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This paper analyzes and examines the potential of an infinite generation
system to support the domestic load growth of the 33 kV loop network from
2025 to the year 2040. The study assesses the current state of the network,
focusing on voltage levels, line loadings, and transformer capacities to ensure
that all components operate within the system's allowable loading limits. It is
assumed that the loop is powered by an infinite source. A numerical model,
utilizing the Gauss-Seidel method, is developed and run using the PSS/E
simulator and ETAP. The voltage profile is expected to remain within the
range of 0.95 to 1.05 pu. An analysis of the simulation results demonstrates
the potential for increasing active power transfer and controlling reactive
power in the system by the year 2040.Furthermore, solutions are proposed to
address identified critical issues in order to meet the projected demand. These
include doubling the capacity of existing transformers and implementing
protection against short-circuit currents. The proposed system is expected to

provide industrial consumers with reduced load imbalances and improved
control over voltage fluctuations caused by rapid changes in reactive power
demand.
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1. INTRODUCTION

This study looks at whether an infinite source generation system can reliably supply electricity to
homes through a 33 kV network, including during faults like short circuits [7,9]. The main goal is to keep the
voltage levels between 0.95 and 1.05 per unit (pu). To do this, the power grid was modeled and tested using
software tools like PSS/E, ETAP, and MATLAB to check whether it meets the voltage standards set by the
grid operator. Other researchers have used different methods to address similar voltage and power flow
problems. Some have used optimization techniques like Optimal Power Flow (OPF), while others have used
artificial intelligence tools such as Genetic Algorithms or Particle Swarm Optimization. These methods can
improve system performance but often require more complex calculations.

In contrast, this study uses simpler, well-established techniques like the Gauss-Seidel method for load
flow analysis, which is easier to implement in medium-sized systems. The study also introduces a reactive
power compensation system to help control voltage and power flow more efficiently under changing conditions
[10-15]. Similar devices like SVCs and STATCOMs have been used in other studies to improve voltage
stability, especially in high-voltage networks.

Here’s how the study was carried out:
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A diagram of the 33 kV network and system data for 2022 were presented [16—18].

The network's admittance matrix was calculated, and load flow analysis was performed.

Electricity demand from 2025 to 2040 was forecasted and analyzed.

A numerical model using the Gauss-Seidel method was built in MATLAB and PSS/E to simulate the system’s
behavior.

The results were used to find and solve system problems and improve power flow and voltage profiles. And
lastly, the study emphasizes that upgrading transformer capacity and performing short-circuit simulations are
key to building a stable and reliable electrical network [19,21].

2. RESEARCH METHOD

Figure 1 presents the single-line diagram of the 33 kV loop network. The corresponding line data,
injected powers at the buses, and load information are detailed in tables 1 and 2, respectively. The network
comprises four transmission lines, four transformer substations each powered by an infinite source and four
loads connected to buses 1 through 4, as illustrated in the diagram. Active and reactive power values are
represented in megawatts (MW) and megavolt-amperes reactive (MVAR), respectively. The voltage at each
bus (i) is expressed in per unit (pu). Each load bus is characterized by a specified active power (P) and reactive
power (Q), the voltage magnitude (V) at each bus is computed through power flow analysis. In this
configuration, bus 3 is selected as the slack bus, providing a reference for system voltage and angle.
Additionally, each bus (i) is interconnected with (k) other buses, forming a closed-loop structure as depicted
in figure 1.

SP2 SP1
2 | M'Bout Selibabi i
SL2 sL1
SP3 SP4
s | 1)
Kaedi Gouray
SL3 sL4

Figure 1. Single line diagram of the 33 KV loop system
Legend: SP - Substation power, SL - Power Load, 1 ;2 ;3; 4 Bus numbers

2.1. lines parameters

To express all the values in per unit (pu) as shown in table 1, two independent base quantities must be
selected arbitrarily at a specific location within the electrical system commonly the base voltage Ug and base
power Sg. These base values are then used to calculate the base impedance, which is derived using Ohm’s law.
The base impedance can be determined using the following formula

2.2. Calcululation of bases values

Base impedance in power systems is used when you're doing per-unit (pu) analysis. It acts as a
reference value to normalize electrical quantities like voltage, current, and impedance. It helps simplify
complex calculations. It allows you to compare components across different voltage levels and power ratings
more easily. It keeps values in a similar range (usually around 1.0), which helps reduce errors. it's calculated
by equation (1):
_ UB _ (33%)x1000

