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 Recently, the control of voltage instability through appropriate 

power factor correction programmes has become a necessity in 

power systems due to recurring blackouts and cascading outages 

that interrupt the smooth supply of electricity to customers. The 

study examined the combined effect of a Static Synchronous 

Compensator (STATCOM) and a Static Synchronous Series 

Compensator (SSSC) for voltage stability enhancement of the 

Nigerian 330 kV, 28-bus power network. Before compensation, 

several buses in the network experienced voltage magnitudes 

below the statutory limit. The application of the combined 

STATCOM-SSSC system improved the voltage magnitudes at these 

critical buses, bringing them within acceptable levels. The 

integration of STATCOM-SSSC also minimized the total active and 

reactive power losses of the system by 12.51% and 6.65%, 

respectively, resulting in an annual cost saving of 1.55 billion 

Naira in power exports. The study demonstrated that the hybrid 

use of STATCOM and SSSC effectively enhanced the voltage 

stability of the Nigerian 330 kV power grid. The findings highlight 

the benefits of implementing advanced reactive power 

compensation techniques to improve the performance and 

resilience of the Nigerian power system. 
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1 Introduction 
 

Reliable and efficient power system operation is a key component in the development of any nation. 

However, this is only possible if due attention is paid to voltage stability, especially in recent times when 

power grids have experienced tremendous growth and become increasingly complicated due to the ever-

increasing demand for electrical energy as a result of population growth and technological advancement 

[1][2][3]. Voltage stability is the power system’s ability to operate within an acceptable voltage limit regardless 

of the perturbation imposed on the system in the form of component outage, load increase and other kinds of 

disturbances [4][5][6][7]. Voltage instability causes the power system to operate inefficiently, and if it is 

pronounced in the larger sections of the system, it leads to voltage collapse or uncertainty. This condition, it is 

usually difficult for the voltage to regain recovery [8]. The main source of power system voltage instability is 

the imbalance between reactive power supply and demand. A power system network possesses a high voltage 

when it is characterised by surplus reactive power while it has a low voltage when it is deficient in reactive 

power. Voltage instability or imbalance causes significant problems in the power system including power 

outages, equipment damage or cascading failures that can jeopardise the successful operation of the overall 
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system [9] [10] [11]. The instability of voltage, when not adequately, properly and timely addressed, negatively 

affects the consumers whose lifestyle largely depends on electricity as a key propellant for socio-economic 

and technological development. Therefore, there is an urgent need to find ways and means to reduce voltage 

instability by providing adequate compensation for reactive power in the power system. 

The prospect of the conventional control techniques including the use of more generators, and capacitor 

banks as well as the establishment of a new transmission network and upgrade of the existing facilities for 

power system performance to achieve voltage stability in addition to power loss minimization is hampered by 

cost, time and environmental factors which are very important to successful implementation of the control 

measures [12] [13]. This, therefore, creates room for intense research in recent times in the aspect of the 

utilization of flexible alternating current transmission systems (FACTS) devices such as static synchronous 

series compensators (SSSC) and static synchronous compensators (STATCOM) for voltage stability 

improvement in power system for effective and quality service delivery [13]. FACTS devices, apart from being 

economical and fast-acting for voltage stabilization in power systems; are promising candidates for power flow 

control, power line transfer capacity improvement and congestion management, enhancement of power system 

static and dynamic performance, efficient utilization of energy, power factor correction and enhancement of 

power quality either applied singly or combined [14] [15] [16]. Hence, the interest of this study was to examine 

the combined effect of STATCOM and SSSC for power system voltage stability enhancement. STATCOM 

and SSSC respectively belong to shunt and series members of the FACTS family. The application of the two 

controllers together on a power network will allow the assessment of how the shunt and series compensations 

offered by the respective devices interact to impact the power system's voltage stability.  SSSC and STATCOM 

are very versatile FACTS compensators that have been deployed in various capacities for voltage instability 

control in power systems. [17] worked on a comparative evaluation of SSSC and STATCOM for voltage 

instability and power flow control in a power system network. Simulations were done using 

MATLAB/Simulink software without and with compensation to determine the system current, voltage, and 

active and reactive power flows of a two-area, four-machine 11-bus power grid.  

The study indicated that SSSC improved the system voltage profile and minimised both active and reactive 

power losses better than STATCOM on the considered two area network.  Improvement of the voltage stability 

of Ethiopian 400kV, 230kV, and 132kV electricity grids using STATCOM was considered by [7]. 

MATLAB/power system analysis toolbox (PSAT) was employed for modelling and analysis. Modified voltage 

stability indices were used to determine the buses that were constrained while particle swarm optimization 

(PSO) was deployed for optimal location and sizing of the STATCOM. The results obtained from the study 

showed that the use of STATCOM on the power system network impacted positively on power losses and 

voltage stability. [18] employed the use of STATCOM for voltage stability improvement subject to various 

disturbances based on a 5-level diode-clamped converter. The compensation was implemented via finite set-

model predictive (FS-MPC) and phase-shifted pulse width modulation (PS-PWM) controllers. Simulations 

were performed in a Simulink environment and the performances of the controllers were compared. The results 

from simulations showed that the control methods for actualizing compensation in the network provided 

significant stabilization of the bus voltages with FS-MPC displaying a better performance in comparison to 

PS-PWM under the same perturbing actions. Genetic algorithm (GA) based optimal STATCOM siting for 

power system voltage stability improvement was considered by [19]. Newton-Raphson method was used for 

the load flow analysis to obtain the system bus voltage magnitudes and phase angles while the optimum point 

for the STATCOM’s siting was identified with GA. The study revealed that optimal siting of STATCOM 
improved voltage stability and reduced power losses in the power system considered. 

The impact of SSSC on the power transfer capability and transmission efficiency of a power network was 

studied by [20]. The performance of uncompensated and compensated networks was compared considering 

voltage stability and power losses as criteria. Simulations were done using MATLAB/Simulink software tool. 

