transformers becomes open
circuit to the 3th-harmonic current, all harmonic components
as shown in Fig. 5, will be going within the Y -connection and
centralize into the related grounding cables. By this way, the
require high-pass filter will be eliminated.

Also there is another advantage for using the 3th-harmonic
component to interchange active power through the lines.
By using 3th-harmonic components, the grounding path of
Y–� transformers can be implemented to flow the different
harmonic currents in a meshed grid. On the other hand, when
a branch is required to flow the harmonic currents to the
ground, the specified point of transformer at other side of the
system is grounded and vice versa. Figure 6 illustrates the
path of harmonic current into the ground by using a grounded
Y–� transformer. Since the main transformers in the line
are floating without using the series converter so the path for
flowing the 3th-harmonic components is open circuit. Hence,
by using the proposed scheme, the 3th-harmonic current will
not flow within the transmission lines.

Mathematically, the 3th, 6th and 9th harmonic compo-
nents are in the part of zero-sequence which can be used to
interchange active power in the proposed MUPFC. Based on
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power swing equation, the capability of transmission lines
for transferring the power is related to its impedances. Since
in transmission lines the inductive impedance is much more
than the resistance impedance so the line impedances are
depends on the frequency and transmission in high frequen-
cies will be resulted to high impedances. Therefore, in the
proposed scheme, for transferring the active power, the 3th-
harmonic component is selected which resulted to the lowest
impedances in transmission lines.

2.2 Distributing the series converter

The proposed MUPFC is a method for distributing the series
converter in UPFC which leads to reduce the overall cost
and enhance the system reliability. The idea of the MUPFC
is to implement a number of series controllers in low-voltage
level instead of one large-size series controller. The related
small-size controllers are single-phase that are connected to
the lines by individual single-phase transformers. The series
converters are distributed through the transmission line from
which no expensive high-voltage protection elements as iso-
lation devices are required. The single-phase transformers
connected to transmission line in the formof secondarywind-
ing which insert adjustable impedances into the transmission
line directly. In fact, each series converter module is self-
supplied from the transmission line and supervises distantly
by power-line communication or wireless as shown in Fig. 7.
The proposed configuration of theMUPFC outcomes to high
reliability with low cost. As distributed series converters are
single-phase units that are floating over the line, there are no
high-voltage isolations elements required within the phases.
Also, because of the floating the converters, it is not required

any single-phase to ground isolation and therefore the series
units can easily be implemented at any voltage level in trans-
mission line. In this scheme, the rate of voltage and power
of each series distributed converter is small which can be
clamped on the lines any land is not required.

The distributed principle of the MUPFC obtains a con-
tinuous operation in power system in the presence of single
series failures which provide higher security and reliability
than conventional UPFC devices.

2.3 TheMUPFC advantages

The proposed distributed controller can be implemented as
conventionalUPFC controller to provide the concept of inter-
changing active power within the 3th-harmonic component.
Hence, MUPFC is included all UPFC advantages can be
explained as follows.

(1) High controllability. Using MUPFC, the power system
parameters including voltage amplitude, voltage angle
and the line impedance are controlled. The deletion of dc
link between two series and shunt converters provides
the separated series converters in the system. The series
and shunt converters can be installed at the most benefit
locations. Since MUPFC has the high control avail-
ability, it can be applied to increase the power quality,
restoration of voltage sag and balancing the asymmetry
loads. It can also be applied to enhance the system stabil-
ity such as transient stability or damping low-frequency
oscillation [8].

(2) High security and reliability. Distribution of the series
single-phase converters results in higher reliability com-
pare to conventional UPFC because the series and shunt
converters are independent against to each other and
converter failures at every side will not impact on other
distributed converters. Also, in the case of occurring
destruction on series converters, the bypass protection
is activated and the failed series converter is short-
circuited. In this case, the faulted converter has no
influence to the grid. In another case, when a failure
occurs in shunt converter, it is open-circuited and trip
from the network. In this case, series part will be stop
to provide the active power and works as a distributed
series controller [9].

(3) Low cost. Since the series converters are distributed in
transmission lines in single-phase voltage level so no
high-voltage protection elements required for insolating
the converters. Further, each series converter presents a
portion required damping power in which can be easily
installed on transmission lines.
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However, the MUPFC generates additional current at 3th-
harmonic component through the transmission lines, there
are some extra losses in the lines and transformers.