= =22 090 13610 (D

Zs SB 800
with Ug = 33KV bus voltage and Sz = 800KV A is apparent power of transformer at 2022 year
(table 2)

Once you have the base impedance, you can convert actual impedances to per-unit values and analyze the
system more uniformly as shown in table 1.
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Table 1. Line parameters

Bus (i—k) Resistance (Q) Rpu=R/Zy Reactance (Q) Xpu=X/Zy Voltage (kV) Length (km)
1-2 2,147 0,0015 2,9380 0,00215 33 113
2-3 2,0805 0,00152 2,847 0,00207 33 109,5
3-4 3,8247 0,00281 5,2338 0,00384 33 201,3
4-1 0,84816 0,00061 1,16064 0,000852 33 44,64

Table 2 provides data for the year 2022, including initial voltages, voltage angles, injected powers,
and power demands. This information is essential for evaluating the performance and efficiency of the power
distribution system. Analyzing these parameters supports efforts to ensure the network's reliability and
operational stability.

Table 2. initial given data of the network

Bus voltage Injected power Load
Busno. v ltage magnitude Angle (deg) P (kW) Q (kVAr) P (kW) Q (kVAr)
(pu)
1 1.05 0 6345 310,2 564 423
2 1 0 333 162,3 296 222
3 1 0 720 352 640 480
4 1 0 288 140,8 256 192

Table 3 presents the projected system demand from 2025 to 2040, estimated using extrapolation
techniques. This forecast is crucial for strategic planning and efficient resource allocation. It enables the
anticipation of future demand and supports proactive system upgrades.

Table 3. Projected demand of the system between 2022 and 2040 years

2025 - 2030 2030- 2035 2035-2040
Country
Pp (Mw) Qp (Mvar) Pp (Mw) Qp (Mvar) Pp (Mw) Qp (Mvar)
Sélibabi 10.33 7.524 11.537 8.653 13.268 9.951
M’Bout 4751 4345 5.464 4.997 6.284 5.746
Kaedi 11.385 8.538 13.09 9.819 15.056 11.292
Gouray 4.109 342 4.726 3.93 5.435 4523
Total Powers 30,575 23,827 34,817 27,399 40,043 31,512

Table 4 presents the simulation results for the admittance matrix involving buses 1, 2, 3, and 4. This
data highlights the electrical interactions and performance of these buses within the network. Analyzing these
results is essential for understanding the system's dynamic behavior and ensuring stability.

Table 4. Admittance matrix of system

1 2 3 4
! 0,7807 - j1,0695 -0,2206 +j0,3016 0 -0,5601 +j0,7679
2 -0,2206+j0,3016 0,4472 - j0,6127 -0,2206+j0,3016 0
3 0 -0,2267 +j 0,3111 0,3507 - j0,4807 -0,1241+ j0,1696
4 -0,5601 + 70,7679 0 -0,1241+ j0,1696 0,6842 -j0,9375

2.3. Calcululation of bases values

Load flow studies are essential for effective power system planning and operation. The main objective
is to calculate the voltage magnitudes and angles at each bus under specified generation and load conditions.
To solve the load flow problem, we employed the iterative Gauss-Seidel method, using MATLAB and PSSE
due to the manageable size of the system.

2.3.1. Gauss Seidel resolution
Using Kirchhoff's Current Law (KCL) from figure 1, we obtain the following equation:
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=Y Vi + Y Vo + o+ ViV 4 - + Yin Vi = Xieoq YWk (2)
The conjugate complex power at bus(i) is given by

P —jQi =V} 3)
Substituting equation (1) into equation (3), we obtain:

Piinj —Quinj = Vi Zk=a VieVie = Vi [Yu Vi + Yo Vp + - + ViV + - + Vi 1 ] 4
Then, the voltage at bus(i) is defined by equation (5)

1 [Pi,inj=jQiinj
Vi = i * = Yi Vi =Y Vo — o = Yin Vg (%)

Calculation of current flowing between bus(i) and bus (k)

ik = —Yi(Vi - Vi), i#k (6)
Hence
Vi = IVil£8; , Vie = Vil 28y, Yii = Y3l 265, Yiie = [Yire| £05x (7
P —jQi = V7'l = Vi Xkoq YikVk = Zk=1lYixViVil (cos(@j + 8y — 8;) — jsin(Bji + 8k — 6;)) (®)
The injected powers at bus(i) are defined by equations (9) and (10)
P = Y- 1Y ViVie| cos( By + 8 — 8;) ©))
Qi = — Xk=1/YikViVkl sin( 0y + 8 — &) (10)