Findings from the work showed that the SSSC application had a significant positive effect on the voltage 

stability and power flow control on the two grids considered. [21] worked on optimal placement of STACOM 

for improvement of voltage stability index (VSI) in distributed systems via a PSO. Load flow analysis and the 

developed PSO-based algorithm for the optimal location of STATCOM were presented. The study established 

that system VSI, voltage stability and power losses improved significantly with the appropriate STATCOM’s 
placement on the test network. [22] designed a STATCOM and examined its impact on voltage stability and 

power flow during a three-phase fault occurrence in a power network. The performance of the designed 

controller was tested on a standard IEEE 5-bus power grid in MATLAB/Simulink environment. The work 
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showed that the application of STATCOM on the test network did not only improve the system voltage stability 

but also reduced power losses.  

The effect of multi-STATCOM integration on power system voltage stability subject to various loading 

conditions was considered by [23]. Load factors of 1, 1.5 and 2 were used and simulations were done using 

the MiPower software environment. The results obtained indicated that STATCOM had a remarkable positive 

effect on the voltage stability of the system under varying load conditions. [24] proposed the use of STATCOM 

to tackle voltage instability on the Kenyan electric grid. The grid was modelled and simulated with and without 

compensation on the power system and it was revealed that the use of STATCOM greatly enhanced the voltage 

stability on the grid. [25] dealt with optimal STATCOM integration for voltage stabilization and power transfer 

improvement in a power system network. A GA optimization problem with maximum loadability as the 

objective function was formulated. The formulated optimization problem was test run on standard IEEE 14-

bus and the Indian utility networks. Findings from the research indicated that optimally located STATCOM 

on both networks, appreciably enhanced voltage stability under different loading conditions with an additional 

50% capacity released to meet the active power and loads demand. A thorough assessment of the literature 

surveyed shows that significant efforts have been channelled towards addressing the voltage instability 

problems associated with power system network operation using viable solution techniques such as the 

application of FACTS compensating devices like STATCOM and SSSC which are modern, robust and 

economical devices. However, voltage instability issues cannot be completely eradicated or eliminated in a 

power system since different networks may be exposed to a series of different perturbing forces as demand 

grows persistently, thus, creating a need for continuous voltage stability assessment. Aside from the 

requirement of continuous assessment and enhancement of voltage stability, the configuration of FACTS 

controllers that produce the best voltage stability improvement also needs to be continuously assessed to 

provide information on the right mode of application of these devices to increase their efficiency for the benefit 

of the overall system. Therefore, going by the reviewed works, extensive investigations which involve the 

individual analysis of STATCOM and SSSC or comparative evaluation of both controllers have been 

conducted for power system voltage stability improvement but to the best of the authors’ knowledge, attention 
to the combined used of these devices have not been prioritized as very limited literature are available in this 

regard [26] [27]. Hence, there is a need to examine the potential of the combined action of these controllers 

which exist as separate entities in practice. This study aimed to examine the combined effect of SATCOM and 

SSSC for the improvement of voltage stability in power systems. The power system's steady-state response 

was modelled through load flow equations. The modelled power system’s response with and without three 
modes of compensation was thereafter carried out. The system voltage profile, power losses, and the cost 

analysis of the system's real power loss were then determined.  

 

The following are the contributions this study makes to the existing literature: 
 

1. This study examined the effect of the combined use of STATCOM and SSSC on power system performance 

and provided useful information on the appropriate configuration or connection mode of these devices for 

power system voltage stability enhancement. 

2. This study established that STATCOM and SSSC deployed as a combined controller is a better FACTS 

compensating device for a power system’s network performance improvement than either STATCOM or 
SSSC as a single controller.  
 

The rest of the article comprises the methodology employed for this study in section II. The results and 

discussion are handled in section III. The article is then concluded. Recommendations and a reference section 

are provided at the end of the article. 

 

2 Methodology 
 

Consider an n-bus network which models a typical practical large-scale power system. The complex power (S) 
supplied from bus i into the network is expressed by equation (1) [28] 
 𝑆𝑖 = 𝑉𝑖𝐼𝑖∗ (1) 
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Where:      𝑆𝑖  =  𝑃𝑖  + 𝑗𝑄𝑖 (2) 
 𝐼𝑖  = ∑ 𝑌𝑖𝑘𝑉𝑘  ; 𝑖, 𝑘 = 1, 2, … . . 𝑛𝑛𝑘 =1  (3) 

   
with 𝑆𝑖, 𝑉𝑖, 𝐼𝑖, 𝐼𝑖∗, 𝑃𝑖, 𝑄𝑖, 𝑌𝑖𝑘 and 𝑉𝑘 as net bus i complex power, bus i voltage, the net bus i current, the complex 
conjugate of the net bus i current, net bus i active power, net bus i reactive power, transfer admittance between 
buses i and k and bus k voltage. 
 

The complex conjugate of equation (1) produces equation (4) which decouples into active and reactive power 
components respectively expressed by equations (5) and (6): 

 𝑃𝑖  − 𝑗𝑄𝑖  = 𝑉𝑖∗𝐼𝑖 = 𝑉𝑖∗∑ 𝑌𝑖𝑘𝑉𝑘  𝑛𝑘 =1  (4) 

 𝑃𝑖 = 𝑅𝑒 {𝑉𝑖∗∑ 𝑌𝑖𝑘𝑉𝑘𝑛𝑘 =1 } (5) 

 𝑄𝑖 = −𝐼𝑚{𝑉𝑖∗∑ 𝑌𝑖𝑘𝑉𝑘𝑛𝑘 =1 } (6) 

 