3 Evaluating the proposedMUPFC

In this section, the steady-state and control strategy of the
proposed MUPFC are expressed. In this case, the series con-
verters are equalled with voltage sources which control the
series impedance. Based on the proposed scheme, each series
converter injects the voltage in two fundamental and har-
monic frequencies, so in the electrical circuit represented
in Fig. 8, each converter is equalled by two different series
voltage sources, one for generating the voltage at reference
frequency and the other once at the 3th-harmonic frequency.

By assuming that the lines and the converters are lossless,
the total active powers injected by the two different voltage
sources are going to zero. The specified series single-phase
converters are equalled as one large-size converter in the form
of voltage source from which the generated voltage by this
source is equal to voltage generated by all series single-phase
converter, as shown in Fig. 8.

In Fig. 8, the MUPFC is installed in a 2-bus test sys-
tem with the receiving and sending voltages V r and V s,

respectively. Also one transmission line is specified which is
equalled by a line current I and an inductance L. Themultiple
voltages generated by series MUPFC converters are shown
as V se,1 for fundamental frequency and V se,3 for the 3th-
harmonic frequency. Also one shunt converter is installed at
sending bus which represented by inductor Lsh, one injected
shunt current as Ish and two different voltages as V sh,1 and
V sh,3, respectively. Finally the reactive and active power,
flows the powers in the line are shown as Qr and Pr, respec-
tively. This electrical current represents both reference and
3th-harmonic frequency components. Also it can be possi-
ble to split the circuit in Fig. 8 into two simplified circuits
at different frequencies components. In this case, it is illus-
trated that two different frequency circuits are isolated from
each other which generated active power from each converter
is the only common link between two circuits as shown in
Fig. 9.
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Fig. 9 MUPFC equivalent circuit from base to 3th-harmonic frequency
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The power flow controllability of MUPFC can be defined
by the reactive power Qr and active power Pr at the end of
electrical circuit shown in Fig. 8. Since the proposedMUPFC
behaviour at the reference frequency is the same as UPFC so
the reactive and active power flowing in the transmission line
can be explained as follows [1]:

(Pr − Pr0)
2 + (Qr − Qr0)

2 =
( |V ||Vse, 1|

X1

)2

(2)

where Qr0, Pr0 and are the initial value of reactive and
active power flow with acting MUPFC. Xse, 1 = ωLse is
the impedance of transmission line at reference frequency,
and |V | is the voltage amplitude at both end sides of system.

Actually, (2) is a circle equation which the locus of circle
without using MUPFC compensation is a circle with radius
|V |2/|X1| and centers P = 0 and Q =|V |2/|X1|. Without com-
pensating MUPFC, each location in this circle corresponds
with aPr0 andQr0 amounts with specified transmission angle
θ . The border of the available controlling range for Qr and
Pr is achieved by overall rotation of the related voltage V se,1

according to itsmaximumamplitude. Figure 10 illustrates the
control boundary of the MUPFC depend on the transmission
angle θ .
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To ensure that series converters are able to generate a 360z
controlling voltage, a reactive and active power is required at
the reference frequency. In this case, the active power is gen-
erated by the shunt converter and reactive power is injected
by the individual series converters locally. The mentioned
active power can be expressed by

(Pr − Pr0)
2 + (Qr − Qr0)

2 =
( |V ||Vse,1|

X1

)2

(3)

where φr0 is the initial angle of power at the end of system
without using MUPFC is equal to tan − 1(Pr0/Qr0) and φr

is the angle of power at the end of system by implementing
MUPFC. The voltage amplitude |V r| and line impedance X1

are constant therefore an active power is proportionate to
|Sr||Sr0| sin(φr 0φr) that is greater than the triangle areawhich
is curved by vectors Sr and Sr0. Figure 11 shows the relation
among Pse,1 and the power flow at the end of system for a
fixed angle θ .

From Fig. 11, the active power is required by the series
converter can be expressed as follows:

Pse, 1 = C A(0 , r0, r) (4)

where the correlation coefficient C is equal to 2X1 /|V r|2 and
the area A(0, r, 0, r) is the triangle area of (0, Sr, 0, Sr).

The difference φr0 − φr is negative or positive which indi-
cates the power flow directions of series converters. In the
case of positive differences, series converters inject active
powers at the reference frequency. Also, in the case of neg-
ative values, the powers are absorbed. In fact, the maximum
power exchanges are occurred when the difference vector
Sr−Sr0 is vertical to vector Sr0 as showed in Fig. 12.

