
Received October 21, 2021, accepted December 3, 2021, date of publication December 14, 2021,
date of current version December 28, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3135496

MATPOWER-Based Harmonic Power Flow
Analysis for Power Systems With
Passive Power Filters
NIEN-CHE YANG , (Member, IEEE), AND EUNIKE WIDYA ADINDA
Department of Electrical Engineering, National Taiwan University of Science and Technology, Taipei 10607, Taiwan

Corresponding author: Nien-Che Yang (ncyang@mail.ntust.edu.tw)

This work was supported in part by the Ministry of Science and Technology (MOST), Taiwan, under Grant MOST 109-3111-8-011-001;
and in part by the DELTA-National Taiwan University of Science of Technology (NTUST) Joint Research Center.

ABSTRACT As an open-source MATLAB-based power system simulation package, Matpower has been
proven to have an adjustable feature that supports modifications to solve specific problems in power systems.
Since it was first released, the Matpower framework has been widely used for solving steady-state electric
power scheduling problems. However, a modification to solve a harmonic power flow (HPF) usingMatpower
has not been launched yet. This paper presents modification procedures to customize the network component
models and problem formulations in Matpower for the HPF study. The modification procedures can be used
to evaluate the bus admittance matrix, bus voltages, and current sources for any harmonic order. Moreover,
the modified Matpower can evaluate the passive power filter (PPF) installation to improve the harmonic
distortion in power systems. The simulation results were satisfactory, indicating that themodification enabled
solving problems in both fundamental and harmonic power flows.

INDEX TERMS Bus admittance, bus voltage, harmonic power flow analysis, nonlinear loads, passive power
filters.

I. INTRODUCTION
Nonlinear devices have currents disproportional to the
applied voltages, resulting in distorted current and voltage
waveforms [1]. The resulting harmonic may lead to several
power-quality problems that require attention. To resolve
this harmonic issue, network component models in power
systems must be adequately designed. In some studies,
researchers assumed all loads to be linear. However, this
assumption is typically unrealistic [2], as most electric loads
in power systems are not uniform in terms of power use.
Nonlinear loads are widely used. Therefore, to appropriately
address load modeling, load models should include linear
and nonlinear loads [3]. Simultaneously, nonlinear loads may
distort the power systems by injecting harmonic currents.
An inaccurate assumption of load modeling may magnify
the harmonic voltage and current at undesired resonance
harmonic frequencies. In addition, the sizing and sitting of
harmonic-source components, referred to as nonlinear loads,
should be adequately evaluated to reduce the harmonic dis-
tortion in power systems and improve the power quality.
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To improve the power quality of power systems, shunt
capacitors (SCs) are commonly installed as voltage con-
trollers, power-factor correctors, and reactive power compen-
sators [4], [5]. Hypothetically, SCs reduce the reactive current
flow through the power system by injecting reactive power
and supporting the system voltage during voltage reduction
contingencies [6]. However, the installation of SCs in a power
system with harmonic loads may produce harmonic reso-
nance, which leads to more harmonic issues [7]. These issues
may be overcome by installing power filters (PFs), reducing
harmonic distortion [8]. There are three types of PFs: passive
PFs (PPFs), active PFs, and hybrid active PFs. PPFs offer a
simple design, are more economical than the other types [9],
and provide low-impedance shunt paths for harmonic current
injection [10]. It is essential to determine the PPF types,
locations, sizes, and parameters for harmonic mitigation.
Thus, an appropriate harmonic power flow (HPF) study based
on Matpower is proposed considering the installation of SCs
and PPFs.

Matpower [11] is an open-source simulation package avail-
able in MATLAB and provides numerous case examples.
For research and education purposes, Matpower is widely
used to analyze a power system, addressing steady-state and
balanced system problems, from power flow to optimal power
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FIGURE 1. Branch model.

flow (OPF) analysis. In Matpower, the Ybus matrix of FPF
considers the branches and shunt elements, excluding the
loads and PPFmodels. In this study, a modification procedure
is proposed to address the loads and PPF modeling in a Ybus
matrix for HPF analysis.