Expressing 𝑉𝑖, 𝑉𝑖∗, 𝑉𝑘, and 𝑌𝑖𝑘 in polar coordinates forms as given by equation (7) in equations (5) and (6) 
respectively, result in equations (8) and (9) which are together called static power flow equations. 
 𝑉𝑖 = |𝑉𝑖|𝑒𝑗𝛿𝑖𝑉𝑖∗ = |𝑉𝑖|𝑒−𝑗𝛿𝑖𝑉𝑘 = |𝑉𝑘|𝑒𝑗𝛿𝑘𝑌𝑖𝑘 = |𝑌𝑖𝑘|𝑒𝑗𝜃𝑖𝑘𝑒𝑗𝜑 = cos𝜑 + 𝑗 sin𝜑}  

  
 (7) 

 𝑃𝑖 = 𝑉𝑖∑ 𝑌𝑖𝑘𝑉𝑘𝑛𝑘 =1 cos(𝜃𝑖𝑘 + 𝛿𝑘 − 𝛿𝑖) (8) 

 𝑄𝑖 = −𝑉𝑖∑ 𝑌𝑖𝑘𝑉𝑘𝑛𝑘 =1 sin(𝜃𝑖𝑘 + 𝛿𝑘 − 𝛿𝑖) (9) 

                              
Where 𝜃 and 𝛿 represent the phase angle differences. Equations (8) and (9) are essential for characterising the 
power system's steady-state performance. They are non-linear equations whose solutions are obtained via 
numerical iteration. This study adopted the Newton-Raphson approach because of its fast convergence, 
accuracy and suitability for large-scale power networks [28]. The resulting linearized set of equations from the 
application of the Newton-Raphson method to equations (8) and (9) is expressed by equation (10): 
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[  
   
  ∆𝑃2(𝑟)⋮∆𝑃𝑛(𝑟)_______∆𝑄2(𝑟)⋮∆𝑄𝑛(𝑟) ]  

   
  =

[  
   
   
   
 𝜕𝑃2(𝑟)𝜕𝛿2 ⋯ 𝜕𝑃2(𝑟)𝜕𝛿𝑛⋮ ⋱ ⋮𝜕𝑃𝑛(𝑟)𝜕𝛿2 ⋯ 𝜕𝑃𝑛(𝑟)𝜕𝛿𝑛 |

|
_________________𝜕𝑄2(𝑟)𝜕𝛿2 ⋯ 𝜕𝑄2(𝑟)𝜕𝛿𝑛⋮ ⋱ ⋮𝜕𝑄𝑛(𝑟)𝜕𝛿2 ⋯ 𝜕𝑄𝑛(𝑟)𝜕𝛿𝑛 |

|

𝜕𝑃2(𝑟)𝜕|𝑉2| ⋯ 𝜕𝑃2(𝑟)𝜕|𝑉𝑛|⋮ ⋱ ⋮𝜕𝑃𝑛(𝑟)𝜕|𝑉2| ⋯ 𝜕𝑃𝑛(𝑟)𝜕|𝑉𝑛|__________________𝜕𝑄2(𝑟)𝜕|𝑉2| ⋯ 𝜕𝑄2(𝑟)𝜕|𝑉𝑛|⋮ ⋱ ⋮𝜕𝑄𝑛(𝑟)𝜕|𝑉2| ⋯ 𝜕𝑄𝑛(𝑟)𝜕|𝑉𝑛| ]  
   
   
   
 

[  
   
   ∆𝛿2

(𝑟)⋮∆𝛿𝑛(𝑟)_______∆ |𝑉2(𝑟)|⋮∆ |𝑉𝑛(𝑟)|]  
   
   
 (10) 

               
Where ∆V, ∆δ, ∆P and ∆Q give the discrepancy in the voltage, phase angle, active power, and reactive power 
respectively. The partial derivative components constitute the Jacobian matrix elements. At each iteration level, 
the discrepancy in active and reactive powers are respectively given by equations (11) and (12) while the new 
bus voltage phase and magnitude estimates are given by equations (13) and (14) respectively: 

 ∆𝑃𝑖(𝑟) = 𝑃𝑖𝑠𝑝 − 𝑃𝑖(𝑟) (11) 
 ∆𝑄𝑖(𝑟) = 𝑄𝑖𝑠𝑝 − 𝑄𝑖(𝑟) (12) 
 𝛿𝑖(𝑟+1) = 𝛿𝑖(𝑟) + ∆𝛿𝑖(𝑟) (13) 
              |𝑉𝑖(𝑟+1)| = |𝑉𝑖(𝑟)| + |∆𝑉𝑖(𝑟)| (14) 

    

Where r is the iteration count, ∆𝑃𝑖𝑟 and ∆𝑄𝑖𝑟 are active and reactive power discrepancies respectively, 𝑃𝑖𝑠𝑝 and 𝑄𝑖𝑠𝑝 denote specified active and reactive powers respectively, 𝑃𝑖𝑟 and  𝑄𝑖𝑟  are calculated active and reactive 
powers respectively, |𝑉𝑖(𝑟)| and 𝛿𝑖(𝑘) denote bus voltage magnitude and phase angle respectively, |𝑉𝑖(𝑟+1)| and 𝛿𝑖(𝑟+1) denote new bus voltage magnitude and phase angle estimates at iteration 𝑟 + 1 and |∆𝑉𝑖(𝑟)| and  ∆𝛿𝑖(𝑘) 
bus voltage magnitude and phase angle discrepancies respectively.  