Based on Fig. 12, the relation among the controlling range
of power flow and themaximum requirement of active power
can be expressed by

Pse,1,max = |X1||Sr0|
|Vr|2 |Sr,c| (5)

Qr

Pr

θ 

MUPFC 
Controlling Area (θ)

Qr0

Qr Sr0

Sr

Fig. 12 Maximum requirement of active power for the series converters

where |Sr,c| is the controlling range of MUPFC.
As expressedpreviously, each converter inMUPFC injects

two different voltages that are generated at the same time.
Based on the voltage rating generated by each converter, the
maximum voltage rating is equal to summation of the voltage
in two different frequencies component as follows.

Vse,max = ∣∣Vse1,max
∣∣+∣∣Vse3,max

∣∣ (6)

Through different operating conditions, the converter
power requirements are depend on the 1th order voltage val-
ues. In the case of small values, the voltage of 3th-order
V se, 3 is lower than |V se, 3, max|. In this case, a value within
|V se, 3, max| and V se, 3 can be used to adjust the power flow
at reference frequency and increase the MUPFC controlling
boundary. When Sr,c is vertical to the vector Sr0, the series
converters need the maximum active power which the radius
of MUPFC controlling boundary is expressed as follows.

|Sr,c| = |Vr||Vse,1,max|
X1

(7)

In (7), when Sr,c in the line is equal to Sr0, only reactive
power is provided by series converters and the region of the
MUPFC controlling boundary will be extend to

|Sr , c| = |Vr |(|Vse, 1, max| + |Vse, 3, max|)
X1

(8)

It is illustrated that the control boundary of MUPFC can
be developed to a form similar to ellipse, as shown in Fig. 13.
To reach the same controllability as UPFC, the power rating
of MUPFC converters at the reference frequency should be
equaled to one UPFC.

Because the current and voltages at the 3th-harmonic com-
ponent have to be extended, the rating of MUPFC converter
is a little larger than UPFC. In this case, the enhanced rat-
ing of power is related the active power interchanged at the
3th-harmonic component. In transmission line, the related
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impedances |X1| is usually about 0.05 p.u.. By assuming that
the bus voltages |V | and power |Sr0| without acting MUPFC
is 1 p.u., from (7), it can be seen that for controlling 1 p.u.
power flow in the transmission line, the interchanged active
power is about 0.05 p.u.

As a result, it can be seen that with additional current
and voltage at the 3th-harmonic component, the cost of
MUPFC is still lower than UPFC. It can be due to the follow-
ing items: (1) the MUPFC converters use low-voltage level
(lower than 1 kV), which the devices are much cheaper than
the related devices used in UPFC in high voltage level; (2) In
the proposed MUPFC, the series converters are floating and
therefore no land is required in this structure.

4 MUPFC control

For controlling converters, the proposed MUPFC is devel-
oped through three different controllers as (1) central con-
troller, (2) series controller and (3) shunt controller as
indicated in Fig. 14. As it is shown, the series and shunt
controllers are local and specified for controlling local oscil-
lations, however, central controller provides the concept of
distributed MUPFC functions for damping wide area oscil-
lations on power system.

From Fig. 14, three types of controllers have its own func-
tions are as follows.
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Fig. 15 The structure of the series controller

4.1 Central controller

In central control, the base signals are generated for both
series and shunt converters. In fact, central controller pro-
vides required damping signals for controlling power flow,
low-frequency oscillation and transient stability improve-
ment. During consecutive time windows, the PMU voltage
and current phasors are evaluated on control center in which
the 1th component of voltage V se, 1 and current ish,1 signals
are provided and sent to series single-phase and shunt con-
verters, respectively.

It is noted that, all of the produced signals by central con-
troller are generated at the reference frequency.

4.2 Series controller

In the proposed scheme, each series converter is equipped
with its own controller. The series controller is applied to con-
trol the capacitor voltage using 3th-harmonic components.
In this case, central controller provides the 1th voltage at
reference frequency in which added to the main 3th series
signal. Based on Fig. 15, the proposed series controller con-
sists of major controlling blocks including DC controller,
PLL and dq transformation to provide 3th-harmonic com-
ponents. Principle of the vector control is applied here for
controlling the dc-voltage [10]. Basic structure of the pro-
posed series converter is shown in Fig. 15.

Due to simplifying the capture of PLL [11], the 3th-
harmonic current of transmission lines is determined here
as the base rotation reference in park transformation appli-
cations. Through simulation evaluations, it revealed that the
transmission line current has two different frequencies where
one 3th-order high-pass filter is required to decrease the ref-
erence current.

The d-component of the 3th-harmonic voltage is the
parameter that applied for controlling dc voltage from which
fundamental signal is produced with the dc voltage control-
ling loop.