This modified Matpower offers an adjustable feature and a
simple running process in a one-shot simulation for perform-
ing the HPF analysis. In Sections II and III, the network com-
ponent models and the proposed modification algorithm are
introduced, respectively. The simulation results are presented
in Section IV, and conclusions are provided in Section V.

II. MODELING OF NETWORK COMPONENTS
In Matpower, the power system is modeled as a balanced
network system. A per-unit system was used for the equa-
tion formulations. Consequently, all electrical quantities are
expressed per unit. Moreover, the network component models
are represented in vector andmatrix forms. For theHPF study,
additional data were used to modify the fundamental data and
network component models used in Matpower [12].

A. CASE DATA FORMATS
For the HPF study, it is mandatory to include additional
data matrices in the case M-file. These additional data are
described as nlbus for nonlinear load sitting and size,
h for harmonic order, Ih for the harmonic spectrum of
each harmonic order, and ppf for PPF data, including the
types, locations, size, and parameters (resistance, inductance,
and capacitance) of PPFs. The number of columns in bus,
branch, h, and PPF matrices are represented as nb, nl, nh,
and nppf, respectively.

B. BRANCHES
In this study, an original branch model from Matpower was
used and modified, as shown in Fig. 1. The branch model
with a standard π -transmission line model, consisting of a
series admittance (yhs ) and total charging capacitance (bc),
was modified for harmonic calculations. The transformer
model has a magnitude (τ ) and phase-shift angle (θhshift ). For
the HPF study, the phase-shift angle should be incorporated
into harmonic penetration [13]. For the h-harmonic order, the

FIGURE 2. Equivalent load model at the h-th harmonic frequency.

N ratio is expressed as:

N h
= τejθ

h
shift (1)

From Fig. 1, it can be seen that the series admittance of
the harmonic component model for the h-th harmonic order
is determined by:

yhs =
1

rs + h · jxs
(2)

In addition, the total charging capacitance is determined by:

yhc = h ·
bc
2

(3)

Therefore, the branch admittance matrix can be written as:

Y hbr =

 (yhs + jy
h
c)

1
τ 2

−yhs
1

τe−jθ
h
shift

−yhs
1

τejθ
h
shift

yhs + jy
h
c

 (4)

Furthermore, the branch admittance matrix can be simplified
by labeling each element as:

Y hbr,ij =

 yhff ,ij yhft,ij

yhtf ,ij yhtt,ij

 (5)

for branch ij at the h-th harmonic order.

C. LOADS
The equivalent load model for the HPF analysis is presented
in Fig. 2 [3]. Unlike the FPF, nonlinear loads are regarded as
harmonic current sources. The combination of the loads (non-
linear and linear loads) is expressed as admittances included
in the harmonic admittance matrix Y hbus.
The linear loads are specified as real (Pd,i) and reactive

(Qd,i) power demands at bus-i. The impedance of the linear
load at bus-i can be calculated by:

rd,i + jxd,i =

∣∣Vbase,i∣∣2
Pd,i − jQd,i

(6)

Hence, the linear loads in the admittance form for the h-th
harmonic order are expressed as:

yhload,i =
1

rd,i + h · jxd,i
(7)
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TABLE 1. Typical harmonic spectrum.

D. HARMONIC CURRENT SOURCES AND SPECTRUM
As a harmonic current source, the fundamental demand cur-
rents for nonlinear loads are described as follows:

Ih=1inj,i =

(
Pnl,i + jQnl,i

Vi

)∗
(8)

Considering the harmonic characteristics, the injected cur-
rents for each harmonic order can be calculated using (9) and
(10) with the typical harmonic spectrum defined in Table 1 for
harmonic orders 1–37.

Ihinj,i = Ihspectrum · I
h=1
inj,i (9)

θhinj,i = hθh=1inj,i + θ
h
spectrum (10)

In the modified Matpower, the harmonic spectrum in the
case format is presented in the Ih matrix in the case M-file for
each harmonic order, h, at the specific bus-i.

E. SHUNT CAPACITORS
In the original Matpower, the shunt elements, used to model
capacitors or inductors connected to a power system, are
represented as GS and BS, respectively, and modeled as a
fixed admittance to the ground at bus-i described below.

