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Abstract 
 

Due to the growing demand for electricity, the power networks are 
operating close to their stability limits. This motivated power engineers 
to find cost efficient solutions to the stability problem without going 
for network extensions. Nowadays, FACTS devices are undergoing a 
heavy research to check if the use of these devices can solve the 
control problems in a reliable and economic way. This work 
investigates the effects of STATCOM devices onto power systems and 
propose solutions to aroused problems. Mathematical model describing 
the functionality of STATCOM is derived and four control modes are 
introduced namely, bus voltage control, reactive power control, 
STATCOM equivalent impedance control, and remote voltage 
magnitude control. It is shown that the STATCOM device changes the 
Jacobian and may force it to become singular leading to an ill-
conditioned power system. Consequently, a more robust method - 
called trust region Dogleg - is presented to solve ill-conditioned 
systems. Simulations are performed on the IEEE 14-bus well-
conditioned system using the Newton Raphson method and the 11-bus 
ill-conditioned test system using the Dogleg method. 
 
Keywords: Power system control; Reactive power control; Voltage 
control. 
 
 

1. Introduction 
The power system is often subject to disturbances which lead typically to voltage 
instability or voltage collapse. Voltage stability is the ability of a power system to 
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maintain steady acceptable voltages at all buses in the system under normal operating 
conditions and after being subjected to a disturbance. The control of the voltage level 
is completed by controlling the injection, absorption and flow of the reactive power in 
the system. Therefore, FACTS devices are added in specific locations of the system to 
inject or absorb reactive power. 

During the last two decades, STATCOM device has gained the interest of power 
system researchers. Several publications concerning the models, applications, and 
advantages of this device were made. Depending on the application objectives, 
corresponding STATCOM model were derived. The stability of the first swing of a 
large power system was evaluated in the presence of the STATCOM device (Kundur, 
1994). For this study a π-equivalent model of the STATCOM device along with the 
transmission line was derived. The STATCOM device was used for voltage sag 
mitigation in electric power systems (Haque, 2008).  

Here, the STATCOM device was incorporated in the system impedance matrix in 
order to amend the classical fault calculation procedure and include the effects of this 
device on bus voltages and sag performance. The capability of the STATCOM device 
in controlling the voltage fluctuation of self-excited induction generators was covered 
(Jovica et al, 2010). Thus, an advance STATCOM was constructed based on the 
relative rotation speed theory. The STATCOM connected at the terminals of a grid-
connected cage induction machine was used to limit the torque of these machines 
during the recovery process after grid faults (Woei-Luen et al, 2010). The STATCOM 
ability of integrating a large wind farm into a weak power system was studied (Chong 
et al, 2008). Zhang et al (2004)introduced a multi-control functional model of the 
STATCOM device and its different control modes. Moreover, several works aimed to 
solve the load flow problem for ill-conditioned power systems with STATCOM 
devices. Among them is the load flow based on Runge-Kutta and Iwamoto methods 
(Reddy et al, 2009). 

 
 

2. Flexible AC Transmission System (FACTS) 
FACTSs allow fast control action provided by their power electronics devices and they 
offer flexibility within the three operative standing of the system: pre-fault, fault, and 
post-fault.FACTSsalso Increase the transfer capability, improve the stability and 
dynamic behavior, and ensure higher power quality. Their main capabilities are: 
reactive power compensation, voltage control and power flow control. Several 
FACTSdevices have been developed for various applications worldwide. Some of 
them are still in the stage of being introduced in practice. 

There exist two main categories of FACTS devices: the thyristor valve based 
FACTS devices which uses the thyristor for switching, and the Voltage Source 
Converter (VSC) based FACTS devices which uses theInsulated Gate Bipolar 
Transistors(IGBT) or Insulated Gate Commutated Transistors (IGCT) for switching. 
Each category is subdivided into three groups: shunt devices, series devices, and shunt 
and series devices.The shunt devices are mainly used for reactive power compensation 
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and therefore voltage control whereas, the series devices can regulate the flow of active 
and reactive power which are capable of maintaining the system stability by injecting 
controllable capacitive or inductive impedance into a line at the point of connection. 
The shunt and series devices are used to control the power flow in the system. 

FACTS devices defer not only by the type of connection to the power system, but 
also by the application objectives. For instance,  

• Shunt devices: The Static VAR Compensator (SVC) is used for voltage 
control and presents a fast switching capability compared to the mechanically 
switched devices. The STATCOM provides in addition to that an 
improvement in power quality. 

