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Abstract—This paper introduces the load flow on the Egypt
Electricity Network system. The effect of capacitor compensation
has been studied from three points. First, the problem of the
series capacitor compensation was considered. The second type of
compensation considered is shunt compensation. Finally, a mixed
of shunt and series capacitors compensation was implemented.
The analysis results were discussed based on the maximum
reduction in the generated MVAR. The load variation is
accounted for by considering three different load levels classified
as light, medium and peak load with pre-specified durations.
When solving the capacitor placement problem, the number, size,
location and control settings of the capacitors at different load
levels were determined. The load flow program is solved by the
Power World Simulator (PWS) software. The results of series
capacitor, shunt capacitor, and mixed compensation were
studied. The investigation has been done for single capacitor and
multi-capacitor compensation. Both S00kV and 220kV overhead
lines have been considered.
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L INTRODUCTION

Egypt is the largest non-member of the Organization of the
Petroleum Exporting Countries oil producer in Africa and the
second-largest dry natural gas producer on the continent. Egypt
is the largest oil and natural gas consumer in Africa, accounting
for more than 20% of continent’s total oil consumption and
more than 40% of total dry natural gas consumption in 2013 [1-
2]. Automatic generation control (AGC) is an important
problem in power system operation and control. Whenever a
small load perturbation occurs, it causes changes in tie-line
power flow and frequency deviation. Many investigations in
the area of AGC of interconnected power systems have been
carried out in the past [3-5] and a number of control strategies
have been proposed to improve the performance of AGC.
Consequently, the non-linear nature of the load frequency
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control (LFC) problem makes it difficult to ensure stability for
all operating points when an integral controller is used [6-7].
The application of adaptive control theory to the LFC problem
eliminates some of the problems associated with classical and
modern control [8-10]. Voltage instability has been observed in
several forms, which was reached to complete blackouts of
power systems in several countries [11]. Power system
institutes such as IEEE, CIGRE, IEE and EPRI have turned
great attention to the subject [12]. An IEEE subcommittee was
formed in 1986 for its study [13-15]. In future, the subject will
have a direct access to other interests such as power system
security, reliability, planning, control methods and power
system harmonics suppression. Electronic static VAR
compensators, flexible AC transmission systems and HVDC
systems will be widely used to counteract the effect of such
devices and to improve the voltage stability situation of large
systems [16-18]. Power quality is a recent subject that appeared
with the complication of power systems [19-22]. Reactive
power compensation is an important issue in electric power
systems, involving aspects of service like operation, economy
and quality. Consumer loads (residential, industrial etc.)
impose active and reactive power demand, depending on their
characteristics. Active power is converted into useful energy,
like light or heat. Reactive power must be compensated to
guarantee an efficient delivery of active power to loads, thus
releasing system capacity, reducing system losses, and
improving system power factor and bus voltage profile. Due to
this, optimization of the capacitor placement problem (CPP) is
important for studying the effect of capacitor compensation of
a certain system. The problem of reactive power control for the
Egypt Electricity Network (EEN) has been addressed in this

paper.
II.  EEN DESCRIPTION AND DATA

EEN operates a large and extensive transmission system
consisting of six major subareas. These areas are Upper Egypt,

www.etasr.com

Mobarak et al.: Reactive Power Compensation on Egypt Electricity Network for Optimal Energy Saving



Engineering, Technology & Applied Science Research

Vol. 9, No. 1, 2019, 3699-3704 3700

Cairo, Medium Delta, Canal, West Delta and Alexandria
(Alex.). The peak load is about 21051MW and is increasing at
an average rate of 6-7MW per year. The system consists of
large steam units (9698MW) and many different sizes of gas
turbines in about 10 major and several smaller power plants
such as 937 hydraulic, 106.4MW w-level and 49.61MW wind
turbine. EEN is shown in Figure 1 for single line diagram. The
load flow solution has been carried out using PWS. The
program solves the load flow problem using the Newton-
Raphson method. The results of the peak, medium and light
load levels solutions are presented and explained. The results
were compared with actual load flow in the company file and
were found identical.
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Fig. 1. Single line diagram of the studied EEN system.

In general, the total peak load for EEN was 19,677MW.
The total power consumption in Cairo was the largest
compared to the other cities at 6255MW which represented
about 32% of the total area load. Upper Egypt network is
considered the second largest load sink representing around
21% of total area load. Upper Egypt, Alexandria, Middle Delta,
West Delta and Canal peak time power consumption is
4133MW,  2421MW, 3034MW, 2476MW, 1358MW
respectively. Table I gives the active, reactive and complex
power consumption of each area.

