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Abstract— The unprecedented growth in demand and 
drive towards deregulation has brought about a complex 
and constantly changing grid. More so, with the current
environmental and economic pressures, there’s a 
reported growing number of numerous transmission and 
distribution investment deferrals, especially in developing 
countries. As such, the power system networks are being 
operated in stressed conditions. Hence, the networks are 
more prone to voltage instability, and consequently, 
collapse. Uganda is no exception to these challenges. Thus, 
a voltage stability assessment of the network is 
paramount. This research employs the use of 
Continuation Power Flow (CPF) for the identification of
weak regions. Corresponding PV and QV Curves for 
these buses are also provided to further buttress 
candidate buses for reactive power compensation. The 
impact of Static Synchronous Compensators 
(STATCOMs) on network voltage stability under 
contingency and fault conditions is also investigated. The 
results show that with the intervention of STATCOM, an 
imminent voltage collapse was avoided both during and 
after fault with bus voltages all restored to normal after 
incorporation of STATCOM.

I. INTRODUCTION 

The electrical power demand is increasing day-by-day and it 
is essential to maintain reliable and good quality of the 
electricity supply [1]. In addition, the current drive towards 
deregulation and the support of distributed generation has 
resulted in a constantly changing electric grid [3], [4]. This 
has resulted in complex interconnected bulk power systems. 
The attributing factors are the economic and environmental 
pressures that have led to an increasingly complex system 
that is operated close to stability limits [5]–[10]. As the 
system becomes more complex and heavily loaded, voltage 
instability becomes an increasingly serious challenge. The 
proof is in the widespread blackouts of the last two decades. 
Voltage collapse was the causal factor in some of the major 
blackouts in Greece (July 12, 2004), WSCC, USA (July 02,
1996), West Tennessee (August 22, 1987), and Belgium 
(August 04, 1982)[7], [11]. It was also a contributing factor 
in other major blackouts including the 2003 North America 
blackout and others [12].

The electrical demand in Uganda has been growing at a 
rapid rate of 10%. This is largely influenced by the high 

population growth rate. This growth translates to 125,000 new 
customers every year, with approximately a 2.5million 
additional on-grid connections projected to have been added 
in the period 2017 to 2030 [13]. The Government of Uganda 
is thus, driving efforts to have 100% electricity access by 2040 
[14]. As such, over the years, Uganda’s generation capacity 
was expected to have grown to 2500MW by 2020 [15] (actual 
as of December 2020 was 1268.9 MW [16]) and is expected 
to grow to over 3000 MW by 2025 [17] to meet the increasing 
demand and drive towards industrialization [15], [18]–[20].
However, this increase in generation has not been met by a 
corresponding investment in transmission and distribution 
infrastructure. As such, the network is heavily constrained and 
thus, operating in stressed conditions, close to voltage stability 
and thermal limits. The continued strain on the network results 
in weak grids which may result in a state of voltage instability, 
and eventually, voltage collapse which manifests itself by a 
decline of voltage profiles in one or significant part of the 
network. Consequently, the network is more prone to 
blackouts and collapse. In 2020, the network experienced a
total of six consecutive nationwide blackouts in the months of 
April-September alone [21], [22].

This research is therefore intended to provide an 
assessment of the voltage stability on the Uganda Power 
Systems Network (UPSN) and corresponding enhancement 
measures. Specifically, an equivalent model of the network 
was modeled in MATLAB-PSAT, a continuation power flow 
analysis performed on the network to establish the state of bus 
voltages and hence identification of weak buses. PV Curves 
are also presented to show the impact of increasing loadability 
on voltage stability. The identified weak regions are noted as 
candidate buses for the installation of STATCOMs. The 
impact of this FACTS device is analyzed both in contingency 
and fault conditions.

II. VOLTAGE STABILITY ASSESSMENT

Whilst voltage stability involves dynamic analysis, power 
flow-based static analysis methods are often useful for fast 
approximations. The most commonly used static voltage 
stability assessment methods are PV and QV curves. PV 
curves indicate load bus voltage magnitudes versus load 
active power for a given power factor (pf). For each value of 
pf, the higher voltage solution indicates a stable voltage case, 
while the lower voltage lies in the unstable voltage operation 
zone, according to Equation (1)[23].

