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ABSTRACT

The demand for electricity has increased significantly in recent years; yet, the transmission and distribution
networks are unable to meet unrestrained demands because of resource constraint. Losses in power lines
exacerbate the unfavorable conditions for maximum power transfer. Recent decades have seen a rise in the
use of FACTS and High Voltage Direct Current transmission in power systems due to its many advantages,
which include reduced short circuit level (SCL), enhanced voltage profiles, reduced network power losses,
and enhanced system reliability and safety. The paper presents a comparing study of the effectiveness of
Unified Power Flow Control (UPFC) and Multi-Terminal High Voltage Direct Current (MT-HVDC)
transmission in reducing short circuit current and network power losses for the Iragi Super High Voltage
(ISHV) grid. Modeling of Unified Power Flow Control and Multi-Terminal High Voltage Direct Current
transmission is carried out using the Power System Simulator for Engineering (PSS/E) version 32 Package
Program. The integration of multi-terminal HVYDC transmission to the system resulted in a considerable
decrease in short circuit levels and network power losses for the majority of buses in the system, as well as a
reduction in the loading on the transmission lines in the southern region of Iragi Super High Voltage grid,
As a result, the South’s network performance will improve, hence improving Iraq’s electrical power system.
Furthermore, when compared to installing a UPFC, the results showed that multi-terminal HVDC
transmission reduces short circuit levels more efficiently.

Keywords: MT-HVDC, UPFC, SCL, Network Power Losses, PSS/E

INTRODUCTION

The growing need for electricity has led to the expansion of transmission networks. Power system
performance degrades as transmission network size and complexity increase due to problems with voltage
stability, load flow, and short circuit levels. Several approaches were being thought of and implemented for
solving this issue. High voltage direct current (HVDC) transmission is one technique that has drawn
significant interest in the last decade. Converting an existing HVAC transmission line to hybrid
HVAC/HVDC systems is an alternative to HVAC systems for transporting large amount of power over long
distances. Hybrid HVAC/HVDC transmission systems provide several advantages over HVAC transmission
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systems, such as improved voltage profile, lower cost of losses, system stability, better efficiency and
control, and lower short circuit current levels[1][2]. The associated systems are developed with care,
designed thoughtfully, and maintained suitably to guarantee reliable and high-quality electrical power
services. The frequent incidence of faults prevents the systems from operating effectively and reliably [3].
There may be many different reasons of a problem, such as a short circuit, a natural calamity, an overload,
or careless maintenance. Power system analysis carefully evaluates the frequency of these faults. A system
failure can manifest in a number of ways, such as a double-line fault, a single line to ground fault, or a three-
phase fault [4]. Fault current is the term used to describe the sudden increase in current that results from a
short circuit or other power system fault [5].

In [6], HVAC and HVDC power transfer technologies were contrasted. Through the use of various fault
kinds, the research of the two topologies was completed. The results show that for every fault scenario, the
“fault current” in the HVAC transmission system is significantly higher than in the HVDC transmission
system. In HVAC transmission systems, the effects of “fault current” are very harmful, but in HVDC
transmission systems, they are light, inconsequential, and less dangerous. HVDC transmission systems are
divided into two primary topologies: two-terminal and multi-terminal HVDC transmission systems,
depending on the application, location, and technology [7]. The performance, economy, and efficiency of
the A.C. power system are improved thanks to the HVDC link, which offers a variety of advantages [8]. By
selecting the optimal location for the HVDC system, the issues caused by a transmission line that is
overloaded are solved. In order to achieve this aim, a Genetic Algorithm (GA) is used to handle power flow
in overloaded transmission lines, reduce power losses, and optimize the voltage profile [9]. By adding the
reactive power flow, Grijalva suggested a technique to improve the linear available power transfer capability
[10], although this is only applicable to AC networks. The impact of inserting High Voltage Direct Current
(HVDC) on the system’s voltage stability, network power losses and power transfer capacity of transmission
network under several cases of load contingency studied in [11]. IEEE 57-Bus test system is used for testing
the addition of HVDC transmission based on genetic algorithm. On the transmission grid, the impact of
optimal power flow for combined AC and VSC-MTDC systems connected to wind farms has expanded, as
illustrated in [12], to decrease active losses , and to reduce the total generation cost[13][14]. The suggested
method is based on the selection of transmission lines for alternating current (AC) systems that create higher
short circuit levels (SCLSs) in order to reduce the effects on the transmission system and on the lines nearby,
and this is done after replacing the alternating current (AC) line with a two-point direct current line. An
integrated a HVDC link into the Egyptian power grid. After adding an HVDC link, they observed that the
power nodal prices are decreased due to an improved voltage profile for buses [15]. When these FACTS
devices are positioned precisely, they provide the most significant improvement in power quality [16] [17].
Decrease the fault current of the system by utilizing these FACTS devices [18]. The first-generation FACTS
devices have been considered by researchers [16], in addition to reducing the voltage level for fault current
reduction [18].

