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 Abstract-- Integration of renewable energy resources into an 

electricity distribution system has raised many challenges, 

including a number of stability issues. There are complex 

interactions among distributed generators due to their different 

manufacturing technologies, intermittent primary source of 

energy, and unregulated operations. Further, conventional shunt 

capacitors, which was used to support the voltage in the past 

could have adverse effect on oscillation damping. This paper 

presents an approach to locate compensating devices to enhance 

oscillation damping of a renewable energy based distribution 

system. The superiority of SVCs, which is one of the well known 

FACTS controllers, over shunt capacitors to enhance small signal 

stability is also presented. 

Index Terms—Smart Grid, Renewable Energy, Distributed 

Generation, SVC, Shunt compensator  

I.  INTRODUCTION

ITH the integration of different renewable energy 

resources, control devices and continuous load growth, 

structure of current distribution system is changing into 

a more complex system[1]. Integration of dynamic elements 

such as generators and controllers generates oscillation modes, 

which need to be handled carefully to ensure the stability of a 

system. Hence, small signal stability has also become a major 

concern of a renewable energy based electricity distribution 

system in addition to the usual concerns such as voltage 

stability, protection and power quality. Therefore, proper 

choice of location and coordination of controllers are required 

to enhance the overall stability of a distribution system.  

The modes of oscillation in a power system may be 

effectively damped by appropriate location of shunt 

controllers [2],[3]. Conventional distribution systems are 

highly compensated with shunt capacitors for voltage stability 

improvement. In the recent years, Flexible AC Transmission 

System (FACTS) controllers such as SVCs and DSTATCOM 

are also used to achieve the efficient voltage and power 

quality control [4]. It is well known that application of shunt 

compensators enhances the voltage stability of a power 

system. However, they have been reported to degrade the 
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small signal stability in some cases by contributing negative 

damping to the system oscillation [5],[6]. On the other hand, 

controllable device such as SVC can support the small signal 

stability if primary controller parameter is carefully selected 

[6]. So, careful attention should be given to minimize the 

detrimental impact on the small signal stability while selecting 

a control methodology for voltage stability improvement. An 

important issue of distribution system control is the location of 

the controller. A proper location is very important for the best 

economic and technical performance of a controller.  

There are a number of approaches to locate shunt 

controllers in a power system. Modal analysis technique has 

been proposed by [7] to determine the suitable location for 

voltage stability enhancement. Similarly, residue and 

controllability factors based methods have been proposed in 

[2],[3] to locate shunt controllers for small signal stability 

enhancement. In [8], extended eigenvector based method has 

been used. Application of residues and controllability indices 

are possible when the input and output of the controllers are 

defined externally. Furthermore, these methods are suitable 

when some controllers are to be selected among a large 

number of controllers in a power system to add supplementary 

damping controllers[3], [6],[8]. On the other hand, application 

of extended eigenvector needs computation of sparse Jacobian 

matrix, which consists of system admittance matrix as one of 

its component. Handling a large and sparse matrix, in turn, 

needs more computational efforts.  

In this paper, an alternative approach has been proposed to 

locate controllers in a distribution system. As the primary 

objective of shunt compensation is voltage support, the best 

location for small signal stability improvement is chosen with 

the major objective of voltage stability enhancement. Some 

possible locations to enhance voltage stability will be 

determined using modal analysis. Then, participation factor 

analysis is used to select the most suitable location to enhance 

small signal stability. The location of controller for which it 

shows highest participation to the oscillation modes is selected 

as the best location of the controller.  

The rest of the paper is organized as follows: Section II 

describes the modeling of distribution system and shunt 

controllers and Section III   discusses on methodology of 

shunt controller location. Section IV presents location of shunt 

controllers with some results and analysis. This section also 
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discusses on the comparison of performances of shunt 

capacitors and SVCs. Finally, Section V presents the 

conclusions drawn from the study. 