 

The limits of bus voltage magnitude and reactive power are expressed by equations (15) and (16) 
respectively:  
 𝑉𝑖𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖𝑚𝑎𝑥 (15) 
 𝑄𝑖𝑚𝑖𝑛 ≤ 𝑄𝑖 ≤ 𝑄𝑖𝑚𝑎𝑥 (16) 
                               
Where 𝑉𝑖𝑚𝑖𝑛 and 𝑉𝑖𝑚𝑎𝑥 are bus voltage magnitude lower and upper boundaries respectively and 

 𝑄𝑖𝑚𝑖𝑛 and 𝑄𝑖𝑚𝑎𝑥 are reactive power lower and upper boundaries respectively 

 

2.1 STATCOM Power Flow Modeling 
 

Considering that at bus i of an n-bus structured power network, STATCOM was installed as a variable 
generator, the resulting active and reactive powers due to the inclusion of STATCOM are expressed by 
equations (17) and (18) respectively: 𝑃𝑖 = 𝑃𝑖𝑔 + 𝑃𝑖𝑆𝑇𝐶 − 𝑃𝑖𝑙 (17) 
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Where 𝑃𝑖𝑆𝑇𝐶 and 𝑄𝑖𝑆𝑇𝐶 represent the STATCOM’s active and reactive powers, respectively. Equations (17) and 
(18) are cases of the STATCOM variable generation model. The variable absorption model requires that the  𝑃𝑖𝑆𝑇𝐶 and  𝑄𝑖𝑆𝑇𝐶 signs are interchanged. Considering the basic network model of STATCOM in Figure 1. 
 

Bus i Vi

ZSC

V
STC

I
STC

 

Figure 1. Basic network representation of STATCOM according to Thevenin’s theorem [14][29]. 

 

The linearized power flow equations for the power system steady-state response modelling are expressed by 
the matrix of equation (19): 

[  
 ∆𝑃𝑖∆|𝑉𝑖|2∆𝑃𝑆𝑇𝐶∆𝑄𝑆𝑇𝐶]  

  =  
[  
   
   
 𝜕𝑃𝑖𝜕𝑒𝑖 𝜕𝑃𝑖𝜕𝑓𝑖 𝜕𝑃𝑖𝜕𝑒𝑆𝑇𝐶 𝜕𝑃𝑖𝜕𝑓𝑆𝑇𝐶𝜕|𝑉𝑖|2𝜕𝑒𝑖 𝜕|𝑉𝑖|2𝜕𝑓𝑖 0 0𝜕𝑃𝑆𝑇𝐶𝜕𝑒𝑖 𝜕𝑃𝑆𝑇𝐶𝜕𝑓𝑖 𝜕𝑃𝑆𝑇𝐶𝜕𝑒𝑆𝑇𝐶 𝜕𝑃𝑆𝑇𝐶𝜕𝑓𝑆𝑇𝐶𝜕𝑄𝑆𝑇𝐶𝜕𝑒𝑖 𝜕𝑄𝑆𝑇𝐶𝜕𝑓𝑖 𝜕𝑄𝑆𝑇𝐶𝜕𝑒𝑆𝑇𝐶 𝜕𝑄𝑆𝑇𝐶𝜕𝑓𝑆𝑇𝐶 ]  

   
   
 
[ ∆𝑒𝑖∆𝑓𝑖∆𝑒𝑆𝑇𝐶∆𝑓𝑆𝑇𝐶] (19) 

 

Where Jacobian matrix elements are defined by equation (20):  
 

Where 𝑉𝑆𝑇𝐶, 𝐼𝑆𝑇𝐶, 𝑍𝑆𝐶 , 𝐼𝑁 and 𝑌𝑆𝐶  respectively denote STATCOM voltage, STATCOM current, transformer 
impedance, Norton’s current and short-circuit admittance.  𝑆𝑆𝑇𝐶 is complex power supplied by STATCOM 
into bus i and 𝐼𝑆𝑇𝐶∗, 𝑉𝑆𝑇𝐶∗and 𝑌𝑆𝐶∗   are STATCOM current complex conjugate, voltage and short-circuit 
admittance respectively. 𝑒𝑖 and  𝑒𝑆𝑇𝐶 are the real components of the voltage of bus i and STATCOM 
respectively.  𝑓𝑖  and  𝑓𝑆𝑇𝐶 are the reactive components of the voltage of bus i and STATCOM respectively. 𝑃𝑆𝑇𝐶 and 𝑄𝑆𝑇𝐶 are STATCOM active and reactive power components respectively while 𝐺𝑆𝐶 and 𝐵𝑆𝐶  are 
short-circuit conductance and susceptance respectively [14]. 
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{  
   
   
   
   
   
   
   
   
   
   
  𝜕𝑃𝑖𝜕𝑒𝑖 = 𝐺𝑆𝐶(2𝑒𝑖 − 𝑒𝑆𝑇𝐶) + 𝐵𝑆𝐶𝑓𝑆𝑇𝐶𝜕𝑃𝑖𝜕𝑓𝑖 = 𝐺𝑆𝐶(2𝑓𝑖 − 𝑓𝑆𝑇𝐶) − 𝐵𝑆𝐶𝑓𝑆𝑇𝐶𝜕𝑃𝑖𝜕𝑒𝑆𝑇𝐶 = −𝐺𝑆𝐶𝑒𝑖 − 𝐵𝑆𝐶𝑓𝑖                𝜕𝑃𝑖𝜕𝑓𝑆𝑇𝐶 = −𝐺𝑆𝐶𝑓𝑖 + 𝐵𝑆𝐶𝑒𝑖                 𝜕|𝑉𝑖|2𝜕𝑒𝑖 = 𝑒𝑖√𝑒𝑖2 + 𝑓𝑖2                                  𝜕|𝑉𝑖|2𝜕𝑓𝑖 = 𝑒𝑖√𝑒𝑖2 + 𝑓𝑖2                                    𝜕𝑃𝑆𝑇𝐶𝜕𝑒𝑖 = −𝐺𝑆𝐶𝑒𝑆𝑇𝐶 − 𝐵𝑆𝐶𝑓𝑆𝑇𝐶       𝜕𝑃𝑆𝑇𝐶𝜕𝑓𝑖 = −𝐺𝑆𝐶𝑓𝑆𝑇𝐶 + 𝐵𝑆𝐶𝑒𝑆𝑇𝐶         𝜕𝑃𝑆𝑇𝐶𝜕𝑒𝑆𝑇𝐶 = 𝐺𝑆𝐶(2𝑒𝑆𝑇𝐶 − 𝑒𝑖) + 𝐵𝑆𝐶𝑓𝑖𝜕𝑃𝑆𝑇𝐶𝜕𝑓𝑆𝑇𝐶 = 𝐺𝑆𝐶(2𝑓𝑆𝑇𝐶 − 𝑓𝑖) − 𝐵𝑆𝐶𝑒𝑖𝜕𝑄𝑆𝑇𝐶𝜕𝑒𝑖 = 𝐺𝑆𝐶𝑒𝑆𝑇𝐶 + 𝐵𝑆𝐶𝑒𝑆𝑇𝐶          𝜕𝑄𝑆𝑇𝐶𝜕𝑓𝑖 = −𝐺𝑆𝐶𝑓𝑆𝑇𝐶 + 𝐵𝑆𝐶𝑓𝑆𝑇𝐶         𝜕𝑄𝑆𝑇𝐶𝜕𝑒𝑆𝑇𝐶 = 𝐺𝑆𝐶𝑒𝑖 +𝐵𝑆𝐶(𝑒𝑖 − 2𝑒𝑆𝑇𝐶) 𝜕𝑄𝑆𝑇𝐶𝜕𝑓𝑆𝑇𝐶 = −𝐺𝑆𝐶𝑓𝑖 + 𝐵𝑆𝐶(𝑓𝑖 − 2𝑓𝑆𝑇𝐶)