Y h=1sc,i = Gsc,i + jBsc,i (11)

In this study, the ideal SCs injected Mvar into the power
system at the rated voltage with zero phase-angle displace-
ments, represented as BS. Then, the admittance of SCs at bus-i
for the h-th harmonic order can be calculated using (13).

Xsc,i =
V 2
base,i

Bsc,i
(12)

Y hsc,i =
h

−jXsc,i
(13)

F. PASSIVE POWER FILTERS
The PPFs provide a low-impedance path for critical harmonic
currents to eliminate harmonic distortions and are commonly
located near nonlinear loads. The admittance of PPFs should
be considered in both the FPF and HPF studies.

FIGURE 3. Typical PPFs: (a) single-tuned PPF, (b) second-order damped
PPF, (c) third-order damped PPF, and (d) C-type damped PPF.

The configurations of the PPF types are shown in Fig. 3,
and the impedances at the h-th harmonic order are described
in (14) to (17).
(a) Second-order damped PPF

ZhPPF,i = Ri + j
(
hXL,i −

XC,i
h

)
(14)

(b) Third-order damped PPF

ZhPPF,i=
Ri
(
hXL,i

)2
R2i +

(
hXL,i

)2+j
[

R2i hXL,i

R2i +
(
hXL,i

)2 − XC,i
h

]
(15)

(c) Third-order damped PPF

ZhPPF,i

=
Ri
(
hXL,i

)2
R2i +

(
hXL,i −

XC,i
h

)2

+j

R2i hXL,i − hX2
L,iXC,i +

XL,iX2
C,i

h

R2i +
(
hXL,i −

XC,i
h

)2 −
XC,i
h


(16)

(d) C-Type PPF

ZhPPF,i =
Ri
(
hXL,i −

XL,i
h

)2
R2i +

(
hXL,i −

XL,i
h

)2

+ j

 R2i
(
hXL,i −

XL,i
h

)
R2i +

(
hXL,i −

XL,i
h

)2 − XC,i
h

 (17)

For a single-tuned PPF, the resonant harmonic order is calcu-
lated using (18), and R is defined as the internal resistance of
the reactor and capacitor, which can be neglected.

hnh =
1

2π f
√
LC

(18)
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FIGURE 4. One-line diagram of a simple radial distribution system.

For all PPF types, the inductance and capacitance reactances
are defined as follows:

XL,i = 2π fL (19)

XC,i =
1

2π fC
(20)

G. CONNECTION MATRICES
In a network with nb buses, the connection matrices, Cf and
Ct , define the connection between the starting and ending
buses in branch-i, which are illustrated as bus-j and bus-k ,
respectively. These matrices contain ‘‘1’’ values for (i, j)th

elements of Cf and Ct , whose size is nbranch × nb for each
matrix with the number of branches of:

nbranch = nb − 1 (21)

and the connectionmatricesCf andCt are defined by (22) and
(23), as shown at the bottom of the next page, respectively.
For a simple system in Fig. 4, the connection matrices Cf and
Ct are expressed in Equations (24) and (25), as shown at the
bottom of the next page.

H. NETWORK PERFORMANCE EQUATION
All the network component models in the admittance form
described above are incorporated into Y h=1bus and Y hbusmatrices.
For the HPF study, the Y hbus matrix denotes a complex nb×nb
matrix for each harmonic order.

The fundamental admittance matrix, Y h=1bus , considering all
the admittance elements becomes:

Y h=1f =

[
Y h=1ff

] [
Cf
]
+

[
Y h=1ft

]
[Ct ] (26)

Y h=1t =

[
Y h=1tf

] [
Cf
]
+

[
Y h=1tt

]
[Ct ] (27)[

Y h=1bus

]
=

[
CT
f

] [
Y h=1f

]
+

[
CT
t

] [
Y h=1t

]
+

[
Y h=1sc

]
+

[
Y h=1ppf

]
(28)

Corresponding to the formation of the Y h=1bus , the Y hbus
matrix with nonlinear loads as the harmonic source and the
installation of SCs and PPFs can be formed as follows:

Y hf =
[
Y hff
] [
Cf
]
+

[
Y hft
]
[Ct ] (29)

Y ht =
[
Y htf
] [
Cf
]
+

[
Y htt
]
[Ct ] (30)[

Y hbus
]
=

[
CT
f

] [
Y hf
]
+

[
CT
t

] [
Y ht
]
+

[
Y hload

]
+

[
Y hsc
]
+

[
Y hppf

]
(31)

For HPF studies, the slack bus is commonly considered as
a stiff voltage source that is short-circuited to the ground [14].
Therefore, the admittance value of the slack bus admittance
becomes very high, which is defined in this study as:

yhslack = 1010 + h · j1010 (32)

Then, the fundamental (h = 1) and harmonic branch
current are computed by (33) and (34), where If and It are
the from and to branch currents, respectively.

Ihf = Y hf V
h
bus (33)

Iht = Y ht V
h
bus (34)

III. PROPOSED ALGORITHM
In this section, the modification procedures in Matpower for
solving the HPF are proposed. A flowchart of the proposed
algorithm for the modification procedures is presented in
Fig. 5.

A. YBUS MODIFICATION FOR FUNDAMENTAL POWER
FLOW
The first procedure is used to modify the formation algorithm
of the fundamental Y h=1bus matrix by adding all the network
components installed in the power systems. The pseudo-code
for Algorithm 1 is shown in Fig. 6.

B. HARMONIC YBUS
In this process, two algorithms were used to build a har-
monic Y hbus matrix. The first algorithm defines all the network
components in the harmonic Y hbus matrix, whereas the second
algorithm is used to incorporate all the network components
into an nb×nbY hbus matrix for each harmonic order or a(nb×
nb)×nh harmonic Y hbus,nhmatrix for all harmonic orders. Both
Algorithms 2 and 3 are involved in the makeYbus_harmonic
M-file. The pseudo-codes for Algorithms 2 and 3 are shown
in Fig. 7 and 8, respectively.

C. HARMONIC POWER FLOW
In this section, the harmonic bus voltage and branch current
are evaluated for every harmonic order in Fig. 9 and 10,
respectively. The proposed algorithm in harmonicpf M-file
calls the output from Algorithms 2 and 3, while the harmonic
evaluation of voltage and current are performed in Algorithm
4 and Algorithm 5, respectively.

The harmonic bus voltages for each harmonic order are
evaluated as follows:

V h
bus =

[
Y hbus

]−1
Ihinj (35)

In addition, the total harmonic distortion of volt-
age (TVHD) and current (TCHD) are expressed by (36) and
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FIGURE 5. Flowchart of the modification procedures in Matpower.

(37), respectively, and the total demand distortion (TDD) is
expressed by (38), where Ih=1L,ij is the maximum demand load

FIGURE 6. Pseudo-code for Algorithm 1.

current of the fundamental frequency element at the point of
common coupling (PCC) branch-ij.

TVHDi =

√∑n
h=2

(
V h
i

)2
V h=1
i

(36)

TCHDij =

√∑n
h=2

(
Ihij
)2

Ih=1ij

(37)

TDDij =

√∑n
h=2

(
Ihij
)2

Ih=1L,ij

(38)

For a steady-state analysis, where the power system is
operated under the full-load condition, TCHD is equal to
the TDD. In the modified Matpower, a steady-state analysis

Cf =

{
1, if the i-th branch is incident to and oriented away from the j-th bus
0, if the i-th branch is not incident toj-th bus

(22)

Ct =

{
1, if the i-th branch is incident to and oriented toward the j-th bus
0, if the i-th branch is not incident to j-th bus

(23)

1© 2© 3© 4© 5© 6©

Cf =

1
2
3
4
5


1 0 0 0 0 0
0 1 0 0 0 0
0 1 0 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0

 (24)

1© 2© 3© 4© 5© 6©

C t =

1
2
3
4
5


0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

 (25)
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FIGURE 7. Pseudo-code for Algorithm 2.

