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Nomenclature

C-UPFC Center-node Unified Power Flow Controller
FACTS Flexible AC Transmission systems

IPFC Interline Power Flow Controller
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p.u Per Unit

P Active power

Q Reactive power

S Apparent power

SSSC Static Synchronous Series Compensator
STATCOM Static Synchronous Compensator

TL Transmission Line

UPFC Unified Power Flow Controller

VSC Voltage Source Converter

Vr Receiving voltage source

Vs Sending voltage source

Vsn Shunt voltage source

Xk Impedance of Receiving voltage source
Xs Impedance of Sending voltage source
Xsh Impedance of Shunt voltage source

1 Introduction
Flexible AC Transmission Systems (FACTS) is a well-known technology that is utilized in the

few last decades to control a transmission line and improve its stability, transferability, and
performance improvement of a power system in general. With the advance of power electronics
through the last years, DC-links with VSCs enabled the utilization of DC storage in FACTS devices,
replacing passive components used before, like capacitors and reactors [1]. Hence, FACTS
technology achieved development, resulting in a variety of advanced FACTS devices with superior
capabilities, including STATCOM, SSSC, IPFC, and UPFC varieties [1-5]. One of the most recent and
spectacular FACTS device developed is C-UPFC. It is said to be one of the most powerful FACTS
devices. It is mounted to the middle, typically the transmission line midpoint, and hence, it has the
capability of controlling the flow of active and reactive energy from end-to-end of the line, and the
voltage level of the midpoint as well [11, 12].

The modeling of such devices in different simulation software is attracting the intention of
many. In [6] and [7], the STATCOM model is presented using MATLAB software involving the
Newton-Raphson load flow algorithm. While in [8] and [9], the SSSC model is presented, wherein
[9], SSSC modeling was presented in MATLAB software, while in [9] it is implemented using
NEPLAN software. The work [10] presents a model of IPFC using MATLAB regarding the Newton-
Raphson algorithm for load flow.

For involving C-UPFC regarding power system analysis, few contributions were presented. In
[11], a C-UPFC model is proposed with a control design for performance enhancement of C-UPFC
regarding power transmission applications. In [12], another C-UPFC model is proposed using only
one voltage source converter instead of three voltage source converters, where this model is
implemented by PSCAD software for transient analyses. In [13], a C-UPFC model is proposed for

performance improvement of induction-based wind farms, where this model is implemented using
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MATLAB Simulink software. In [14] and [15], modeling of C-UPFC is introduced by MATLAB
software involving the Newton-Raphson algorithm for load flow.

This paper introduces a C-UPFC model for power flow analysis, where it is implemented by
NEPLAN software. Injection of active and reactive power to a system is the dependable technique
for such a model, and it is established by NEPLAN software existed components. This model can
help to calculate the desired analyses incorporating C-UPFC in power systems. It was assessed on
IEEE 14 bus and IEEE 30 bus power systems in different test conditions, where the control values
and location of installation are varied so that the robustness of such a model is ensured.

2 C-UPFC Structure

Due to the importance of power flow regulation and voltage control, UPFC was innovated.
However, it has a drawback, that it can regulate power flow from one side of the transmission line
only i.e. even the sending terminal or the receiving terminal. Figure 1 shows the schematic diagram
of the UPFC.

Bus1 Bus2
" |
V,P,Q |
—
DC link DC link
(vsci) ¢ (VSC2)

Figure 1: Schematic diagram of UPFC

For overriding such a drawback, C-UPFC was innovated by Olorunfemi Ojo and Sanbao
Zheng [6]. It is mainly designed to be installed at the desired TL midpoint. It consists of a DC
source, three DC-links, three coupling transformers, where these transformers are two series
transformers and a shunt transformer. The series transformers are responsible for controlling the
flow of active and reactive power from-end-to-end of the TL, while the shunt transformer -
connected to the center node of the TL - responsible for voltage regulation. The schematic diagram

shown in Figure 2 shows the structure and connection of C-UPFC.