• Series devices: The Thyristor Controlled Series Capacitor (TCSC) is used for 
damping inter-area oscillations and has a small effect on the power flow, while 
the Static Synchronous Series Compensator (SSSC) is used to improve the 
power quality on distribution level. 

• Shunt and series devices: The Static Synchronous Series Compensator (DFC) 
is used for power flow control, while the Unified Power Flow Controller 
(UPFC) is used for power flow control as well for voltage control. Due to the 
high cost level of the UPFC, simpler devices were derived to fulfill a certain 
situation needs. On the other hand, more complex devices were derived from 
the UPFC, like the Generalized Unified Power Flow Controller (GUPFC) and 
the Interline Power Flow Controller (IPFC), which have the capability of 
controlling the power flow in more than one line starting from the same 
substation. 

In this work, the STATCOM device will be fully covered. 
 
2.1 STATCOM Devices 
A STATCOM is a shunt device of the FACTS family consisting of a power electronics 
device connected with a capacitor or reactance. A step down transformer, called 
coupling transformer, is needed to reduce the voltage level of the bus where the 
STATCOM is installed.Figure 1 shows the schematic, operational characteristic and 
equivalent circuit of the STATCOM. The voltage control characteristic is determined 
by the static line which has a small steepness. In a STATCOM, the reactive power 
provision is independent from the bus voltage. This can be identified by constant 
current limits with respect to the voltage magnitude. 
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Figure 1: STATCOM (a) schematic, (b) operational  

characteristic, and (c) equivalent circuit. 
 

The STATCOM can be equivalently represented by a controllable fundamental 
frequency positive sequence voltage source that can be adjusted to control the reactive 
power exchange. Based on the STATCOM equivalent circuit, suppose θ= ∠i i iVV ,

θ= ∠sh sh shVV , and ( ) 1−= +sh sh shg jbZ , then the power flow constraints of the STATCOM 
are: 

                   
2 ( cos( ) sin( ))θ θ θ θ= − − + −sh i sh i sh sh i sh sh i shP V g VV g b  (1) 

 

                    
2 ( sin( ) cos( ))θ θ θ θ= − − − − −sh i sh i sh sh i sh sh i shQ V b VV g b (2) 

 
 
The active Power Exchange between the STATCOM and the network is zero, 

which is described by the following: 
 

           ( ) ( ) ( )( )* 2PE Re cos sin 0θ θ θ θ= = − − − − =sh sh sh sh i sh sh i sh sh i shV g V V g bV I (3) 
 

 
2.2 STATCOM Multi-Control Functions 
Four control modes of the STATCOM will be fully investigated and implemented in 
this work. 

Control mode 1: Bus Voltage Control 
The bus voltage control constraint, for a given reference voltage spec

iV , is as follows: 

                                 0− =spec
i iV V (4) 

Control mode 2: Reactive Power Control 
The reactive power control constraint, for a given reference reactive power 

injection 
spec
iQ , is as follows: 

                              0− =spec
i iQ Q (5) 

Control mode 3: Equivalent Impedance Control 

iV

iI iV
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capacitive inductive 

(a) (b) (c) 

iV

iI

shZ
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The equivalent impedance control constraint, for a given reference reactance 
spec
shuntX , 

is as follows: 

                            
0− =spec

shunt shuntX X (6) 

 

Where Im Im
⎛ ⎞ ⎛ ⎞

= =⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
sh sh sh

shunt
i i sh

X
V V Z
I V V

 is the STATCOM equivalent reactance. 

Control mode 4: Remote Voltage Magnitude Control 
 
A STATCOM can be used to control the voltage magnitude of a remote bus to a 

specified voltage magnitude.The remote voltage magnitude control constraint,for a 
given reference remote bus voltage spec

jV , is as follows: 

                      
0− =spec

j jV V (7) 
Equations (4)-(7) can be generally written as 

                                  ( ), f 0=specf X (8) 

Where, T
θ θ θ θ⎡ ⎤= ⎣ ⎦sh sh i i j j k kV V V VX and f spec  is the control reference. 

 
 

3. Dogleg Trust Region  
The dogleg trust region is an algorithm for solving systems of nonlinear algebraic 

equations. 