FIGURE 8. Pseudo-code for Algorithm 3.

is used. Therefore, instead of calculating the TCHD, the
TDD was used to analyze the impact of harmonic distortion
on power systems. Subsequently, to simplify the executing
process, Algorithm 6 is used to efficiently simulate the FPF
and HPF.

D. MODIFIED CASE SOLVER
In the original Matpower, an FPF is executed by running the
runpf M-file. However, because there are some additional

FIGURE 9. Pseudo-code for Algorithm 4.

FIGURE 10. Pseudo-code for Algorithm 5.

FIGURE 11. Pseudo-code for Algorithm 6.

data in the proposedmodifiedMatpower, modifying the runpf
M-file is mandatory. This modification is made in the runhar-
monicpf M-file.

The input data in this function are the modified case and
the initial mpopt, fname, and solvedcase from the original
Matpower. A new script for the case solver is shown in
Fig. 11.

E. MODIFIED PRINTHARMONICPF
The last modification is to customize the output func-
tion, called printharmonicpf. To avoid repeated printing, the
runharmonicpf calls the modified printharmonicpf instead
of printpf. Any results can be displayed after extracting the
printharmonicpf in this M-file. In this study, the printpfhar-
monic was modified to display the FPF, and for the HPF
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TABLE 2. Taipower 38 Bus distribution loads.

FIGURE 12. Taipower 38 Bus distribution system.

study, it displays the TVHD at all buses and TDD at all
branches.

IV. RESULT AND DISCUSSION
In this section, a practical Taipower-38 bus distribution sys-
tem [15] is analyzed. The one-line diagram of the test feeder
is presented in Fig. 12, and the modified parameters in the
distribution loads are listed in Table 2.

Three case studies were conducted in the simulation anal-
ysis. Initially, for case study 1, a base case was used without
installing SCs or PPFs. Then, the bus voltages and branch
currents for the FPF and HPF were calculated. To assure the
accuracy of the modified Matpower, the Open Distribution
System Simulator (OpenDSS) [16] was used as a benchmark

TABLE 3. Simulation results of case study 1 at PCC.

TABLE 4. Installed shunt capacitor parameters.

for comparison, and the percentage errors between the simu-
lation results were evaluated using (39). For case study 2, SCs
were installed in the power system, injecting reactive power
and reducing reactive PF. The system bus voltage was fixed
with the appropriate sizing and siting of the SCs. However,
harmonic resonance occurred and multiplied the harmonic
distortion in the power system. Hence, in case study 3, the
PPFs were installed to adequately reduce the harmonic dis-
tortion. The simulation results are presented and discussed
below.

%Errors =

∣∣∣∣∣ f
matpower
i − f opendssi

f opendssi

∣∣∣∣∣× 100 (39)

A. CASE STUDY 1
Initially, a base case system of Taipower 38 bus was simu-
lated for the FPF and HPF analyses. In terms of accuracy,
the maximum fundamental voltage and angle errors were
0.000488% and 0.000113%, respectively. Moreover, for the
HPF analysis, the maximum harmonic voltage error was
0.004568%. The minor errors confirm the accuracy of the
modified Matpower.

In this case study, the PCCs for the HPF analysis were
set at every nonlinear load bus. As nonlinear loads injected
harmonic currents into the power system, harmonic distortion
occurred at every harmonic order. The maximum TVHD
appeared at bus 36, later referred to as PCC, with a value of
3.83%, which is within the limitation set by IEEE Std. 519.
However, the TDD and some individual current harmonic
distortions (ICHD) at the PCC branch exceeded the IEEE
Std. 519 limit, as presented in Table 3. The radar charts of
the current and voltage harmonic distortion for the individual
harmonic order (IHD) are presented in Fig. 13 (a) and (b),
respectively.

From the figures, even when the bus voltage harmonic
distortion is within the limit, the branch current harmonic
distortion may exceed the restriction. Therefore, both the bus
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FIGURE 13. Radar charts of (a) ICHD and (b) IVHD of Case Study 1, (c) ICHD and (d) IVHD of Case Study 2, (e) ICHD and (f) IVHD of Case Study 3.

voltage and branch current harmonic distortions should be
analyzed for an appropriate HPF analysis.