II.  SYSTEM MODELING

A.  Dynamic Modeling of Distribution System 

The power system behavior can be represented by a set of 

differential and algebraic equations. 
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Here, X is a vector of state variables related to dynamics of 

DG units and associated controllers, ]'[ VY δ= is a vector 

of algebraic variables associated with angle and bus voltage 

magnitudes and ]'[ QPp = is a vector of uncontrollable 

parameters such as variations of active and reactive powers at 

a bus. Linearization of (1) around an operating point 

),,( ooo pYX  would give, 
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Vectors Y∆ and p∆ are related algebraically by power 

flow Jacobian matrix[9]. 
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where J is power-flow Jacobian matrix and θθ ∂∂= /PP , 

VPPV ∂∂= / , θθ ∂∂= /QQ VQQV ∂∂= / . 

Now, for a given values of p , the linearization of DAEs at 

equilibrium point ),( oo yx gives 
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where ox Xff |/ ∂∂= ,
oy Yff |/ ∂∂= , ox Xgg |/ ∂∂= , 

and 
oy Ygg |/ ∂∂= . If 

yg is a non singular matrix, (4) can 

be reduced as 

XAX DG∆=∆ !          (5) 

where )( 1

xyyxDG ggffA −−= represents the system state 

matrix of the distribution system with DG units.
  

    In this case, the DAE system is reduced to a set of ODE 

equations. The eigenvalues of system state matrix DGA gives 

the information on small signal stability of the system. The 

complex eigenvalues of DGA  represent the oscillatory modes 

of the system.  The real part and imaginary part of the 

complex eigenvalues give the information on damping and 

frequency of the oscillatory modes, respectively. The low 

damped and low frequency modes are critical modes, which 

need to be handled carefully to enhance the small signal 

stability of the system. 

B.  Static Var Compensator (SVC)  

SVC is a shunt connected compensating device whose 

impedance is adjusted to control reactive power flow in the 

line. A thyristor controlled reactor is connected in parallel to a 

fixed capacitor to control the effective reactance of the 

capacitor[9]. The block diagram of SVC is shown in Fig. 1. 

Here, tV and refV are the voltage magnitude at SVC terminal 

and voltage to be maintained by SVC, respectively. K is the 

gain of controller, nT and dT are used for gain adjustments 

and rT is the thyristor time constant. maxB and minB specify 

the range of SVC compensation and SVCB is the effective 

susceptance of SVC. 

Fig. 1.  Block diagram of SVC control. 

III.  LOCATION OF SHUNT CONTROLLERS

A.  Selection of Significant Buses 

At a particular operating point, shunt controllers may absorb 

or inject Q∆ to control a bus voltage while keeping P
constant. So, 0=∆P  in (3) gives 

VJQ d ∆=∆ Re
      (6) 

where, ][ 1

Re VVd PPQQJ −−= θθ      (7) 

dJ Re is called the reduced Jacobian matrix of the system. It 

relates the bus voltage magnitude and the bus reactive power 

injection. The system is said to be stable if all the eigenvalues 

of dJ Re  are positive[7]. If any of the eigenvalues are zero, the 

system is at critical point of the voltage stability. Negative 

eigenvalues mean that the system is voltage unstable. The 

eigenvalues, which have lower magnitude, refer to the modes 

of possible voltage instabilities. Then, the bus participation of 

bus k  to instability mode i  is defined as 

ikkiki ηξ=Π       (8) 

Where, kiξ : thk  entry of right eigenvector iξ    

ikη : thk   entry of left eigenvector iη
The bus participation indicates the contribution of the 

thi
mode to the QV −  sensitivity at the bus k [7]. For all the 

small eigenvalues, the bus participation factor determines the 

area close to voltage instability. In this paper, the buses which 

show highest participation to the voltage instability mode of 

interest are selected as the candidate buses for SVC 

placement.  