Bus s Busr

| + Vs - Vsh -Vr+
DC link DC link DC link

(sending (shunt (receiving
converter) converter) converter)

DC

Figure 2: Schematic diagram of C-UPFC
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This connection offers exceptional capabilities for C-UPFC. Power transfer maximization can
be gained while controlling active and reactive power flow in both sending and receiving ends,
besides voltage regulation of the line through the center node. Such a device can be modeled as
follows: each DC-link and coupling transformer can be represented as an injected voltage source
and an impedance, where two of them are series-connected to the transmission line, while all of
them are shunt-connected to the center node, where 3 auxiliary buses are inserted, as shown in
Figure 3.

Buss Bus s Busr

Figure 3: EquivalenT[ circuit of C-UPFC.

Through the injected voltage by sources Vs and Vg, the power flow control is carried out,
while the voltage of the center node is controlled by the injected current of Vg.
3 C-UPFC modeling

Due to Figures 2 and 3, the representation of C-UPFC in a TL would result in “dividing” the
transmission line into two equal sections, where C-UPFC is inserted between these two sections.
The model contains three auxiliary buses: two for the sending and receiving series DC links, and

one for the shunt DC link, as shown in Figure 4.

Bus i BUS Buso Bus Bus j

Figure 4: Modeli_ng of C-UPFC
Applying Kirchhoff’s current law on sending bus (Buss):

Is = Iwo — I = (2222) - (32) (D)
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where [ is total current sent from bus i to bus M, Iyo is the current injected to the line iy by the

sending DC link, I; v is the current of line iy, Simis power flow through line iy, and

Sim = Py + Qim (2).

Applying Kirchhoff’s current law on sending bus (Bus;)

Ig = Iyo— Iy; = (51;\]_1\,])* + (%) 3

where I is total current sent from bus N to bus j, Ino is the current injected to the line N; by the

receiving DC link, Iy is the current of line Nj, Sy;is power flow through line N,j, and:

Sn,j = Pnj+Qn,; (4).

Applying Kirchhoff’s current law on the center node (Buso), then

Isp = Iyo + Ino (5)

and

Vsn = Isp * jXsn (6).
Due to the illustrated equations above, the model can fulfill the duties of the C-UPFC device
i.e. flow controlling of active and reactive power over the line, and voltage level controlling of the
center node.
4 Model simulation and testing
This model is put on tests in both IEEE 14 bus and IEEE 30 bus standard power systems, two
cases each, where the model is installed in a different position for each case with different control

settings.

4.1 Testing in IEEE 14 Bus Power System

This system consists of 14 buses, 20 transmission lines, 5 generators, and 11 loads [16]. C-
UPFC model is tested in that system in two cases as follows:
e Case (1): Controlling line 4 (connecting buses 2 and 4) with settings of active power P= 50 MW, reactive

power Q= 25 MVAr, and center node voltage Vsp=1.0145 p.u.
e Case (2): Controlling line 5 (connecting buses 2 and 5) with settings of active power P= 40 MW, reactive
power Q=25 MVAr, and center node voltage Vsyn=1.0435 p.u.

Figure 5 shows the integration of C-UPFC in NEPLAN software on the system, and Table 1 presents the
results of voltage control, while Table 2 presents the results of power flow control on each TL in each case.
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Figure 5: Implemented C-

UPFC model integration on IEEE 14 bus power system

Table 1: Results of voltage control of the IEEE 14 bus power system

Table 2: Results of power flow control of IEEE 14 bus power system on each branch