 (20) 

 

2.2 SSSC Power Flow Modeling 
 

The Consider a basic circuit of the configuration shown in Figure 2 where the voltage supplied 𝐸𝑐𝑅 by the 
compensator and the limits on its magnitude 𝑉𝑐𝑅 and phase angle 𝛿𝑐𝑅 given by equations (21) to (23) 
respectively [29]: 𝐸𝑐𝑅 = 𝑉𝑐𝑅 (cos 𝛿𝑐𝑅 + 𝑗 sin 𝛿𝑐𝑅) (21) 
 𝑉𝑐𝑅𝑚𝑖𝑛 ≤ 𝑉𝑐𝑅 ≤ 𝑉𝑐𝑅𝑚𝑎𝑥 (22) 
 0 ≤ 𝛿𝑐𝑅 ≤ 2𝜋 (23) 
 

The existence of  𝐸𝑐𝑅 results into two new state variables 𝑉𝑐𝑅 and 𝛿𝑐𝑅 being introduced, thereby leading to the 
requirement of two new equations for the solution of power flow [29]. The compensator’s power flow 
equations based on the model in Figure 2 are defined by equations (26) to (29) with the Newton-Raphson 
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linearized version given by the matrix of equation (30): 

Bus i Bus k

YcR
VcR δcR

 
 

Figure 2. The basic equivalent circuit of SSSC [30]. 

 𝑃𝑐𝑅  = 𝑉𝑐𝑅2 𝐺𝑘𝑘 + 𝑉𝑐𝑅 𝑉𝑘[𝐺𝑖𝑘 cos(𝛿𝑐𝑅 −𝛿𝑖)  + 𝐵𝑖𝑘 sin(𝛿𝑐𝑅 −𝛿𝑖)]+ 𝑉𝑘𝑉𝑐𝑅[𝐺𝑘𝑘 cos(𝛿𝑐𝑅 −𝛿𝑘)  + 𝐵𝑘𝑘 sin(𝛿𝑐𝑅 −𝛿𝑘)] (24) 

 𝑄𝑐𝑅 = −𝑉𝑐𝑅2 𝐺𝑘𝑘  + 𝑉𝑐𝑅 𝑉𝑘[𝐺𝑖𝑘 sin(𝛿𝑐𝑅 −𝛿𝑖)  + 𝐵𝑖𝑘 cos(𝛿𝑐𝑅 −𝛿𝑖)]+ 𝑉𝑘𝑉𝑐𝑅[𝐺𝑘𝑘 sin(𝛿𝑐𝑅 −𝛿𝑘)  + 𝐵𝑘𝑘 cos(𝛿𝑐𝑅 −𝛿𝑘)] (25) 

 𝑃𝑖 = 𝑉𝑖2𝐺𝑖𝑖 + 𝑉𝑖 𝑉𝑘[𝐺𝑖𝑘 cos(𝛿𝑖 −𝛿𝑘)  + 𝐵𝑖𝑘 sin(𝛿𝑖 −𝛿𝑘)]+ 𝑉𝑖 𝑉𝑐𝑅[𝐺𝑖𝑘 cos(𝛿𝑖 −𝛿𝐶𝑅)  + 𝐵𝑖𝑘 sin(𝛿𝑖 −𝛿𝐶𝑅)] (26) 

 𝑄𝑖 = −𝑉𝑖2𝐵𝑖𝑖 + 𝑉𝑖 𝑉𝑘[𝐺𝑖𝑘 sin(𝛿𝑖 −𝛿𝑘) + 𝐵𝑖𝑘 cos(𝛿𝑖 −𝛿𝑘)]+ 𝑉𝑖 𝑉𝑐𝑅[𝐺𝑖𝑘 sin(𝛿𝑖 −𝛿𝐶𝑅) + 𝐵𝑖𝑘 cos(𝛿𝑖 −𝛿𝐶𝑅)] (27) 

 

[  
   
∆𝑃𝑖∆𝑃𝑘∆𝑄𝑖∆𝑄𝑘∆𝑃𝑖𝑘∆𝑄𝑖𝑘]  