B.  System State Matrix with SVC 

After connecting the dynamic SVC model to the system, the 

system state matrix 
sysA needs to be updated. The linearized 
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distribution system model with DG units and SVC may be 

written as 
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where, DGV  and SVCV are the terminal voltage vectors of DG 

units and SVC, respectively, DGX  and SVCX are state 

vectors of DG units and SVC, respectively. The matrices DGA ,

DGC , SVCA  and SVCC are block diagonal numerically 

depending upon system operating point and machine 

parameters. The linear representation of coupling 

characteristics between the system dynamic devices and 

network can be written as 
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where, DGI  is currents injected from DG units and LI is 

current injection from all the load buses including SVCs.  The 

matrices DGW and SVCW represent the dependence of DG 

units and SVCs with the corresponding state vectors. DGN
and SVCN represent matrices of DG units and SVC, 

respectively. 

A complete distribution network may be represented as 
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where GGY , GLY , LGY  and LLY are the matrices derived from 

system admittance matrix. Using (9), (10) and (11) the overall 

system state matrix with SVC can be derived as 
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C.  Participation of SVC on System Modes  

The contributions of states on oscillation modes can be 

observed by evaluating the participation factors (PFs) of each 

state on a particular mode. Participation factor gives the 

relationship among the states and eigenmode in a dynamic 

system. The participation of thk  state in the thi   eigenmode is 

given by  

ikkikip ψφ=        (13) 

Where, 

kiφ  : thk  entry of right eigenvector iφ

ikψ : thk   entry of left eigenvector iψ

IV.  RESULTS AND ANALYSIS

A.  Test System 

The simulation was carried out on a radial distribution 

system, which is shown in Fig. 2. It is a 16 bus system with 

total load of 28.7 MW and 17.3 MVAR [10]. A synchronous 

generator supplying 4 MW and operating in voltage control 

mode is connected at Bus 2. Another synchronous generator 

operating in power factor control mode is connected at Bus 3, 

supplying 5 MW at unity power factor. Both synchronous 

generators are modeled by sixth order model [9, 11]. A wind 

generator supplying 2 MW is connected at Bus 6 and modeled 

by third order induction machine model [11],[12]. A 

photovoltaic (PV) generator is connected at Bus 7, supplying 1 

MW to the system. As PV generators are static devices 

supplying active power to the system, they are modeled by 

constant current source[10],[13]. The system loads are 

modeled by constant impedance load models. The distribution 

network is modeled by π -model similar to that of 

transmission system model. 

Fig. 2.  Single line diagram of the test distribution system. 

There are three pairs of complex eigenvalues as given in 

Table I, which represent the oscillatory modes that exist in the 

distribution system in the base case. The oscillatory modes are 

better damped as compared to those of high voltage 

transmission systems.   

TABLE I. THE OSCILLATORY MODES OF THE DISTRIBUTION SYSTEM

Modes 

Real Part

(1/s) 

Imaginary 

Part 

(rad/sec) 

Damping 

Ratio 

Frequency

(Hz) 

 1, 2 -5.57 20.64 0.26 3.28 

3, 4 -4.23 18.15 0.23 2.89 

5, 6 -9.81 17.72 0.48 2.82 

B.  Identification of Significant Buses  

The modes of voltage instability were calculated using 

modal analysis and given in Fig 3.  The weakest mode to the 

voltage stability was found to Mode 12, which has a 

magnitude of 0.4932.  

Fig. 3.  Modes of voltage stability. 
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Bus participations to the weakest mode are given in Table 

II. It can be observed that Bus 16 has the highest bus 

participation factor for Mode 12. Hence, Bus 16 is the most 

appropriate location of shunt compensator for voltage stability 

improvement. The ranking of candidate buses are 16, 15, 3, 

13, 14. These buses are the possible location of shunt 

controller for small signal stability enhancement. 

TABLE II: BUS PARTICIPATION  

Bus# Bus Participation Normalized participation

3 0.1848 0.8391 

4 0.0016 0.0073 

5 0.0058 0.0262 

6 0.0025 0.0114 

7 0.0026 0.0119 

8 0.0157 0.0714 

9 0.0128 0.0582 

10 0.0656 0.2979 

11 0.0076 0.0345 

12 0.0143 0.065 

13 0.1658 0.7525 

14 0.089 0.4038 

15 0.2116 0.9603 

16 0.2203 1 

C.  Impact of Capacitor Placement 

Fig. 4. Magnitudes of the weakest modes with different capacitor locations. 