Since the voltage at the buses must be maintained within certain specified statutory limits, the voltage
bound constraint limit at bus (i) is defined by equation (11)

Vi(min) =< Vl < Vi(max) (11)

Where Vi (min) and Vi (max) are minimum and maximum voltage values at bus i.
The reactive power supply constraint at bus (i) is specified by equation (12)

Qgi(min) < Qgi < Qgi(max) (12)

With Qgi(min) et Qgi(max) are minimum and maximum reactive powers values generated at bus(i)

3.  RESULTS AND DISCUSSION
3.1. Numerical model of resolution

Table 5 presents the simulation results from the PSS/E simulator for the year 2040, prior to the
insertion of the reactive power compensator. The table displays the voltage magnitude profile and
corresponding voltage angles across the system. The results show that voltage magnitudes fall below the
acceptable stability range (0.95 to 1.05 pu) throughout the network, with the exception of the slack bus.

Table 5. Simulation results at 2040 year with using PSS/E

Name of Bus ~ N° Type Vpu ¢°
Selibabi 1 PQ 0.9 -1.55
M’Bout 2 PQ 0.93 -0.89
Kaedi 3 Slack 1 0
Gouray 4 PQ 0.91 -1.37
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3.2. Model of reactive power compensation
Table 5 shows the simulation results from the PSS/E simulator without the implementation of reactive
power compensation. The voltage magnitude profile and voltage angles are observed to fall outside the
acceptable stability margin. To address this issue, we propose the following mathematical model for reactive
power compensation:
Qc=3*w=*U? xC Avec w = 2nf (13)

Where, Qc- is a reactive power in MVAr, U - is a bus bar voltage, C - is a capacitance in puF, © - is a
pulse, F is a network frequence. Given that C= 20 pF, U=33KYV, F=50Hz, we calculate the reactive power
required to maintain the system within voltage constraints (0.95 and 1.05pu) substituting these values into
equation (11) then applying equation (14).

Qc =3 %314 %33210°%20 1075 = 20.51 MVAR with w = 314 rad/s (14)

The injected reactive power at Selibabi bus bar (1) is Qc = 20.51 MVAR. This represents a bank of
capacitors shunt or use Static Var Compensators (SVC) and STATCOM from the FACTS family for reactive
power compensation connected at bus (1) .

3.3 Resolution of the problematic

Table 6 presents the simulation results for the voltage profile and angles following the insertion of the
reactive power compensation system. The results show that the voltage values are now within the stability
constraints (0.95 to 1.05 pu). The table below illustrates these improved conditions.

Table 6. Simulation results after injected reactive power at bus 1

Bus N° Type Vpu o°
Selibabi 1 PQ 1 -5.15
M’Bout 2 PQ 0.985 -2.69
Kaedi 3 Slack 1 0
Gouray 4 PQ 0.99 -4.33

Figure 2 illustrates the voltage profile before and after the reactive power compensation. It shows an
increase in voltage magnitude at bus 1, from 0.90 (outside the [0.95, 1.05 pu] range) to 1 pu, at bus 2 from 0.93
to 0.98 pu, and at bus 4 from 0.93 to 0.99 pu. Notably, slack bus 3 maintained its voltage at 1 pu and its angle
at 0°.

1 L
08¢
83 - Before compensation
23 0.6 -After compensation
£3 04
0.2
0 d i
0 1 2 3 4
Bus number

Figure 2. Curve of voltage magnitude in pu

Figure 3 shows the voltage angles before and after reactive power compensation. The results indicate
an improvement in the voltage angle at Bus 1, from -1.55° to -5.15°, at bus 2, from -0.89° to -2.69°, and at bus
4, from -1.37° to -4.33°.
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Figure 3. Curve of voltage angle in degrees

Table 7 presents the simulation results for total active and reactive power before and after the insertion
of the reactive power compensation system at the Selibabi bus (Bus 1). A reduction in total power losses is
observed, demonstrating the effectiveness of the compensation system. This improvement highlights the
system's contribution to overall network efficiency.