Where is (sending end voltage) and is (receiving 
end voltage) and and V are magnitudes with leading 
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by δ. P and Q are active power and reactive power 
respectively.  
On the other hand, QV curves provide a more meaningful 
characteristic for certain aspects of voltage stability, which 
brings out the sensitivity and variation of bus voltage with 
respect to reactive power injections (+ve or –ve). QV curves 
are plots of voltage against the reactive power injected into a 
bus.  
The QV characteristic is plotted on a normalized basis 
(Q/Pmax, V/E) for various values of P/Pmax. The system is 
voltage stable in the region where dQ/dV is positive, while 
the voltage stability limit is reached at dQ/dV = 0 which is 
also known as the critical operating point. The limiting value 
of the reactive power transfer at the limiting stage of voltage 
stability is given by; 

 
Static voltage stability analysis with these curves involves the 
identification of nose points by load flow calculations, where 
the distance between the current operating points and the 
extremes is the loading margin. These curves indicate 
proximity to voltage collapse but do not highlight the causes 
of the voltage instability [7]. The challenge with PV and QV 
curves arises with power flow convergence as computation 
approaches the nose points or voltage collapse point. 
However, with the Continuation Power Flow (CPF) method, 
as proposed by Ajjarapu and Christy in [24], we can track a 
solution branch around the turning point without difficulty 
[25]. The advantage of CPF is that it provides a complete 
solution of the nose curve even after reaching the Saddle-
Node Bifurcation (SNB) point. The path-following feature of 
the CPF is captured through a predictor-corrector scheme that 
adopts locally parameterized continuation techniques to trace 
the power flow solution paths [26]. An illustration of the CPF 
process is presented in Fig. 1. 
 

 
Fig. 1. Continuation Power Flow Process [27] 

III. STATCOM FOR VOLTAGE STABILITY ENHANCEMENT 
STATCOMs are the most commonly used shunt-connected  
Flexible AC Transmission Systems (FACTS) devices for 
power system stability and power quality improvement. A 
STATCOM utilizes a voltage source converter (VSC) with a 
pulse with modulation (PMW) controller. The voltage source 
provides a means of storing DC voltage while at the same 
time the converter converts it into sinusoidal AC voltage with 
controllable output and phase angle for reactive power 
compensation. STATCOMs are known to provide better 
performance than Static Var compensator (SVC) and have 

constant current characteristics at low voltages, hence they 
can provide reactive power compensation even during low 
voltage grid conditions, unlike shunt capacitors. For the same 
rating, STATCOMs have a faster response although they are 
found to incur higher losses and costs than their Static Var 
Compensator SVC counterparts [28]. Fig. 2 shows a typical 
STATCOM structure. 

 
Fig. 2. STATCOM typical structure (a) Power Circuit (b) Equivalent circuit 

and (c) Power exchange 

IV. MATHEMATICAL FORMULATION OF THE CPF 
ALGORITHM 

A. Parameterization 
The CPF is performed based on predictor-corrector 

procedure via the following system of nonlinear equation: 

 
where 

  
 is the vector of the bus voltage angle and  is the vector 

of the bus voltage magnitudes. 
The nonlinear power flow equation in equation (4) is 
augmented by the loading factor  as follows: 

 
Where λ = 0 represents the base load condition, and 

represents the critical load. 
Equation (5) may be rewritten as; 

 
 

B. Predictor scheme 
The first task in the predictor process is to calculate the 
tangent vector. This can be obtained from 

 

On the left side of the equation is a matrix of partial 
derivatives multiplied by the vectors of differentials. The 
former is the conventional power flow Jacobian augmented 
by one column ( ), whereas the latter  is 
the tangent vector being sought.  
The addition of λ in the power-flow equations introduced an 
unknown variable. Hence, one more equation is needed to 
solve the above equations. This is satisfied by setting one of 
the components of the tangent vector to +1 or -1. This 
component, referred to as the continuation parameter (CP) 
imposes a nonzero norm on the tangent vector and guarantees 
that the augmented Jacobian will be nonsingular at the point 
of maximum possible system load. Thus, the tangent vector, 
  is determined as the solution of the linear system. 
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Where  is an appropriately dimensioned row vector with all 
elements equal to zero except the kth, which is equal to one. 
Once the tangent vector has been found by solving Equation 
(8), the prediction can be made as 

 

where '*' denotes the predicted solution, and  is a scalar 
designating step size. After the prediction is made, the next 
step is to correct the predicted solution. 
 

C. Corrector scheme 
In the corrector step, the original set of equations 

 is augmented by one equation that specifies the state 
variable selected as the continuation parameter. Thus, the 
new set of equation is 

 

where  is the state variable selected as the continuation 
parameter (CP) and    is equal to the predicted value of .  
 
Slightly modified Newton – Raphson power - flow method 
can be used to solve these equations. The introduction of the 
additional equation specifying   makes the Jacobian non-
singular at the critical operating point. The continuation 
power-flow analysis can be continued beyond the critical 
point and thus, obtain solutions corresponding to the lower 
portion of the P-V curve. 
 