Bus Base case Case (1) Case (2)
no. V(p.u.)ze° V(p.u.)ze° V(p.u.)ze®
1 1.06 £0.0° 1.06 £0.0° 1.06 £0.0°
2 1.045 £-5° 1.045 £-4.8° 1.045 £-4.9°
3 1.01 £-12.8° 1.01 £-12.8° 1.01 £-12.7°
4 1.012 £-10.2° 1.0223 £-10.7° 1.0172 £-10.3°
5 1.016 £-8.7° 1.0213 £-9.0° 1.0259 £-8.9°
6 1.07 £-14.4° 1.07 £-14.7° 1.07 £-145°
7 1.048 £-13.2° 1.0539 £-13.6° 1.0517 £-13.3°
8 1.092-13.2° 1.092-13.6° 1.09£-13.3°
9 1.032 £-14.8° 1.037 £-15.2° 1.035 £-14.9°
10 1.031 £-15° 1.0353 £-15.4° 1.0337 £-15.1°
11 1.047 £-14.8° 1.0489 £-15.1° 1.0481 £-14.9°
12 1.053 £-15.3° 1.0538 £-15.5° 1.0536 £-15.3°
13 1.047 £-15.3° 1.0476 £-15.6° 1.0473 £-15.4°
14 1.02 £-16.1° 1.0234,-16.4° 1.0222,-16.1°
Vep - 1.0145 £9.5° 1.0435 £7.6°
Vs - 1.0035 £-6.8° 1.0066 £-6.4°
VR - 1.0572 £-8.7° 1.0577 £-7.5°

TL Base case Case (1) Case (2)

Xy P(MW) | Q(MVAr) P(MW) | Q(MVAr) P(MW) | Q(MVAr
1-2 157.1 -20.5 154.4 -9.26 155.6 -9.52
15 755 5.6 775 2.87 76.49 0.797
2-3 735 35 7453 0.324 73.17 0.441
2-4 55.9 1.8 - - 56.58 -4.63
2-4s g - - 50 25 - -
2-5 417 34 44.01 -4.041 - -
2-5¢ & - - - - 40 25
3-4 231 6.9 -22.08 0.072 -23.36 3.703
45 -59.6 9.1 -63.66 22.94 59.7 2.23
47 272 5.9 -22.08 0.072 27.41 -5.08
4-9 155 2.9 -63.66 22.94 15.63 3.392
56 458 10.9 -22.08 0.072 45.33 15.65
6-11 8.2 8.7 -63.66 22.94 7.98 8.01
6-12 8.1 3.2 -22.08 0.072 8.0 3.07
6-13 18.3 9.9 -63.66 22.94 18.16 9.52
7-8 0 231 -22.08 0.072 0 22.9
79 272 15.7 27.13 16.54 27.41 16.29
9-10 45 0.7 4.407 0.47 4.68 -0.07
9-14 8.7 0.47 8.713 1.205 8.86 0.854
10-11 4.6 6.5 4.6 5.35 -4.33 -5.89
12-13 -1.9 -1.37 -1.84 -1.22 1.819 -1.303
13-14 6.3 -4.73 6.37 4.17 6.224 4534

http://TuEngr.com

Page | 6



For both cases, the model proves its effectiveness and robustness. In case (1), the load flow
analysis was settled after 10 iterations, and, in case (2) the load flow was settled after 11 iterations.

Figure 6 shows the load flow iterations graph for each case.

o 1
°
o 0.01
=
S o0.0001
©
=
n0.000001
=

1E-08

1 2 3 4 5 6 7 8 9 10 11
Number of iterations
—@—Base case Case (1) =—e=—Case (2)

Figure 6: Load flow process iterations for IEEE 14 bus power system cases.

4.2 Testing in IEEE 30 Bus Power System

This system consists of 30 buses, 41 transmission lines, 5 generators, and 22 loads [17]. C-
UPFC model is tested in this system in two cases as follows:
e Case (1): Controlling line 6 (connecting buses 2 and 6) with settings of active power P= 90 MW, reactive
power Q=40 MVAr, and center node voltage VSh=1.0227.
e Case (2): Controlling line 9 (connecting buses 6 and 7) with settings of active power P=60 MW, reactive
power Q=-10 MVAr, and center node voltage VSh=1.0455.

Figure 7 shows the integration of C-UPFC in NEPLAN software on the system.