In order to decrease the reactive power generated from3th-
harmonic component, controllable resistances connected to
the series converters in which tunned at the 3th-harmonic
frequency. In this case, the voltage q-component is fixed to
zero within the operation condition.
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Due to single phase connections of series converters, there
are voltage ripples at dc sides depends on current frequency
within converters. Also, the output current generated from
converters consist both reference 1th and 3th orders which
resulted in the output dc voltage contain different frequencies
like 100, 200 and 300 Hz [12, 13]. To reduce voltage rip-
ples, there are two feasible ways. The first way is to increase
the series single-phase transformers turn ratios resulted in
decreasing the current magnitude flows within the convert-
ers. The second way is to apply a large dc capacitor installed
at series converters locations.

4.3 Shunt control

Controlling structure of the proposed shunt converter is
shown in Fig. 16 which the main aim is to generate a fix
3th-harmonic current for transmission lines and produce the
required active powers of series converters.

As it is illustrated, the 3th current ish3,ref is passed through
the current controller which the terminal voltage at reference
frequency V sh,ref,3 is developed.

Also, in order to extend the voltage frequencies VS, using
PLL, the output signal is tripled which considering the same
rotation reference developed in Sect. 4.2, the 3th-harmonic
frequency components are developed. In this case, the ref-
erence frequency is concentrated on generating adjustable
reactive currents into the network to fix dc voltage on an
individual level. The proposed strategy for the reference
frequency components consists two cascade controllers in
which the input current is controlled into the inner control
loop and used to regulate the shunt current at the refer-
ence frequency ish,ref,1. It is worth noting that the current
d-component is produced on dc controller where central con-
troller is responsible to establish the current q-component on
fundamental frequency.
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Fig. 17 The related case study with MUPFC

Table 1 Specification of the MUPFC parameters

Symbol Description Value Unit

V s Nominal voltage of grid s 220 V

V r Nominal voltage of grid r 220 V

� The angle within grid r and s 1 o

L The line inductance 6 mH

V sh,max Maximum voltage of shunt
converter

50 V

Ish, max Maximum current of shunt
converter

9 A

V sh, dc Dc source supply of shunt converter 20 V

Ish,ref,3 The 3th current generated by shunt
converter

3 A

f sw Switching frequency for series and
shunt converters

6 kHz

V sc, max Maximum voltage of series
converters

7 V

Isc, max Maximum current of series
converters

15 A

5 Simulation results

According to the proposed three controlling approaches,
simulation studies of evaluating MUPFC controllers and
principles are provided. In this case, considering three-phase
transmission line connected between two large power grids
showed in Fig. 17, six single-phase series converters and one
shunt converter are installed and tested. As it is illustrated,
two grid buses are connected using one transmission line
which operated through difference operational phase angles.

The shunt converter consists of one single-phase converter
and one main neutral to ground connection based trans-
former.

In the case of developing three developed controllers, the
shunt converter are supplied using a fix dc-voltage source
with detail parameters illustrated in Table 1.

Also, for series part, considering six series single-phase
converters distributed through transmission line, power flows
are controlled. In this case, each series controller presents
one individual voltage signal V se,ref passing away through
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Fig. 18 MUPFC steady state line current

Fig. 19 MUPFC series converter voltage

Fig. 20 The bus V and I at � side of power transformer

controller PWM in which proper firing angle with positive
effect on damping oscillations are estimated.Using estimated
firing angles,MUPFC presents an adaptive damping in phase
with the tie-line oscillations in which the line power flow is
controlled.

To assess the proposed MUPFC structure, two different
scenarios are evaluated. For the first scenario, considering the
system steady state operating condition, the MUPFC damp-
ing performancewith respect to step response is investigated.
For this, series single-phase converters are forced to present
the voltage d and q values as V se,d,ref = 0.3 V and V se,q,ref =
− 0.1 V, respectively.

The current within the line, voltage generated by the series
converters and the current and voltage at� side of the power
transformer are indicated in Figs. 18, 19 and 20, respectively.
As it is shown in Fig. 18, the fixed 3th-harmonic current com-
ponent produced by shunt converter is distributed into the
three phases which added to reference frequency. Also, from

Fig. 21 The step change in fundamental voltage

Fig. 22 Series converter voltage of MUPFC according to step change

Fig. 19, it is illustrated that the voltage generated by series
converters also consists of two different frequency compo-
nents.