This paper suggests the adding of two UPFC and multi-terminal high voltage direct current (MT-HVDC)
transmission to south area of Iraqi Super High Voltage (ISHV) grid to reduce the short circuit level and total
network losses. Analysis of the performance of two a proposed approach, UPFC, and multi-terminal HVDC
transmission systems are considered.

MODELING OF UPFC AND HVDC SYSTEM

® Unified Power Flow Controller Modeling

The Unified Power Flow Controller concept called UPFC is a power electronics-based system which can
provide simultaneous control of the transmission line impedance, phase angle, voltage magnitude and active
and reactive power flow [19]. It’s has to voltage source convertor: The shunt converter acts like a
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STATCOM and the series converter acts like a SSSC. The series converter controls the phasor voltage in
series with the line [20]. The transmission line current flows through this voltage source resulting in real and
reactive power exchange between it and the ac system [21]. The controller can control active and reactive
power in the transmission line [22]. As it is shown in Fig. 1, the basic structure of UPFC device is a
combination of two compensators [23]: one connected in parallel called Static Compensator (STATCOM)
and the other in series called Static Synchronous Series Compensator (SSSC). Both compensators are
connected with “DC” link to exchange the real power between the output terminals of STATCOM and
SSSC [19].

Bus k Bus m
Transformer
V .
" Capacitor V. Coricn
Shunt == Compensator
Compensator
Vi g Vol 84

Fig.1 the basic structure of UPFC device

at Bus :

P = V¢ Gy + ViVin[Gim €0S(0y — 01) + By Sin(0y — 0,)] + ViVeg [Grm c05(O) — Scr) +
Bkm Sin(ek - SCR)] + VvaR [GvR COS(ek - 6‘UR) + BvR Sin(ek - 6vR)] (1)

Qx = —ViBik + ViV [Grm SIn(0y — 6) — By c0S(By — 1) + VieVer [Gmn SIN(Oy — Scg) —
cos(0y — Ocr)] + ViVyr[Gyr Sin(By — Oyr) + Byg cos(B — ,z)] (2)

at Bus :

Pm = Vnzlem + VmVK [Gmk COS(Hm - QK) + Bmk Sin(em - QK)] + VchR [GmK COS(Hm - 6CR) +
Bmk Siﬂ(@m - 6CR)] + VvaR [GvR COS(Qm - 5vR) + BvR Sin(em - 517R)] (3)

Qm = _VnzlmBm + ViV [Gmk Sin(em - 91{) — Bk COS(Qm - HK)] + ViVer [Gmk Sin(gm - 6CR) -
c0S(Orm — 8cr)] + Vi Vor[Gyr Sin(0, — Gyr) + Byg 0S(0 — Gyg)] 4)
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¢ HVDC Transmission system modeling

The HVDC modeling has been implemented in Voltage Source Converter VSC-HVDC system. Fig. 2
shows a graphical dSescription of the VSC-HVDC. Two converters, a rectifier and an inverter, are used in
the VSC-HVDC system, and they are connected back-to-back or through a DC link [24].

Rectifier Inverter
Bus k glation slation Bus m
IE|'.I’|'I +
O3]« &
- =
i “a =
' I 1 t 1
Vi O Vigr O

Fig. 2 description of the VSC-HVDC system

The correlation power equation and the phase voltage sources have the following appropriate expressions:

Epr1 = Vyri1 (COS 6ypy + J SIN Syp1) (5)
Eprz = Vyra (COS Oypy + j SIN Gyry) (6)
{—Epr1l pr1 + Eppal 1,3 =0 (7)

Where E,r1 and Ewr2 are the HVDC shunt voltage sources in rectifier and inverter respectively and Vg1 and
Vwro are (the VSC output voltage V.r) the shunt source voltage magnitude in rectifier and inverter,
respectively with &.r is the shunt source voltage angle.