Shunt capacitor of 5 MVAR was placed at the candidate 

buses identified in Section IVB. First, impact of capacitor 

placement on the weakest mode of voltage stability is 

presented in Fig. 4. It can be observed that the magnitude of 

weakest mode increases as shunt capacitor is placed in the 

system. This means the voltage stability of the system 

increases [7],[9]. Furthermore, the magnitude of weakest 

mode increases as the capacitor is moved from lower to higher 

ranked buses. This supports the bus ranking result obtained in 

Section IVB. 

 Next, impact of capacitor placement on small signal 

stability was studied by placing the capacitor at Bus 16, which 

is the highest ranked bus. The result is presented in Fig. 5. It 

can be observed that the placement of capacitors push the 

system eigenvalues towards the right side in the complex 

plane. As a result, the damping of oscillatory modes is 

weakened. The reason behind this phenomenon is the negative 

damping imposed by shunt compensators on synchronizing 

and damping torques of the system oscillations [5],[6]. 

Fig. 5.  Oscillatory modes with and without capacitor at Bus 3. 

 Placement of shunt capacitors at different buses of a 

distribution system has different impact on oscillatory modes. 

However, the primary objective of a shunt capacitor in a 

distribution system is voltage control. So, the best location of 

a shunt capacitor would be the one among the candidate buses 

identified in Section IVB which has the least detrimental 

impact on damping of oscillatory modes. This means the 

location which gives the least shift of eigenvalues towards the 

right side of the complex plane would be the best location. 

The difference of real part of eigenvalues with and without the 

additional shunt capacitors is taken as the shift of eigenvalues. 

The shifts of oscillatory modes when shunt capacitors are 

placed at different candidate buses are shown in Fig. 6.  

  
Fig. 6.  Change in real part of oscillatory modes with different capacitor 

placements. 
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It can be observed that placement of capacitor at Bus 3 

results in the least shift of Modes 3,4 by 0.319 towards right 

direction on the complex plane. So, Bus 3 would be the best 

location of shunt capacitor for the least detrimental impact on 

system modes. With capacitor at Bus 3, the shifts of Modes 

1,2 and Modes 5,6 are 0.065 and 0.075 respectively. The shifts 

of Modes 1,2 and Modes 5,6 are not significant with different 

locations of shunt capacitor.    

D.   Placement of SVC    

The primary controller of SVC may support damping of 

electromechanical oscillations of a power system [6]. In other 

words, it is able to reduce possible negative damping effect 

caused by shunt capacitor. Fig. 1 suggests that SVC controller 

can add a pole, which would effectively reduce weakening of 

oscillatory modes due to capacitor. As a dynamic component, 

SVC adds a state variable to the state space representation of 

the system. The influence of SVC state variable to the system 

oscillation modes can be observed by evaluating the 

participation factor. In this paper, participation factor is used 

as an index to determine the best location of SVC. The 

location for which the SVC state has the maximum value of 

participation factor to the system oscillatory modes is selected 

as the best location of SVC to support small signal stability of 

the system. For a particular value of rT , SVC participation 

depends on its location.  

The participation factors of SVC states on these modes are 

shown in Fig. 7. The model of SVC as shown in Fig. 1 has 

been used. The gain and thyristor time constants are assumed 

to be 1 and 0.02 seconds respectively [9]. The gain adjustment 

may be discarded to see the effectiveness of SVC on system 

damping [14]. It can be observed that locating SVC at Bus 3 

results in the highest participation of SVC state on Modes 1,2 

and Modes 3,4. The participation on Modes 5,6 is 0.0013, 

which is relatively very small but still is the highest among all 

the SVC locations.  So, Bus 3 is a suitable place for installing 

SVC to support the small signal stability of the system. It is 

important to note that the best location of SVC is the same as 

the location of capacitor, which would have the least 

detrimental impact on system modes as explained in Section 

IVC. 