TABLE 1. LOAD CONSUMPTION AT PEAK TIME
Area Powen) \ ctive (MW) |Reactive (MVAR) | Complex (MVA)

Upper Egypt 4133 2528 4845
Cairo 6255 3848 7344
Alexandria 2421 1456 2825
M. Delta 3034 1872 3565
W. Delta 2476 1472 2881
Canal 1358 832 1593

Total 19,677 12,008 23,053

III.  RESULTS AND DISCUSSION

The load flow solution considered 500/220kV network at
light, medium, and peak time. This represents a single line

diagram of EEN in which all bus voltages, loads and flow lines
are presented. The load flow solution of the 500/220kV EEN,
shows that there are 31 transmission lines carrying power
between the 500/220kV substations. The total generated active
power from the stations, at peak time, was about 21051MW.
On the other hand, the reactive power generation at peak time
was about 17239MVAR.

A. Conventional Load Flow

Figure 2 shows the voltage profile of all buses of the
Egyptian 32-bus system as obtained from the load flow. It can
be seen that all bus voltages are within the acceptable level
(£7%) except buses 24 to 32, which have about 0.9pu. The
participating factor for this mode has been calculated and the
result is shown in Figure 3. The result shows that, buses 11
(Naj-Hammadi), 19 (Qena) and 20 (Sohag) have the highest
participation factors for the critical mode. The largest
participation factor value (0.2294) at bus 20 indicates the
highest contribution of this bus to the voltage collapse.

1.02
2 098
g
s 0.9
S ‘ ‘ ‘ | ||||| |
wss LT il
1 3 5 7 9 11131517 19 21 23 25 27 29 31
Bus No
Fig. 2. Voltage profiles of all buses of the EENPS.
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Fig. 3. Participating factor of all buses

B. Load Flow Dependent on Voltage and Frequenccy

Let us consider a nominal voltage conventional load flow as
shown in Figure 4, when load is voltage dependent (the factors
kyy and kg, are 2 and 2 respectively), and load flow when load
is voltage and frequency dependent. Slack bus power is
specified. The factors k¢ and ky are 2 and -2 respectively, and
Ps=16pu. The solution for system frequency is such that load-
generation-loss balance is achieved at that frequency. With the
specifications given above, the total generation is greater than
the load and losses at the nominal frequency. Therefore,
frequency will be higher than the nominal frequency
(50.8494Hz). If k¢ is changed to 3.0, the frequency will be
higher than the nominal frequency (52.275Hz).
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Voltage profiles of all buses of the EENPS at different load

C. Effect of Series Compensation on EEN

In this section, the effect of series capacitor compensation
on 500/220kV overhead lines is studied. Single, double and
triple compensations were considered separately. Beyond triple
capacitor compensation, the difference of benefits is not
significant and hence we don't recommend the implementation
of more than three series capacitors at a time. It has been found
that the best location to install the single capacitor
compensation will be in the transmission line connecting the
500kV substations number 14 and 16. As shown in Figure 5 we
can get a reduction in total generated reactive power of
3671.9MVAR which is about 21.3 of the total generation
during peak time. On the other hand, the generated active
power will be increased by 112MW in this case. Regarding the
double series capacitor compensation for 500KV network, the
best locations in 500 kV network will be in the lines connecting
substations (14-16), and (15-17) which should compensate at
65% of line impedance. By implementing the above two series
capacitors the total reduction in the total generated complex
power will be around 4172MV AR, which is about 24.2% of the
total generation, at peak time. On the other hand, the generated
active power will be increased by 151MW in this case.
Regarding the results of the triple series capacitor
compensation for EEN, it was found that the best locations at
peak time should be in the lines overhead line connecting
substations (14-16), (15-17), and (18-24) which should
compensate at 66% of line impedance.
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Fig. 6. The effect of double capacitor series compensation applied on EEN.

Installing these capacitors will reduce the total generated
MVAR in EEN by around 25.5%. The reduced reactive
generated power is 4396MVAR at peak time. However, the
generated active power will be increased by about 151MW.The
impact of triple compensation on medium and light load are
shown in Figure 7. When series compensation was applied in
the 500/220kV overhead lines, it was found that the best
reduction in the generated MVAR was obtained after using
triple compensation. The reduction was about 25.5% of total
system generated MV AR at peak time. But generally, there was
no big difference in the reduced MVAR when using single,
double or triple series compensation. The reduction generated
MVAR while using single, double or triple series compensation
at system peak load was 3671.9, 4172, and 4396 respectively as
shown in Figure 8.
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Fig. 7. The effect of triple capacitor series compensation applied on EEN.
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Fig. 8. Reduced generated MVAR of EEN series compensation.
Fig. 5. The effect of single capacitor series compensation applied on EEN.
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D. Effect of Shunt Compensation on EEN

Shunt capacitor compensation has been seen based on the
hypothesis that EEN can reduce up to 9050MVAR. The
reduction represents around 52.5% of total system generation.
This is achievable only when the shunt capacitive units are
installed at the right buses. Analysis has been conducted for
single, double and triple capacitor compensation. It was seen
that shunt compensation in more than three locations does not
worth the effort.