Based on Fig. 19, the magnitude of the pulse width mod-
ulated (PWM) waveform indicates the dc voltage that is well
remained by the 3th-harmonic component in steady state
operating condition. As it is illustrated, dc voltage has a weak
oscillation which do not has influence on three MUPFC con-
trollers. Figure 20 shows the 3th-harmonic filtered signals by
the power transformers. As it is shown, using the high pass
filter, there is no 3th-harmonic voltage or current signals at
� side of power transformer. In this case, MUPFC adjust the
power flow within transmission lines by controlling the volt-
age generated by series single-phase converters at reference
frequency.

Also, comparing the Figs. 18 and 20 revealed that, the fre-
quency of simulations in Fig. 18 are three times ofwaveforms
in Fig. 20. It means that, using the proposed distributed con-
trollers, only the 3th order harmonic is generated and used
as input to series and shunt converters.

In fact, the signals in Fig. 18 is the input of developed filter
which Fig. 20 presents the filter output signals. In this case,
all 3th harmonics are mainly diminished through passing the
filter.

Figures 21, 22, 23, 24 and 25 indicate the step response of
MUPFC within the simulation results. In the case study, it is
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Fig. 23 The line current according to step change

Fig. 24 Powers of series converter at the reference frequency

Fig. 25 The current and voltage at the � side of power transformer

considered that the series converters made a step change in
reference voltage as shown in Fig. 21. This change is caused
to variation in both reactive and active powers generated by
two converters. As it is shown in Fig. 21, the dc voltage gener-
ated by series converters is established after the step change.
In order to evaluate the MUPFC controlling performance,
the voltage and current of converters during step changes are
investigated.

As indicated in Fig. 22, in the case of changing on dc volt-
age Vd-ref and Vq-ref , the voltages of series converters are
reversed which present sinusoidal reverse current on trans-
mission line. In fact, the PMU phasors are passed through
converter PWM logics in which firing angle signals with
the potential of trigging the converter IGBT’s are generated.
The measured series converter voltage and corresponding
line current are shown in Figs. 22 and 23, respectively.

In this case, converter generate/receive the reactive and
active power from/to the network at the reference frequency

f 1. As it is illustrated in Fig. 24, during step changes-based
calculated powers, the reactive and active powers generated
by series converters are varies which means the real-time
performance of controllers with respect to transmission line
operational conditions.

It is illustrated that the series single-phase converters are
able to receive and generate both reactive and active power to
the network at the reference frequency. The simulation results
show the capability of the proposed MUPFC for controlling
the both active and reactive powers into the grid. Also, to
ensure that the generated 3th-harmonic component is elimi-
nated, the voltage and current in� side of power transformer
are measured which are shown in Fig. 25. It can be seen that
by usingY-� connection for the power transformers, the gen-
erated 3th-harmonic component is eliminated properlywhich
the output voltage and current contain only fundamental fre-
quency.

It is worth noting that, during the step changes, two reverse
values+ 1 and− 1 considered for controller real-time evalu-
ations. In this case, during the first part (0–0.3 s), the value of
input step source in+1where during the next time (0.3–0.5 s)
the step changed to− 1 value. Based on the converter voltage
and current in Figs. 22 and 23 and corresponding reactive and
active powers in Fig. 24, it is revealed that for the first period
(0–0.3 s), converter generate the active and reactive power
which after just 0.1 s, reached to nominal value. However,
for the second period (0.3–0.5 s), by changing the input step,
the controllers followed this change which the output powers
are reversed consequently. So, at each time window, based
on evaluating input response, proper controlling response are
developed and observed on converter outputs.

6 Conclusion

This paper presented a modified concept of UPFC called
MUPFC for controlling the power flow in transmission lines
by distributing series-converter part. The proposed MUPFC
structure has been derived from the conventional UPFC
which similarly control the bus voltage, angles and the line
impedance. In the proposed scheme, the common dc link
within the series and shunt converters which is applied for
interchanging active power in UPFC has been eliminated
and the power has been transmitted within the transmission
line at the 3th-harmonic frequency component. In the pro-
posed scheme, the series part of UPFC has been distributed,
which several small-size single-phase converters have been
proposed instead of one large series converter. By this way,
the reliability and security of the proposedMUPFC is consid-
erably increased due to distributing the series converters in
transmission lines. Because of the single-phase isolation for
each series converter, the overall cost of MUPFC is consid-
erably lower than the UPFC. The proposed scheme has been
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assessed by considering the related simulation studies in the
presence of converter failures. It is demonstrated that the
series and shunt converters in the MUPFC can interchange
the active power at the 3th-harmonic frequency which the
series converters are capable to generate adjustable reactive
and active power at the reference frequency.
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