According to the equivalent circuit given in figure (2), and assuming that the circuit is three phase, the
admittance equation will be written as:

Vi
Ik]:[Yle —Yor1 0 0 ] Eyr1 (8)
Im 0 0 YvRZ _YvRZ Vm

EvRZ

The active power flow between the AC system and the VSC was controlled by the phase angle §v.

The active and the reactive powers can be given as:

P = %:ksin Our 9
V2 VyrVk

Q= ﬁ — —ZR cos Syp (10)
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SHORT CITCUIT LEVEL (SCL)

The bus’s short circuit capacitance (SCC) or short circuit level (SCL) is calculated as the product of the pre-
fault bus voltage and post-fault current magnitudes. It can be formulated as follows:

E%..
SCL = 4& (11)

Zth,i

As AC systems increase in size, short circuit level rise along with the problems they cause. The HVDC
jumper can be used to connect with two power systems without increasing the short circuit capacity since
current control is crucial for DC transmission. Furthermore, the HVDC link does not cause the short circuit
level at the connection buses to increase. Therefore, it won’t be required to change the circuit breakers in
existing networks, which is very cost-effective. The HVDC systems by themselves do not significantly
increase the AC power system’s short-circuit power.

POWER SYSTEM UNDER STUDY

From a control standpoint, Iraqi electrical power system is divided into four operating subsystems: the North
area, Middle area, Euphrates area, and South area. As shown in Fig. 3, the Iraqi (400 kV) super high voltage
grid consists 52 buses, 27 of which are generating buses, 96 transmission lines [25].

In this study the network of south area (9-generator and 12 Bus bar) from the Iraqi power system is used as
example, to show the proposed approach because more than 35 % from total generation in Iragi power
system comes from south area (it contains 9 from 27 generators placed at south area, especially at Basrah
region). Because of the higher generation at this region, the Buses at this region have a higher short circuit
level in the system. It raises transmission line losses and restricts the ability to transfer power. Power
System Simulator for Engineering (PSS/E version 32 Package Program) was used to analyze the behavior of
the system with adding the MT-HVDC transmission system and Unified Power Flow Controller (UPFC) in
order to assess the reduction in short circuit level and losses at the transmission lines.
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Fig. 3 the Iragi (400 kV) super high voltage grid
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RERULTS AND DISCUSSION

Three types of faults, which are three phase fault, line to ground fault, and one line outage fault (KAZG-
SHBR), are assumed to occur near bus bar (4QRN) in the Basrah region in order to evaluate the reduction in
short circuit level and transmission lines losses at the south area of Iraqi super high voltage grid. Fig. 4
shows the network of south area for Iragi super high voltage grid.

f}l[- I[Gl C}l

Fig. 4 south area network represented in PSS/E

Table T show the short circuit level at the south area buses for the three types of fault before adding UPFC
or MT-HVDC system.

TABLE I SCL BEFOR ADDING UPFC or MT-HVDC

SCL/Amp
Bus No. Bus Name 3-ph fault|L-G fault|L- out fault|
25400 |TAP-NSRS 20668.3 [12453.4 (21715.2
25403 |NSRP 28567.4 (20789.6 ([31661.2
25404 |[4NSRCC/ADHQR|26255.9 [428.3 28513.7
26417 |AMR4 151729 |12605.5 |15205.4
27401 |RUMLIPP 33216.5 (49270.6 |34522.1
27402 |40RN 172209 (12623.2 (17273.9
27421 |HRTP 25600.3 (22084.2 (25751.1
27426 |KAZG 31494.8 |27528.7 |31853.2
27430 |RMULG 33457.2 144858.8 |34935.4
27450 |4BSR 30625.3 |27865.4 |30834.8
27451 |SHBR 31731.0 |30477.7 |31949.9
27452 |4NJB 20424.4 (10342.3 (20504.7