D. Critical point identification 
To find the stopping criterion for the continuation power 
flow, we must determine whether the critical point has been 
reached. At the critical point, the tangent vector component 
corresponding to  is zero (i.e.,  and becomes 
negative once it passes the critical point. Thus, the sign of the 

 component tells us whether the critical point has been 
passed or not. Fig. 3 summarizes the CPF processes. 

 
Fig. 3. A flow chart of Continuation Power Flow 

V. RESULTS AND DISCUSSION 
Fig. 6 shows the single line diagram of the modeled Uganda 
Power Systems Network that was simulated in MATLAB-
PSAT. Data used for simulation was for 2019. The network 
consists of 32 buses, 75 lines, 24-generators, 26 loads, and 7 
transformers of 220/132kV.  

A. Normal operating conditions (NOC) 
At a base of 100MVA, the initial Newton Raphson method 
was used to solve the load flow.  The base case results 
indicated a total peak load of 841.18MW and 392.48MVaR. 
From the power flow analysis, 9 buses had their bus voltage 
magnitudes below 0.9p.u., with the lowest voltages at Bus 15 
(Lessos 132kV) - 0.7948p.u. and Tororo 132kV - 0.8387p.u. 
Fig. 4 indicates the voltage magnitude profile for all buses. 
 

 
Fig. 4. Voltage profile for the Uganda 32-bus system for NOC 

B. Continuation Power Flow 
A CPF was performed on the 32-bus system using PSAT. 

The results highlight the performance of the network with 
maximum loadability on the system. CPF results indicate that 
with addition loading up to 1179.25MW (loading parameter 
of 1.4019), the bus voltage magnitudes fall by 4%. Fig. 5 
shows the bus voltage profiles after the continuation power 
flow. 

 
Fig. 5. Voltage profile for the Uganda 32-bus system (CPF) 
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Fig. 6. Single Line Diagram of the modeled 32-bus Uganda Network

The graph indicates that a total of 14 buses have their voltages 
well below 0.9p.u, with buses 15 (Lessos 132kV), 32 (Tororo 
132kV) below 0.7p.u. 
A further analysis was performed by plotting the bus PV and 
QV curves. Fig. 7 and Fig. 8 highlight these results for a few 
selected weak buses respectively.

Fig. 7. PV curves for selected weak buses 

Fig. 8. QV curves for selected weak buses 

C. Impact of STATCOM in fault and contingency conditions
A fault was created at Bus 30 (Owen falls 132), which would 
cause a loss of 380MW of generation at (Kiira Power Station 
-200MW, and Nalubaale Power Station-180MW). The fault 
occurred at 1.25s and was cleared at 2s. Fig. 9 shows the 
performance on Bus 12 and Bus 15, with and without 
STATCOM. The STATCOMs were placed at three weak 
buses 32 (Tororo 132) – 30MVaR, 5 (Hoima 132)-20MVaR,
and 4 (Fortportal 132)-10MVaR. The sizing was achieved by 
gradually increasing the rating and monitoring the bus fault 
performances correspondingly.
The results show that with the intervention of STATCOM, an
imminent voltage collapse was avoided during and after 
faults with bus voltages all restoring to normal after 
STATCOM had been added.

VI. CONCLUSION

The study has been able to demonstrate the effectiveness of 
the CPF method for the identification of weak regions in 
power systems networks. It is seen that loadability has 
significant effects on the voltage stability of the network. 
Hence, loadability effects are observed to be aggravated in 
fault and contingency conditions. The use of Static 
Synchronous Compensators for voltage stability 
enhancement has also been studied. 
With the above in mind, this study, therefore, informs us of 
the following;

System loading conditions largely influence its 
voltage stability
Contingency conditions (loss of line, generation or 
bus) would aggravate the decline in bus voltages
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ows that Bus 15 (Lessos 132kV) - 0.5639
p.u. and its corresponding interconnecting bus, Bus 32
(Tororo 132kV) - 0.6520 p.u. are the weakest buses on the
network. The network’s maximum loadability Active and
Reactive Powers were 11. 25 p.u and -0.6598p.u
respectively.
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Fig. 9. Bus voltages (a) during fault (sustained fault) and (b) after fault clearance with and without STATCOM 

For future studies, the impact of load characteristics on 
voltage stability can be analyzed. More so, optimization of 
FACTS sizing and placement can be studied further. Lastly, 
STATCOM control techniques employing the use of neuro 
networks or heuristic techniques can be investigated for fast 
voltage recovery upon occurrence of a disturbance.  
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