Table 7. The total active and reactive power losses

Method Active Power losses (MW) Reactive Power losses (MVAR)
Before compensation 1.8 2.5
After compensation 1.5 2
2
s ; 15
==
o
a.E 1
(7]
)
= 0
o W
< O 05

0

Figure 4. Total active power losses
Figure 4 shows a reduction in total active power loss from 1.8 MW to 1.5 MW, indicating an
improvement in active power transmission through the lines. This reduction highlights the effectiveness of the

reactive power compensation system. The results demonstrate how the system enhances voltage levels at the
buses and reduces active power losses..

Before compensation

Reactive Power

Figure 5. Total reactive power losses

Figure 5 shows a reduction in total reactive power loss from 2.5 MVAR to 2 MVAR, indicating a
decrease in reactive power loss through the transmission lines. These results highlight the effectiveness of the
reactive power compensation system. The system contributes to enhancing voltage levels at the buses while
reducing reactive power losses in the power system.
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3.4. Transformer Model

To address the projected load growth of the 33 kV loop network by the year 2040, we propose
increasing the capacity of the transformers connected to various system buses [22]. This enhancement can be
achieved by connecting one or more additional transformers in parallel with the existing units[23-25]. Parallel
transformer operation is typically employed when the load demand exceeds the capacity of a single transformer,
enabling an increase in available power without altering the system voltage. In such configurations, the power
demand is shared between the parallel units. Connecting transformers in parallel also offers operational and
economic benefits. It reduces the need for maintaining a large inventory of spare parts, as identical units can
serve as mutual backups. Moreover, parallel operation improves system reliability, facilitates more efficient
switching operations, and ensures continuity of power supply in the event of a transformer outage [26—28].

The cost associated with maintaining spare parts is reduced when two transformers are connected in
parallel. The advantages of parallel transformer operation include meeting load demand, improved reliability,
more efficient switching operations, and an uninterrupted power supply during the outage of one unit[29]. For
transformers to operate effectively in parallel, several technical conditions must be satisfied [30-33]:

Identical primary and secondary voltage ratings: Both transformers must have the same voltage ratio
and turns ratio.

Consistent transformation ratio (k): The ratio of primary to secondary voltage must be the same for
both units.

Matching short-circuit impedance: The short-circuit voltage should be equal, or at least not exceed
10%.

Compatible phase displacement: The phase angle shift between primary and secondary windings must
be identical; i.e., the vector groups must be the same or compatible.

By ensuring these conditions are met, parallel transformer operation becomes a practical and efficient
solution to support future increases in load demand within the 33 kV network.

3.4.1. Model parallel operation of transformers

To share the total load between two transformers connected in parallel, the following information is
required:

The power rating of transformer T1 (MV A1) and its percentage impedance (%Z1).

The power rating of transformer T2 (MVA2) and its percentage impedance (%Z2).

The total demand power (MVA).

With these parameters, the load can be appropriately distributed between the two transformers.

Load sharing by T1
MV A1
T1 = wva’lavaz * MVA (15)

%Z1 = %Z2

Equation of current crossing T1

MV A1
L = wwaitiwa * 11 (16)
%Z1 %Z2
Load sharing by T2
MV A2
T2 = wvawwaz * MVA 17

%Z1  %Z2

Equation of current crossing T2

MVAL
_ %Z1
I, = MVAL MVAz * I (18)
%Z1 | %Z2

Where the percentage impedance is expressed by equation(18)

%Z = %*Sn*wo (19)

Tr
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2
impedance of transformer Zp, = —<C« 220 . g, = Pou . x — VZi —RZ, (20)

100  Sp 312 ;
The apparent power losses in the transformer can be calculated using the expression for each
transformer(21)

AS71 = S1q input — Sr1 output 2D

Where Stq inpye is the input power of transformer one and St gy¢pye the output power of the same
tranformer.

To assess the load-sharing performance of transformers connected in parallel at bus 3 (Kaédi) in the
year 2040, we analyze both simulated and analytical cases. The power and current values distributed between
the two transformers are determined using equations (15) to (18), with supporting data presented in tables 3, 8,
and 9. In this configuration, one transformer (T1) is already installed, with a power rating of 10 MVA. As the
projected total load demand exceeds this capacity, a second transformer (T2) is proposed to operate in parallel.
The required power rating for T2 can be calculated as the difference between the total load demand and the
existing transformer’s capacity.

The total load demand (MVA) minus the power rating of the existing transformer (MVA1) gives the
load that needs to be handled by the second transformer (MVA2).