At first, two UPFC (UPFC1 and UPFC2) are added to the south area in order to reduce the fault current and
lines losses and simulate the behavior of the system under fault conditions. UPFC1lis added between Bus
(RUMLIPP) and Bus (NSRP), and UPFC2 added between Bus (KAZG) and Bus (HRTP) as shown in Fig.
5. And then three HVDC terminals are added to interconnect three areas of Iraqi super high voltage grid.
First terminal placed at Bus (RUMLIPP) (Rumaila) in the south area, the second terminal at Bus (BGS4)
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(Baghdad South) in the middle area, and third terminal at Bus (KSEK4) (Mosul) in the north area, as shown
in Fig. 6.

Fig. 6 Interconnected of MT-HVDC system with ISHV

In each case of fault, PSS/E was used to determine and compare the short circuit level with added two
UPFC and MT-HVDC system. Short circuit level and its percentage reduction for buses of south area for the
three type of fault are presented in Table II, Table III, and Table IV, respectively.

Table 1T SCL for THE CASE of THREE PHASE FAULT

HVAC |HVAC With UPFC HVAC With MT-HVDC
Bus No.|Bus Name SCL SCL SCL _ SCL Amp SCL _

Amp Amp Reduction Reduction
25400 |TAP-NSRS 20668.3 [20250.0 |2.024 % 13119.9 36.521 %
25403 |NSRP 28567.4 |[26411.9 |7.545% 20312.2 28.897 %
25404 |ANSRCC/ADHQR(26255.9 [24798.0 |5.552 % 18933.9 27.887 %
26417 |AMR4 151729 |13223.8 [12.846 % 11592.2 23.599 %
27401 |RUMLIPP 33216.5 |31577.0 |4.936 % 29360.9 11.607 %
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27402 [4QRN 17220.9 |15913.4 [7.592 % 12572.0 26.995 %
27421 [HRTP 25600.3 246115 |(3.862 % 24143.2 5.691 %
27426 |KAZG 31494.8 |30657.9 |2.657 % 29988.0 5.145 %
27430 |RMULG 33457.2 |31924.9 |4.580 % 29854.4 10.768 %
27450 |4BSR 30625.3 [29941.6 |2.232 % 29487.3 3.716 %
27451 |SHBR 31731.0 |30992.1 |2.328 % 30511.0 3.844 %
27452 (4NJB 20424.4 120163.0 [1.279 % 19985.4 2.150 %

Table III SCL for THE CASE of LINE to GROUND FAULT

HVAC |HVAC With UPFC HVAC With MT-HVDC
Bus No.|Bus Name SCL SCL SCL _ SCL Amp SCL _

Amp Amp Reduction Reduction
25400 |TAP-NSRS 12453.4 |12154.4 (2.401 % 10119.3 18.742 %
25403 |NSRP 20789.6 (189159 [9.012 % 17369.6 16.450 %
25404 |4ANSRCC/4DHQR|428.3 428.0 0.070 % 426.5 0.420 %
26417 |AMR4 12605.5 |11539.3 (8.458 % 10757.3 14.661 %
27401 |RUMLIPP 49270.6 |46864.0 |4.884 % 43607.7 11.493 %
27402 |4QRN 12623.2 |11419.8 [9.533 % 10691.6 15.301 %
27421 |HRTP 22084.2 |21307.8 |[3.515% 21345.2 3.346 %
27426 |KAZG 27528.7 |27064.4 |1.686 % 26748.7 2.833 %
27430 [RMULG 44858.8 (43013.7 |4.113 % 40494.2 9.729 %
27450 |[4BSR 27865.4 [27447.6 [1.499 % 27229.4 2.282 %
27451 |SHBR5 30477.7 [29970.0 |1.665 % 29717.5 2.494 %
27452 |4NJB 10342.3 |10297.1 (0.437 % 10265.9 0.738 %

Table IV SCL for THE CASE of LINE OUTAGE FAULT

HVAC |HVAC With UPFC HVAC With MT-HVDC
Bus No.|Bus Name SCL SCL SCL . SCL Amp SCL .