O l 1 c.upPEC T | =
B2,.. 1
LN N
T T T
.T. als “ﬁ.
o_l = - l — E =
>

Figure 7: Implemented C-UPFC model integration on IEEE 30 bus Bower system

Table 3 presents the results of voltage control of the system buses, and Table 4 presents the
results of power flow control on each TL in each case.
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Again, the good performance of the model is shown in both cases, where the load flow

analysis was settled after 7 iterations, for each case. Figure 8 shows the load flow iterations graph

for each case.

Table 3: Results of voltage control of the IEEE 30 bus power system

Bus Base case Case (1) Case (2)

no. V(p.u.)ze° V(p.u.)ze° V(p.u.)ze®

1 1.06 £0.0° 106 £0.0° 1.06 £0.0°

2 1.043 £-5.3° 1.043 £-5.4° 1.043 2-2.5°
3 1.021 2-7.6° 1.028 £-7.3° 1.026 £-3.7°
4 1.012 2-9.3° 1.0168 £-9.4° 1.0173 2-4.5°

5 1.012-14.1° 1.01 ~-13.8° 1.01 2-8.1°

6 1.011 2-11° 1.0208 ~£-10.5° 1.0154 2-4.8°

7 1.003 2-12.8° 1.0087 £-12.4° 1.0121 2-4.9°

8 1.012-11.8° 1.01 2-11.1° 1.01 2-5.4°

9 1.057 2-16° 1.0613 ~£-15.6° 1.0596 ~-10.1°
10 1.048 2-17° 1.0529 ~£-16.6° 1.0512 £-11.1°
11 1.082 2-16° 1.082 £-15.6° 1.082 £-10.1°
12 1.059 £-15.5° 1.0613 £-5.3° 1.0606 ~2-10.2°
13 1.071 2-15.5° 1.071 2-15.3° 1.071 £-10.2°
14 1.045 £-16.5° 1.0473 £-6.2° 1.0463 2£-11.0°
15 1.04 £-16.6° 1.0431 2-6.4° 1.0421 2-11.1°
16 1.046 2-16.4° 1.0498 ~2-6.1° 1.0488 ~-10.8°
17 1.043 2-17° 1.047 2£-16.7° 1.0456 2-11.3°
18 1.031 2-17.5° 1.0344 2-17.1° 1.0332 2£-11.8°
19 1.028 2-17.7° 1.0324 2-17.4° 1.0311 2-12°
20 1.032 2£-17.6° 1.0367 £-17.3° 1.0353 £-11.9°
21 1.036 2£-17.4° 1.0406 2-17.0° 1.0389 ~£-11.5°
22 1.036 2£-17.3° 1.0411 2-16.9° 1.0394 2£-11.5°
23 1.03 £-17.1° 1.0339 ~£-16.8° 1.0326 2-11.5°
24 1.025 £-17.4° 1.0301 £-17.0° 1.0282 2-11.6°
25 1.022 £-16.6° 1.0283 ~£-16.2° 1.0257 2-10.6°
26 1.003 2-17.1° 1.0108 ~£-16.6° 1.0082 2-11.1°
27 1.028 2-15.9° 1.0355 ~£-15.4° 1.0326 2-9.8°
28 1.01 2-11.7° 1.0175 2£-11.2° 1.0134 2£-5.5°
29 1.009 £-17.1° 1.0159 ~£-16.6° 1.013 2-11°
30 0.995 ~-18° 1.0046 £-17.5° 1.0016 2-11.9°
Vep - 1.0227 ¢2-7.4° 1.0227 £-3.2°
Vs - 0.9854 £-9.2° 1.0158 ~-3.4°
Vg - 1.0768 2-7.0° 1.0191 £-3.3°

Table 4: Results of power flow control of IEEE 30 bus power system on each branch