In case of single-bus compensation, only around
5378MVAR can be saved in the generation at peak time. This
reduction is about 31.2% of the system generation. The reactive
power compensation should be installed at substation number
14. The rating at the capacitor bank should be 636MVAR
(Figure 9). The compensation factor is 94% of bus load at this
value. The value of the capacitive bank at peak medium and
light loads is also given. On the other hand, the system
generation can be declined by about 8688MVAR, which is
almost 50.4% of system generation, by applying double-bus
compensation. The shunt elements should be installed at buses
17 and 28 with 138 and 541MVAR respectively. The values of
shunt compensation are presented for peak, medium and light
periods in Figure 10. For 3-bus shunt compensation, the best
reduction in the generated MVAR was almost 9050MVAR
which is better than the 2-bus compensation case by around
326MVAR. This reduction is about 52.5% of total generated
MVAR. To achieve this reduction, three shunt elements should
be installed at buses 28, 30 and 16 with rated values of 541,
437 and 153MVAR respectively (Figure 11). All peak, medium
and light load compensation values are shown in Figure 11.

35

m Light = Medium Peak

w
o

N
o

5
g
T 15
2
= 10
5
I ul e
Bus#14  Bus#15  Bus#16  Bus#17  Bus#26  Bus#27
Bus shunt compensation
Fig. 9. The effect of single capacitor shunt compensation applied on EEN.
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Fig. 11.  The effect of triple capacitor shunt compensation applied on EEN.

Result comparison of shunt capacitor compensation has
been done for each network based on the value of reduced
MVAR of generation. For EEN, the maximum achievable
reduction in the generated MVAR was 9050MVAR, which is
52.5% of total system generation, at triple capacitor
compensation at peak time. Figure 12 compares single, double
and triple compensation on EE network.
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Fig. 12.  Reduced MVAR generated of EEN shunt compensation.

E. Effect of Mixed Compensation on EEN

This section presents the results of mixed shunt and series
capacitor compensation on 500/220kV network. Applying
mixed capacitor compensation on EEN system results in a
reduction of 7997MVAR of total system generation during
peak time. This is representing about 46.39% of total system
generated MVAR. Mixed compensation increases the total
generated MW by almost 6MW during peak time. This testing
was performed for single and double mixed capacitor
compensation. In the case of single mixed compensation,
maximum reduction in the generated MVAR obtained during
peak load is 7130MVAR which is about 41.36% of total
generated MVAR. The single shunt compensation should be
added on bus number 14 with a size of 298MVAR. On the
other hand, single series compensation should be added into the
380kV transmission connecting substations (16-14). The
compensation rate of the line should be 65 of line impedance.
Figure 13 shows the results of single mixed compensation on
EEN system. In this Figure, the best locations are sorted based
on maximum reduction of the generated MVAR.
Compensation values of all three load levels (peak, medium
and light) are also presented.
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Fig. 13.  The effect of single mixed compensation applied on EEN.

In the case of double mixed compensation, total reduction
of 7997TMVAR of total generation was achieved. This is about
46.4% of the system generation. The two shunt elements to be
added are on buses 14 and 17 with values of 602 and 67MVAR
respectively. On the other hand, two 500kV lines, connecting
substations (14-16) and (17-15), should be compensated by
series capacitive elements at 70% and 65% of the investigation
results of double-mixed compensation case on EEN (Figure
14). The best locations are based on maximum reduced
generated MVAR, and compensation values of all three load
levels (peak, medium and light) are presented. The results of
the mixed shunt and series capacitor compensation were
compared for each network and bench marked. The comparison
has been done for each network based on the value of reduced
generation MVAR. Another results comparison is to compare
the increased MW in the generation.
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Fig. 14.  The effect of double mixed compensation applied on EEN.
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Fig. 15. Reduced generated MVAR of EEN mixed compensation.

For the 500kV network, the maximum achievable reduction
in the generated MVAR was at double capacitor compensation
at 930.6MVAR, which is 46.4% of total system generation, at
peak time. Figure 15 compares single and double compensation
on the 500kV network. Prior to capacitor installation, a load
flow study was run to obtain the present EEN system condition
presented in Table IT which shows the generated active power,
generated reactive power, generated complex power, system
KW losses, the cost of energy losses during peak, medium and
light load levels and the cost of system energy losses.

TABLE II. SYSTEM CONDITIONS BEFORE CAPACITOR PLACEMENT
Load Condition
Light [Medium| Peak
Total generated active power P (MW) 19567 18335 21051
Total generated reactive power Q (MVAR) | 18284 15057 17239
Total generated complex power S (MVA) | 26780 | 23725 27209
Real power losses (MW) 7088 2441 1373
Cost of Energy Losses ($) 931,363 | 641,495 | 180,412
Total Cost of Energy Losses ($/year) 2,043,138

IV. CONCLUSION

The installation of series, shunt or mixed capacitors reduced
energy losses in the system. The maximum obtained reduction
in generated MVARs was 25.5%, 52.5% and 46.6% for the
500/220kV network. Shunt compensation at substations with
large loads results in a better reduction of the generated MVA
than at substations with low loads. The reduced MVA of shunt
compensation is more than the one of mixed or series
compensation.
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