Amp Amp Reduction Reduction
25400 |TAP-NSRS 21715.2 |20250.6 |6.744 % 13110.1 39.627 %
25403 |NSRP 31661.2 (264125 [16.577 % 20297.7 35.890%
25404 |ANSRCC/ADHQR(28513.7 [24798.6 |13.030 % 18921.1 33.642%
26417 |AMR4 15205.4 |15179.5 [(0.170 % 11449.5 24.701%
27401 |RUMLIPP 34522.1 |31660.2 (8.290 % 29208.2 15.392%
27402 |4QRN 17273.9 |17204.7 (0.400 % 12272.5 28.953%
27421 |HRTP 25751.1 |25493.8 [1.000 % 22239.1 13.638%
27426 |KAZG 31853.2 (311755 |2.127 % 29374.6 7.781%
27430 |RMULG 349354 |[32021.8 (8.340 % 29685.6 15.027%
27450 |4BSR 30834.8 |(30448.2 |1.254 % 29484.6 4.378%
27451 |SHBR5 31949.9 |31547.4 |1.260 % 30495.1 4.553%
27452 |4NJB 20504.7 |20355.7 (0.726 % 19984.9 2.535%
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According to the tables above, adding an MT-HVDC transmission will reduce the short circuit level of all
buses in the south area for the three types of faults when compared to adding a UPFC. For example, from

table II, the short circuit current for bus 4QRN reduced from (17220.9 Amp) to (15913.4 Amp) when adding
a UPFC with percentage reduction of (7.592 %), and reduced to (12572.0 Amp) when added MT-HVDC
transmission with percentage reduction of (26.995 %), and from Table III, reduced from (12623.2 Amp) to
(11419.8 Amp) when adding a UPFC with percentage reduction of (9.533 %), and reduced to (10691.6
Amp) when added MT-HVDC transmission with percentage reduction of (15.301 %). The average
percentage reduction in short circuit level with adding a UPFC at three phase fault case is (4.786%), while
with MT-HVDC transmission the average percentage reduction is (15.568%). Fig. 7, Fig. 8, and Fig. 10
illustrate the comparison of short circuit level reduction for three different types of faults: line to ground
fault, three phase fault, and line outage fault.

40000
35000
30000
25000
20000
15000
10000
5000
0

== HVAC == \Nith UPFC With MT-HVDC

Fig. 7 SCL for three phase fault

60000
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40000

30000

20000 -

10000

0

== HVAC == \Nith UPFC With MT-HVDC

Fig. 8 SCL for line to ground fault
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Fig. 9 SCL for line outage fault

As compared to installing a UPFC, the figures above demonstrate that adding an MT-HVDC transmission
will reduce the short circuit level of buses in the south area. Therefore, adding new generation units,
increasing the capacity of already-existing generators, or adding additional power from renewable sources
can all increase transfer power without requiring the system’s protection equipment changed.

The comparative of active and reactive power losses at transmission lines of the south area without adding
UPFC or MT-HVDC system and with adding it are shown in Table V.

TABLE V COMOARATIVE of LINE LOSSES WITHOUT ADDING UPFC or MT-HVDC and WITH
ADDING IT

L. HVAC HVAC With UPFC|HVAC With MT-HVDC

Transmission
lines Losses Losses Losses

MW (MVar (MW MVar MW MVar
HRTP-4QRN 2.190/19.926|1.104 10.026 (0.444 4.014
HRTP-KAZG 0.534/4.830 [0.294 2.694 0.228 2.052
HRTP-SHBR 1.038|9.390 |0.738 6.684 0.618 5.604
4QRN-AMR4 0.192(1.722 (0.132 1.194 0.036 0.318
KAZG-SHBR 0.138|1.242 |0.114 1.026 0.108 0.960
KAZG-RUMLG 1.614{13.434|1.404 11.67 1.068 8.898
KAZG-4BSR 0.138|1.254 (0.102 0.942 0.09 0.846
SHBR-4BSR 0.048|0.372 |0.048 0.36 0.042 0.318
4BSR-4NJB 0.030]0.276 |0.030 0.258 0.03 0.252
RUMLIPP- RUMLG |0.048(0.420 (0.036 0.336 0.024 0.216
RUMLIPP-NSRP 5.016|45.156(1.986 17.886 [0.678 6.000
RUMLIPP-TAP NSR|4.542(40.848(1.962 17.664 [1.836 16.488
RUMLIPP-4NSRCC |5.310(43.488(2.100 17.184 (2.064 16.926
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Table VI compares the percentage reduction in active and reactive power losses of transmission lines with
the addition of UPFC and MT-HVDC.