Mathematically: MVA2 = Total Load Demand (MVA) — MVAL1 (22)

Where: MV AL is the power rating of the existing transformer (10 MVA). MVA2 is the power rating
required for the second transformer. To validate the transformer load-sharing strategy, the study considers two
approaches:

Simulation Case: The PSS/E software is used to simulate the total load demand of the network at bus
3 in the year 2040. This provides a realistic model based on the system's operational conditions and projected
demand profile.

Analytical Case: Using equations (15) to (22), the load and current shared between T1 and T2 are
calculated analytically. These calculations account for transformer ratings and impedance characteristics, and
the results are documented in tables 8 and 9.

This dual-approach enables a direct comparison between simulated load demand and theoretical load-sharing
predictions, offering valuable insights into the reliability and accuracy of the proposed transformer
configuration.

Based on tables 8 and 9, we can determine and allocate the shared load between the two transformers,
with T1 rated at 10 MVA and T2 rated at 30.04 MVA for the year 2040. Operating the transformers in parallel
proves to be more economical than replacing them, as this approach allows for scalable load handling. This
strategy effectively accommodates load increases while maintaining system stability[34-36].

Table 8. Calculation results of load shared at Kaedi bus (3)

Total load Load of Load shared Impedances of
(T) existing (T1) by (T2) T1 and T2
Bus (MVA) (MVA1) (MVA2) %Zl  %Z2
Kaedi 3)  40.04 10 30,04 9 12,5
Year 2040 <2030 > 2030 - -

The simulation results are presented in table 9, where the apparent losses for each transformer are
calculated. The upstream and downstream powers of each transformer are determined using equation (21).
Additionally, the Kirchhoff's Current Law (KCL) in equation (2) is verified.

Table 9. Simulation results of apparent power losses at Kaedi bus (3)

Bus Simulations results MVA Simulations results of currents in (A
T1 T2 ASrq ASr, T1 T2 Total
Kaedi (3) 11.99 25.9 0,57 1,41 219.8 474.7 694,2

To protect transformers from short circuits, circuit breakers with adequate interrupting capacity must
be selected. This can be achieved by simulating short circuit scenarios using ETAP, both upstream and
downstream of the transformers. The simulation results will help identify the appropriate circuit breakers,
ensuring their interrupting capacity is greater than or equal to the short circuit currents, as outlined in equations
(23) and (24).
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U,
Iec = \/3——; (23)

Where Z; =+/XR?2+> X? is the total impedance upstream of the transformer, U0 is the voltage in
secondary winding of transformer, Icc is a short circuit current in KA.

Icc max < B.C (24)

Where B.C is a breaking capacity of electrical device in KA

Table 10 shows the results of both calculations (using equation 23) and a simulation (using ETAP
software) for a short circuit situation. A short circuit current is the very large current that flows when electricity
takes an unexpected shortcut, like when wires touch directly or connect to the ground with little resistance.
This causes a sudden spike in current. When we compare these short circuit currents to the normal operating
currents in table 8, we can see they are much higher which is normal in a fault condition. Also, the calculated
short circuit current is higher than the simulated one. This difference can happen because manual calculations
often assume ideal conditions, while simulation software includes more real-world details like resistance in
wires and equipment behavior.

Table 10. Simulation results for the short circuit case using ETAP

Bus N° Calculated values Simulated results
Icc(KA) B.C Tcc(KA) V(%) B.C
1 1.9 >19 1.283 0 >1.283
2 3.5 >35 2477 0 > 2477

4. CONCLUSION

In this paper, we examined the state of a 33 kV loop over two distinct periods. The analysis focused
on system stability, voltage levels, and power flow. Each period represents a different operational scenario
with unique challenges and solutions. In the first period, we analyzed the network parameters for the year 2022.
During this time, the system remained stable. All voltage and power levels were within the required standards.
In the second period, we projected the demand from 2025 to 2040. The forecast showed that the system would
exceed stability limits. To address this, we proposed injecting reactive power using a FACTS device of
STATCOM at the Selibabi bus (Bus 1).

This intervention helps maintain voltage levels within the acceptable range of 0.95 to 1.05 per unit. It
also reduces power mismatches under increased demand. As a result, the system operates more reliably. In
another scenario, we considered transformer overloading[36] due to increased load. Operating transformers in
parallel proved to be more economical. This method avoids full replacements by adding transformers as
needed. The parallel operation supports load growth while maintaining system stability. When demand
decreases, one transformer can be turned off. This improves efficiency during periods of low load.

Lastly, we extended the study to include a short-circuit analysis. This step ensures the protection of
transformers. We selected appropriate circuit breakers to safeguard the system.
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