   
𝑟
= 

[  
   
   
  𝜕𝑃𝑖𝜕𝛿𝑖𝜕𝑃𝑘𝜕𝛿𝑖𝜕𝑄𝑖𝜕𝛿𝑖𝜕𝑄𝑘𝜕𝛿𝑖𝜕𝑃𝑖𝑘𝜕𝛿𝑖𝜕𝑄𝑖𝑘𝜕𝛿𝑖

        𝜕𝑃𝑖𝜕𝛿𝑘       𝜕𝑃𝑘𝜕𝛿𝑘    𝜕𝑄𝑖𝜕𝛿𝑘    𝜕𝑄𝑘𝜕𝛿𝑘    𝜕𝑃𝑖𝑘𝜕𝛿𝑘    𝜕𝑄𝑖𝑘𝜕𝛿𝑘

    𝜕𝑃𝑖𝜕𝑉𝑖 𝑉𝑖    𝜕𝑃𝑘𝜕𝑉𝑖 𝑉𝑖  𝜕𝑄𝑖𝜕𝑉𝑖 𝑉𝑖    𝜕𝑄𝑘𝜕𝑉𝑖 𝑉𝑖  𝜕𝑃𝑖𝑘𝜕𝑉𝑖 𝑉𝑖    𝜕𝑄𝑖𝑘𝜕𝑉𝑖 𝑉𝑖  

     𝜕𝑃𝑖𝜕𝑉𝑘 𝑉𝑘         𝜕𝑃𝑘𝜕𝑉𝑘 𝑉𝑘     𝜕𝑄𝑖𝜕𝑉𝑘 𝑉𝑘     𝜕𝑄𝑘𝜕𝑉𝑘 𝑉𝑘     𝜕𝑃𝑖𝑘𝜕𝑉𝑘 𝑉𝑘     𝜕𝑄𝑖𝑘𝜕𝑉𝑘 𝑉𝑘

    𝜕𝑃𝑖    𝜕𝛿𝐶𝑅          𝜕𝑃𝑘    𝜕𝛿𝐶𝑅    𝜕𝑄𝑖    𝜕𝛿𝐶𝑅    𝜕𝑄𝑘    𝜕𝛿𝐶𝑅    𝜕𝑃𝑖𝑘    𝜕𝛿𝐶𝑅    𝜕𝑄𝑖𝑘    𝜕𝛿𝐶𝑅

     𝜕𝑃𝑖𝜕𝑉𝐶𝑅 𝑉𝐶𝑅      𝜕𝑃𝑖𝜕𝑉𝐶𝑅 𝑉𝐶𝑅     𝜕𝑄𝑖𝜕𝑉𝐶𝑅 𝑉𝐶𝑅     𝜕𝑄𝑘𝜕𝑉𝐶𝑅 𝑉𝐶𝑅     𝜕𝑃𝑖𝑘𝜕𝑉𝐶𝑅 𝑉𝐶𝑅     𝜕𝑄𝑖𝑘𝜕𝑉𝐶𝑅 𝑉𝐶𝑅]  
   
   
  𝑟

[  
   
   ∆𝛿𝑖∆𝛿𝑘∆𝑉𝑖𝑉𝑖∆𝑉𝑘𝑉𝑘∆𝛿𝐶𝑅∆𝑉𝐶𝑅𝑉𝐶𝑅 ]  

   
   
𝑟
 (28) 

                                      

The Jacobian matrix elements are defined by equations (31), the partial derivatives for 𝑃𝑖𝑘 and 𝑄𝑖𝑘  in a similar 
way as  𝑃𝑖 and 𝑄𝑖. 
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{  
   
   
   
   
  
   
   
   
   
  𝜕𝑃𝑖𝜕𝛿𝑖 = 𝑉𝑖 𝑉𝑘[𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘) − 𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘)]+𝑉𝑖 𝑉𝑐𝑅[𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅) − 𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅)] 𝜕𝑃𝑖𝜕𝛿𝑘 = 𝑉𝑖 𝑉𝑘[−𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘) + 𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘)] 𝜕𝑃𝑖𝜕𝛿𝑘 = 𝑉𝑖 𝑉𝑘[−𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘) + 𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘)] 𝜕𝑃𝑖𝜕𝑉𝑖 = 2𝑉𝑖𝐺𝑖𝑖 + 𝑉𝑘[𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘)  + 𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘)]+𝑉𝑐𝑅[𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅)  + 𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅)]𝜕𝑃𝑖𝜕𝑉𝑘 = 𝑉𝑖 [𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘)  + 𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘)]𝜕𝑃𝑖𝜕𝛿𝐶𝑅 = 𝑉𝑖 𝑉𝑐𝑅[−𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅)  + 𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅)]𝜕𝑃𝑖𝜕𝑉𝐶𝑅 = 𝑉𝑖 [𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅)  + 𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅)]𝜕𝑄𝑖𝜕𝛿𝑘  =   𝑉𝑖 𝑉𝑘[𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘) − 𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘)]𝜕𝑄𝑖𝜕𝑉𝑖  = −2𝑉𝑖𝐵𝑖𝑖 + 𝑉𝑘[𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘) + 𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘)]+𝑉𝑐𝑅[𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅) + 𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅)] 𝜕𝑄𝑘𝜕𝑉𝑘  =   𝑉𝑖 [𝐺𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝑘) + 𝐵𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝑘)]𝜕𝑄𝑖    𝜕𝛿𝐶𝑅 =  𝑉𝑖 𝑉𝑐𝑅[𝐵𝑖𝑘 𝑠𝑖𝑛(𝛿𝑖 −𝛿𝐶𝑅) − 𝐺𝑖𝑘 𝑐𝑜𝑠(𝛿𝑖 −𝛿𝐶𝑅)]𝜕𝑄𝑘𝜕𝑉𝐶𝑅  =  𝑉𝑖 [𝐺𝑖𝑘 sin(𝛿𝑖 −𝛿𝐶𝑅) + 𝐵𝑖𝑘 cos(𝛿𝑖 −𝛿𝐶𝑅)] 

 (29) 

                       

2.3 The Case Study 
 

The Nigerian 330 kV, 28-bus electricity network was considered to examine the compensating capability of 
the combined effect of STATCOM and SSSC for voltage stability improvement in this study. The system whose 
one-line diagram is delineated in Figure 3 and data presented in Tables 1 to 3 comprises twenty-eight buses, 
fifty-two transmission lines and nine generating stations. 