TABLE VI PERCENTAGE REDUCTION in ACTIVE and REACTIVE POWER LOSSES of
TRANSMISSION LINES

Line losses reduction

Transmission lines e~ Vith UPFCIHVAC With MT-HVDC
MW MVar MW MVar
HRTP-40RN 49.50 % |49.68% |79.72%  |79.85 %
HRTP-KAZG 44.94% |44.22% |5730%  |57.51 %
HRTP-SHBR 28.90 % |28.81% |40.46 %  |40.32 %
40RN-AMR4 31.25% [30.66 % [81.25%  |81.53 %
KAZG-SHBR 1739% |17.39% [21.73%  |22.70 %
KAZG-RUMLG _ |13.01% [13.13% [33.83%  |33.76 %
KAZG-4BSR 26.08 % |24.88 % |34.78%  |32.53 %
SHBR-4BSR 0.00% [322% |1250%  |14.51 %
ABSR-4NJB 0.00% [652% [0.00%  [8.69 %
RUMLIPP- RUMLG |25.00 % |20.00 % |50.00 % _ |48.57 %
RUMLIPP-NSRP _ |60.40 % |60.39 % |86.48 %  |86.71 %
RUMLIPP-TAP NSR|56.80 % |56.75 % |59.57 %  |59.63 %
RUMLIPP-4NSRCC |60.45 % [60.48 % |61.13%  |61.08 %

Table V and Table VI illustrate how each case leads to consistently reduce active and reactive power losses
at the majority of transmission lines in this area. For instance, the active power losses for the line (HRTP-
4QRN) are reduced from 2.190MW to 1.104MW with a percentage reduction of

49.59% when two UPFCs are added, while the active power losses are reduced to 0.444MW with a
percentage reduction of 73.72% when multi-terminal HVDC transmission system is used. Fig. 10 compares
the total active and reactive power losses of the southern area with and without the addition of MT-HVDC
or UPFC systems.

200 182.358 MVar HMW H Mvar
150
100 87.924 MVar

62.892 MVar

50 | 20.838 MW

10.05 MW

7.266 MW

HVAC with UPFC with MT-HVDC

Fig. 10 Comparative of total active and reactive power losses of the south area
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Fig.10 shows how adding UPFC or MT-HVDC transmission system reduces total active and reactive power
losses at the southern portion of the Iragi power system. It demonstrates that adding two UPFCs reduces
active power losses from 20.838 MW to 10.05 MW, with a percentage reduction of 51.77%, and adding a
multi-terminal HVDC system reduces active power losses to 7.266 MW, with a percentage reduction of
65.13%.

CONCLUSION

This study examined the impact of adding UPFC and MT-HVDC transmission system on the reduction in
short circuit level and total network power losses at south area of the Iraqi super high voltage grid. UPFC
and multi-terminal HVDC transmission are represented using the Power System Simulator for Engineering
(PSS/E). Results show that, in comparison to adding two UPFC to the south area, adding one terminal (of
the three terminals of the MT-HVDC system) to the south area and connecting it by DC link to the middle
area and the north area results in a significant decrease in the short circuit level, transmission line losses, and
total network losses. From the result, the active power losses are reduced by 51.77% after adding two UPFC
while for the multi-terminal HVDC transmission system, the active power losses are reduced by 65.13%.
The results show that the average reduction in short circuit level with MT-HVDC transmission is 15.568%,
whereas the average reduction with adding a UPFC at three phase fault scenario is 4.786%. The results
clearly show that, for three types of fault, a multi-terminal HVDC system is more effective at reducing short
circuit levels and network power losses. Reduced short circuit levels and overall network losses will allow
for increased power transfer capacity without needing replacement of the system’s protective equipment.
The MT-HVDC transmission system not only reduces power losses and short circuit levels but also
providing a routes to transfer extra power from the south to the middle or north without overloading the
area’s AC transmission lines. As a result, the South’s network performance will improve, which will
improve Iraq’s electrical power system.
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