TL Base case Case (1) Case (2)
X-y P(MW) | Q(MVA) P(MW) | Q(MVAr) PMMW) | Q(MVA)
1-2 173 21 181.3 -22.96 85.81 1.57
1-3 88 43 78.79 1.36 45.15 8.55
2-4 44 35 30.51 2.33 23.6 6.03
25 82.1 1.8 73.42 2.55 53 4.95
2-6 59.9 0.1 - - 26.25 6.12
2651 - - 90 40 - -
34 82.5 -39 73.88 -4.53 41.88 8.62
4-6 68.5 -17 48.56 -18.67 12.61 0.736
412 485 14.1 47.05 16.18 4471 15.44
57 -15 11.2 2313 8.95 -42.44 15.34
6-7 384 25 46.77 0.552 - -
6-75r - - - - 60 -10
6-8 29.8 56 29.66 20.86 29.97 4.15
69 17.2 18 17.67 0572 18.54 -1.36
6-10 20.4 0.2 20.99 1.31 22 0.59
6-28 20 -10.4 20.52 6.32 20.79 -9.08
8-28 03 23 -0.295 -6.44 -0.142 -3.86
9-10 17.2 9.1 17.67 8.06 18.54 8.28
9-11 0 -12.5 0 -10.2 0 -11.39
10-17 2.9 5.6 3.58 5.81 4.69 5.25
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TL Base case Case (1) Case (2)

X-y P(MW) | Q(MVA) P(MW) | Q(MVAr) PMMW) | Q(MVA)
10-20 7.7 4.4 8.04 451 8.61 4.18
10-21 145 10.6 14.47 10.58 14.6 10.59
10-22 6.8 5 6.76 4.99 6.85 4.99
12-13 0 9.2 0 -6.38 0 701
12-14 8.2 2.1 8.02 2.03 7.8 2.22
12-15 19.5 5.9 18.81 5.71 17.82 6.28
12-16 9.7 2.3 9.02 2.03 7.89 2.54
14-15 1.9 0.3 1.74 0.279 1.53 0.472
15-18 7.4 0.9 7 0.793 6.44 112
15-23 5.6 2.4 513 2.23 45 2.71
16-17 6.1 0.3 5.45 0.075 433 0.621
18-19 4.1 0.1 3.75 -0.207 3.19 0.139
19-20 54 36 5.76 -3.62 -6.31 -3.27
21-22 31 038 -3.13 -0.834 3 -0.83
22-24 3.6 4.1 3.59 4.06 3.8 4.06
23-24 2.3 0.7 1.9 0.588 1.28 1.06
24-25 238 2.6 -3.25 2.46 -3.66 2.91
25-26 35 2.4 3.54 2.37 3.54 2.37
25-27 6.4 0.2 -6.82 0.042 7.25 0.475
27-28 -20 3.2 20.14 4.9 -20.58 -2.95
27-29 6.2 1.7 6.19 1.66 6.19 1.66
27-30 7.1 1.7 7.09 1.66 7.09 1.66
29-30 3.7 0.6 3.7 0.6 3.7 0.6

iIsmatch error
o
(@]
H

M
o
o !
o)
S
o
H

0.000001
0.0000001
1E-08

1 2 3 4 5 6 7

Number of iterations
—=@=—=Base case Case (1) =e=Case (2)

Figure 8: Iterations of load flow analysis for IEEE 30 bus cases.

5 Conclusion
This paper introduced a NEPLAN software-established C-UPFC model. This model

implemented using the existed components in that software. The primary goal is to integrate a
model of C-UPFC device for power flow calculations for systems involving such a device in NEPLAN
software. Such a model is assessed in two power systems: IEEE 14 bus and IEEE 30 bus systems. For
both systems, the model was installed in two different cases, including changing its position and
control setting. It was tested so that it can provide active and reactive power flow control over the
desired TL, besides controlling the center node voltage. For IEEE 14 bus, the load flow calculations
were settled after 10 iterations for case 1, while it was settled after 11 iterations for case 2. On the
other side, the load flow calculations were settled after 7 iterations in IEEE 30 bus for both cases.

Such results show that the model was successfully simulated and it assures its versatility,
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robustness, and effectiveness for load flow calculations so that it can be drastically utilized for

power system analyses incorporating such a device in NEPLAN software.

6 Availability of Data and Material

Information can be made available by contacting the corresponding author.
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