                                  ( )f x = 0 (10) 
 
Where, [ ]L1 2 nf = f f f and [ ]L1 2 nx = x x x . 
This algorithm resulted from previous useful algorithms to compensate their 

shortcomings. In particular: 
• The class of methods based on the Newton iteration fails whenever the 

Jacobian matrix becomes singular, and when the initial guess is far from the 
solution. 

• The steepest descent method assures the movement in a direction that 
decreases the objective function, but the steps are very small and the 
computation time is large. 

The flowchart of the dogleg trust region algorithm is shown in Figure 2. 
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Figure 2: Dogleg Trust Region Algorithm flowchart. 

 
Where, δ is the correction step, ∆ is the trust region radius, and [ ]∑

n
2

k
k=1

F(x) = f (x) is the 

sum of squares of residuals. 
As shown in Figure 2, the first step of an iteration is to find a correctionδ to be 

applied to the approximationx. This correction is a combination of the Newton 
direction and the steepest descent direction. This retains the fast convergence of the 
Newton’s method, and assures getting a stationary point of F(x) by the steepest descent 
direction. 

• If ∆ is large, the correction δ is the Newton step only. 
• If ∆ is small, the correction δ is a multiple of the steepest descent step only. 

The second step is to revise ∆ in order to determine the step-length for the new 
iteration to be successful in obtaining the inequalityF(x+δ)<F(x) .The trust region 
radius can be increased or decreased.The third step is to check if the correction δ has 
decreased the function values. If yes, replacex byx+δ (fourth step). If not, repeat the 
iteration with the new smaller value of ∆. 

 
 

4. Simulation 
Figure 3a shows the single-line diagram of the IEEE 14-bus power system. A three 
phase Fault occurs on line 12 that connects buses 7 and 9 causesbuses 9, 10, and 14 to 
be outside the allowable limit of 1±5%, Figure 3b.To control the voltage profile, a 
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STATCOM connected to bus 9is capable to put backthe voltage profile within the 
allowable limits, Figure 3b. 
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Figure 3: (a) Single-Line Diagram of IEEE 14-Bus Power Systemand (b) Normal, 

Faulted, and Controlled with STATCOM Voltage Profiles of the  
IEEE 14-Bus Power System. 
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The single-line diagram of the 11-bus ill-conditioned system is shown in Figure 4a. 
This systemis difficult to solvebecause of its topology and its high R/X ratios,in fact 
the Newton-Raphson method returns no solution. However, the dogleg trust region 
converges to a solution as shown in Figure 4b. 
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Figure 4: (a) Single-Line Diagram of the 11-Bus ill-conditioned Power System. and 

(b) Dogleg trust region solution showing the Voltage Profile before and after 
STATCOM of the 11-Bus ill-conditioned Power System. 
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Although STATCOM devicesare capable of controlling contingent power systems 
and since they change the Jacobian matrix, they may convert a well-conditioned power 
system to an ill-conditioned. Thus, the Newton-Raphson method is not capable of 
convergent to a solution and consequently dogleg trust region is used instead. To 
illustrate this proposition, consider the 5-bus system, Figure 5a, wherethree 
STATCOM devices were connected to buses 2, 4, and 5 with specified voltages of 1.0, 
1.04, and 1.0, respectively. Newton-Raphsondid not converge, where the dogleg trust 
region convergedto a solution as shown in Figure 5b. 
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Figure 4: (a) Single-Line Diagram of the 5-Bus Power System. and (b) Dogleg trust 

region solution showing the Voltage Profile after three STATCOM devices were 
installed on load busses 2, 4, and 5 of the 5-Bus Power System. 
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5. Conclusion 
This work presents a multi-control functional model of the STATCOM device. Four 
control modes are introduced: bus voltage control, reactive power control, STATCOM 
equivalent impedance control, and remote voltage magnitude control. The STATCOM 
is capable of controlling the local and remote buses voltage magnitudes and keep it 
within the allowable limits and can maintain the system pre-fault steady state stability 
and replace the mechanically switched capacitor/reactor banks with the same 
performance and more control options. The results obtained also show that the 
STATCOM device is capableof maintaining the system stability under normal 
operation and after being subjected to a contingency. Furthermore, since the 
STATCOM device changes the Jacobian matrix and may cause the system to become 
ill-conditioned, the dogleg trust region method is introduced and used to solve ill-
conditioned systems. Moreover, STATCOM devices are capable of controlling ill-
conditioned systems. 
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