2.4 The MATLAB/PSAT Simulation Environment 
 

The MATLAB/PSAT tool was the simulation environment for this study. PSAT is an open-source software tool 
that is compatible with MATLAB compatible. It has different useful features including small signal stability 
optimal power flow, phasor measurement and time domain simulations. PSAT functions can be accessed 
through a graphical user interface and has a user-friendly Simulink-based library which makes it very suitable 
for network design and analysis. Therefore, the choice of PSAT for this study. 

2.5 The Cost Analysis of the System’s Active Power Loss 
 

The cost implication of the losses and savings resulting from the application of the compensators were 
estimated using the current charge stipulated by the multi-year tariff order of the Transmission Company of 
Nigeria (TCN) as of 2022. According to TCN (2022), an export of one kilowatt-hour (kWh) energy on the 
Nigerian electricity grid attracts a basic transmission and administration cost of ₦6.20 and with Nigerian 
inflation rate of 20.77%, the electric power transmission cost amount to ₦7.49 per kWh. Therefore, the 
following cost analysis was made: 
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Figure 3. One-line diagram of the 28-bus model of the Nigerian 330 kV power grid [31]. 
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Table 1. The Bus data of The Nigerian 28-bus Grid. 
 

Bus Name Bus Number Bus Load, MW Bus Load, MVAr 

Egbin 1 68.90 51.70 

Delta 2 0.00 0.00 

Aja 3 274.40 205.80 

Akangba 4 244.70 258.50 

Ikeja-West 5 633.20 474.90 

Ajaokuta 6 13.80 10.30 

Aladja 7 96.50 72.40 

Benin 8 383.30 287.50 

Ayede 9 275.80 206.8 

Osogbo 10 201.20 150.90 

Afam 11 52.50 39.40 

Alaoji 12 427.00 320.20 

New-Heaven 13 177.90 133.40 

Onitsha 14 184.60 138.40 

B/Kebbi 15 114.50 85.90 

Gombe 16 130.60 97.90 

Jebba 17 11.00 8.20 

Jebba G 18 0.00 0.00 

Jos 19 70.30 52.70 

Kaduna 20 193.00 144.70 

Kanji 21 7.00 5.20 

Kano 22 220.60 142.90 

Shiroro 23 70.30 36.10 

Sapele 24 20.60 15.40 

Abuja 25 110.00 89.00 

Makurdi 26 290.10 145.00 

Mambila 27 0.00 0.00 

Papalanto 28 0.00 0.00 
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Table 2. Branch Data of the Nigerian 28-Bus Grid. 
 

Bus, (From) Bus, (To) Resistance, R(pu) Reactance, X(pu) 

1 3 0.0006 0.0044 

4 5 0.0007 0.0050 

1 5 0.0023 0.0176 

5 8 0.0110 0.0828 

5 9 0.0054 0.0405 

5 10 0.0099 0.0745 

6 8 0.0077 0.0576 

2 8 0.0043 0.0317 

2 7 0.0012 0.0089 

7 24 0.0025 0.0186 

8 14 0.0054 0.0405 

8 10 0.0098 0.0742 

8 24 0.0020 0.0148 

9 10 0.0045 0.0340 

15 21 0.0122 0.0916 

10 17 0.0061 0.0461 

11 12 0.0010 0.0074 

12 14 0.0060 0.0455 

13 14 0.0036 0.0272 

16 19 0.0118 0.0887 

17 18 0.0002 0.0020 

17 23 0.0096 0.0271 

17 21 0.0032 0.0239 

19 20 0.0081 0.0609 

20 22 0.0090 0.0680 

20 23 0.0038 0.0284 

23 25 0.0038 0.0284 

12 26 0.0071 0.0532 

 

Table 3. The Generator Data of the Nigerian 28-Bus Grid. 
 

Identification  Generator Reactive Limits 

Bus Number Voltage Mag MW MVAr Qmin Qmax 

Egbin 1 1.05 0.00 0.00 -1006 1006 

Delta 2 1.05 670.00 0.00 -1030 1000 

Afam 11 1.05 431.00 0.00 -1000 1000 

Jebba G 18 1.05 495.00 0.00 -1050 1050 

Kanji 21 1.05 624.70 0.00 -1010 1010 

Shiroro 23 1.05 388.90 0.00 -1010 1010 

Sapele 24 1.05 190.30 0.00 -1010 1010 

Mambila 27 1.05 750.00 0.00 -1010 1010 

Papalanto 28 1.05 750.00 0.00 -1010 1010 

 

Let 𝑃𝑤𝑜𝑐 and  𝑃𝑤𝑐 be the system's active power losses without and with compensation respectively while 𝑅𝑤𝑜𝑐  
and 𝑅𝑤𝑐  are the annual revenue losses without and with compensation respectively. 
 𝑅𝑤𝑜𝑐 and  𝑅𝑤𝑐 are related to 𝑃𝑤𝑜𝑐 and  𝑃𝑤𝑐 by equations (32) and (33) respectively: 
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  𝑅𝑤𝑐 = 𝑃𝑤𝑐 × ₦7.49 × 24 × 365 (31) 
 

The annual saving in revenue arising from the application of compensation on the Nigerian electricity grid is 
obtained from equations (34) and (35): 
  𝑆𝑎 = 𝑅𝑤𝑐 − 𝑅𝑤𝑜𝑐 (32) 
 𝑆𝑎 = ₦7.45 × 24 × 365 × (𝑃𝑤𝑐 − 𝑃𝑤𝑜𝑐) (33) 
 

3 Results and discussion 
 

The Nigerian 28-bus grid without compensation as represented by the PSAT model in Figure 4 shows that 
Gombe, Jos, Kano, New Haven, Makurdi, Onitsha and Ayede whose voltage values were respectively 0.8353, 
0.8658, 0.8712, 0.8853, 0.8897 0.9281 and 0.9333 p.u. infringed the acceptable voltage tolerance limit of 0.95 
to 1.05 p.u. for stable system operation. These buses were, therefore, classified as constrained buses since they 
violated the statutory voltage limit of operation. The system's overall active and reactive power losses were 
188.76 MW and 1,371.65 MVAr, respectively.   
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Figure 4. PSAT model of the 28-bus model of the Nigerian power grid with no FACTS device. 
 