B. CASE STUDY 2
As described in Table 3, the fundamental voltage at the PCC
was 0.956959 per unit. Although this value is under the min-
imal voltage limit, it can be improved by installing SCs into
the power system, which compensates for the reactive power
and updates the system voltages. Hence, some SCs described
in Table 4 were installed at buses with lower voltages.

The simulation results described in Table 5 show the ability
of the installed SCs to improve the fundamental voltage at
the PCC with a lower voltage deviation. However, installing
SCs may distort the branch current and bus voltage at every
harmonic order. According to Fig. 13 (c) and (d), the ICHD at
every harmonic order is not in accordance with the limit set
by IEEE Std. 519 as the threshold values, whereas only the
individual voltage harmonic distortion (IVHD) at harmonic

TABLE 5. Simulation results of case study 2 at PCC.

order 31 is not in accordance. Furthermore, the maximum
TVHD was 6.41% at bus 36, exceeding the 5% limit, and the
maximum TDD was 22.54% at branch 28, exceeding the 5%
threshold at the PCC.

From these results, a reduction in the harmonic distortion
in the power system is essential. Thus, the case study with
harmonic filter compensation is analyzed in the next section.

C. CASE STUDY 3
In this case study, harmonic filter compensation was ana-
lyzed. To reduce the harmonic distortion of the current and
voltage, some PPFs were installed in the power system,
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TABLE 6. Results of the case study 3: analysis and parameters of the installed PPFs.

FIGURE 14. Fundamental and distorted (a) current and (b) voltage of all case studies.

as described in Table 6. The proposed modified algorithm
was useful for analyzing the four types of PPF installations
in the same simulation process. Different types of PFFs were
used to mitigate harmonic distortions in the appropriate order.
Table 6 presents the results of this case study simulation.
From the results, the maximum TVHD at the PCC was
reduced from 6.41% to 0.55%, which is a better result than
that of case study 1.Moreover, themaximumTDD at the PCC
branch showed an excellent reduction from 22.54% to 2.40%,
which is below the 5% threshold. In terms of harmonic order,
Fig. 13 (e) and (f) show the improvement in ICHD and IVHD
at the PCC, respectively.

This analysis shows the superiority of the modified
Matpower in analyzing the harmonic distortion reduction
based on the different types of PPF installation in terms of
various harmonic orders.

Furthermore, Fig. 14 shows the (a) current and (b) voltage
waveforms for all case studies. As observed, for case study
1, the nonlinear loads injected harmonic current into the
power system and distorted the current at the PCC branch
and the voltage at the PCC. In the shape of the waveform,
the distortion seems harmless. However, in terms of IHD,
the values were significant. A small contribution of the ele-
ments had a massive impact on the power system. This was
clarified by case study 2, where some SCs were installed in
the system. From Table 4, the installed SCs contributed to a
minor kvar. Nonetheless, SCs supplied an extensive distortion

of the branch current and bus voltage. Fig. 14 shows that
the distorted current ripples multiplied the TDD at the PCC
branch more than half of the time, and the TVHD at the
PCC was almost double the value than before Consequently,
PPFs were installed in the power system to mitigate these
distortions. As shown in Fig. 14, the ripples in (a) current
and (b) voltage were drastically reduced, and the waveform
became almost perfect.

V. CONCLUSION
In this study, modification procedures were proposed to eval-
uate the HPF inMatpower. Previously, Matpower was used to
solve FPF problems. Matpower has an adjustable feature that
supports modifications to solve specific problems in power
systems. The proposed modification procedures are simple
and adjustable to the user demand. Nonlinear loads, harmonic
spectra, and PPF parameters are added in HPF study. More-
over, admittance modeling was modified to support HPF
study analysis.

Some accuracy tests were performed and indicated the
ability of the modified Matpower to evaluate the HPF study.
The differences between the simulation results obtained by
the modified Matpower and OpenDSS can be neglected.
Furthermore, the modification achieves a better analysis with
a simple procedure of PPF compensation than benchmark
software. The installed PPFs reduced the harmonic current
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and voltage, and the modified Matpower was superior in this
compensation method.
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