However, after including the combination of STATCOMs and SSSCs in the grid as shown in the PSAT model 
of Figure 5, the compensating devices positively impacted the voltage profile of the grid. The combined 
STATCOM-SSSC impacted Ayede, Birnin Kebbi, Kano and Oshogbo with respective voltage magnitudes of 
0.9914, 0.9872, 0.9916 and 0.9995 p.u. Comparison of the improvement rendered by STATCOM only, SSSC 
only and combined STATCOM-SSSC on the overall voltage profile of the system according to Figure 6 showed 
that combined STATCOM-SSSC had a better impact than STATCOM only and SSSC only. 
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Figure 5. PSAT model of the Nigerian 28-bus grid with combined STATCOM-SSSC. 
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Figure 6.  Comparison of the Nigerian 28-bus grid voltage profile without and with STATCOM, SSSC 

and combined STATCOM-SSSC.  

 

The obtained system's overall active power losses from the STATCOM-only, SSSC-only and combined 
STATCOM-SSSC applications on the Nigerian 28-bus grid are presented in Figure 7. According to Figure 7,  
STATCOM only, SSSC only and combined STATCOM-SSSC application decreased the system's overall active 
power loss from 188.76 MW to 174.51, 170.21 and 165.11 MW, resulting in respective 7.55, 9.83 and 12.51% 
improvement in the active line flows. According to Figure 8, the overall reactive power loss of the system with 
the use of the three compensating devices also diminished from 1371.65 MVAr to 1288.39, 1284.91 and 
1280.39 MVAr, producing an improvement of 6.07, 6.32 and 6.65% respectively in the reactive power loss. 
Comparison of the effectiveness of the three compensators as shown in Figures 7 and 8 revealed that the 
combined use of STATCOM and SSSC offered a better performance improvement over either STATCOM only 
or SSSC only, producing the lowest power losses of the three compensators.  

The cost analysis, based on Equations 34 and 35, showed that the overall active power loss of 188.76 MW 

recorded when no compensating device was applied on the Nigerian 28-bus grid resulted in an annual revenue 

loss of ₦12,384,996,624.00. The 174.51, 170.21 and 165.11 MW overall active power losses respectively 

produced by STATCOM only, SSSC only and combined STATCOM-SSSC when installed on the grid reduced 

the annual revenue loss to ₦11,418,650,006.40, ₦11,167,886,604.00 and ₦10,833,263,364.00 respectively. 
These amounts showed that compensation by STATCOM only, SSSC only and combined STATCOM-SSSC 

generated annual cost savings of ₦934,694,584.20, ₦1,216,742,774.52 and ₦1,551,261,046.76, respectively 
in transmitting electrical power over the Nigerian 28-bus power grid. 
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Figure 7. Comparison of the Nigerian 28-bus grid overall active power loss without and with 

STATCOM, SSSC and combined STATCOM-SSSC. 
 

Figure 8. Comparison of the Nigerian 28-bus grid overall reactive power loss without and with 

STATCOM, SSSC and combined STATCOM-SSSC. 

 

A general comparison of the effectiveness of the three compensators on the considered Nigerian electricity 
grid indicated that the combined use of STATCOM and SSSC exhibited a better performance improvement 
than either STATCOM or SSSC by producing the best overall voltage profile improvement and lowest power 
losses on the system with the added advantage of highest saving in revenue loss compared to the two other 
controllers. The findings from this study aligned with the output of the works [26][27] which are two of the 
very scarce literature on the combined effects of STATCOM and SSSC for improvement of voltage stability in 
power systems. The work of [26] identified combined STATCOM and SSSC as one of the considered hybrid 
controllers that exhibited superior performance over individual shunt or series controllers for voltage stability 
improvement. [27] through their investigation found out that combined STATCOM and SSSC showed 
superiority over shunt or series controllers in improving the voltage stability of a power system network. The 
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outcomes of the present study are consistent with these findings where combined STATCOM and SSSC 
showcased itself as a better compensator for power system voltage stability over STATCOM and SSSC which 
are respectively shunt and series compensators. 

 

4 Conclusion  
 

In this study, the combined effect of STATCOM and SSSC to improve voltage stability in the power 

system was investigated using a test case of the Nigerian 330 KV, 28-bus power grid. The steady-state response 

of the system was modelled using Newton-Raphson load flow equations. The simulations with STATCOM, 

SSSC and combined STATCOM-SSSC were carried out using MATLAB/PSAT software. The voltage profile 

of the system, the power losses and the cost savings in the transmission of electrical energy resulting from the 

use of the three controllers were determined and analysed. The results revealed that the three controllers 

deployed offered appropriate compensation in the considered network by improving the bus voltage 

magnitudes such that no violations were recorded and overall active and reactive power losses were kept to 

the barest minimum with appreciable savings in revenue associated with the export of electric power on the 

network. The combined STATCOM-SSSC, however, exhibited superiority over STATCOM and SSSC in 

enhancing the system voltage and line losses. The combined STATCOM-SSSC improved the bus voltage 

magnitudes most and produced the lowest overall active and reactive line losses with the highest savings in 

revenue for electric power transmission on the considered network. This study found out that STATCOM and 

SSSC used in combined mode offered a better performance enhancement with cost savings over STATCOM 

and SSSC individually deployed and therefore, are considered suitable candidate for voltage stability 

improvement on the Nigerian electricity grid. 
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