Fig. 7.  Participation factors of SVC states on system modes with different 

locations of SVC. 

E.  Comparison of SVC and Shunt Capacitor Placement  

 The negative damping effect of shunt compensators can be 

minimized by properly designed primary controller of SVC. 

The effectiveness of SVC can be observed by comparing the 

shifts of real part of modes with respect to the base case for 

SVC and capacitor placements. The size of both capacitor and 

SVC were taken as 5 MVAR. The gain and thyristor time 

constants are again 1 and 0.02 seconds, respectively. The 

effectiveness may be improved by proper setting of the gains 

and time constants of SVC. Here, SVC and capacitor were 

placed at Bus 3 and corresponding shift of oscillatory modes 

were observed. The result is shown in Fig. 8.  

Fig. 8.  Comparison of real part shift with shunt capacitor and SVC at Bus 3. 

It can be observed that placement of SVC results in smaller 

shifts of real part of the Modes 1, 2 and Modes 3, 4 towards 

the right of the complex plane as compared to placement of 

capacitor. The shifts of Modes 5, 6 are very small in both 

cases and that indicates that shunt controllers have negligible 

contribution to these modes. It is important to note that 

placement of SVC also deteriorates the stability of oscillation 

modes in the same way as capacitor does. For this reason, 

some additional controllers are suggested for SVC to improve 

the stability of oscillatory modes in addition to voltage 

stability[6],[8]. This paper is concerned on the best location of 

SVC without an additional controller which can serve for 

enhancing voltage stability as well as minimizing negative 

damping effect of shunt capacitor.  

Now effectiveness of SVC and capacitor for improving the 

time domain response of the distribution system were 

observed. The sudden increase in wind power output by 10% 

was taken as a disturbance to the system. The responses of 

voltage at Bus 3 and rotor speed of synchronous generator at 

Bus 3 were observed. The results are shown in Fig. 9 and Fig. 

10. It can be observed that the response of voltage is slightly 

less damped with capacitor than without any controller at Bus 

3. Also, damping of oscillations in bus voltage and generator 

rotor speed has been improved with SVC placement compared 

to capacitor placement. This is because of the primary 

controller of SVC, which adjust its total susceptance to 

generate required reactive power to maintain the voltage 

magnitude.  
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Fig. 9. Comparison of response of voltage at Bus 3 with and without shunt 
controller.

Fig.10.  Comparison of response of rotor speed of generator at Bus 3 with 

shunt capacitor and SVC..

V.  CONCLUSION

In this paper, an approach to locate shunt controllers to 

enhance small signal stability of a distribution system with DG 

units is presented. First, buses were ranked for determining the 

effective locations of shunt compensator for voltage stability 

enhancement. Then, the location for which shunt compensator 

gives the least detrimental impact on oscillation damping is 

selected as an appropriate location for small signal stability 

enhancement. A minimum eigenvalue shift based index has 

been used for placement of a static shunt compensator such as 

capacitor. Participation factor has been used as an index to 

locate a dynamic compensator such as SVC. The following 

conclusions were made based on the observations. 

a) Integration of DG units into a distribution system 

generates some oscillatory modes, which need to be 

well damped to ensure small signal stability of a 

system.  

b) QV −  Sensitivity analysis may be used to rank the 

buses of a distribution system for compensator 

placement. Then, installation of a shunt compensator at 

a high ranked bus effectively improves the overall 

voltage stability of the system. On the other hand, such 

a compensator may weaken the damping of oscillatory 

modes. A shift of eigenvalues towards the imaginary 

axis of complex plane may occur.  

c) Locating a shunt capacitor at one of the high ranked 

buses gives minimum eigenvalue shift towards the 

imaginary axis. Locating SVC at the same bus also 

shows highest participation of SVC to the oscillatory 

modes. Hence, the bus may be taken as an appropriate 

location of such shunt controllers for small signal 

stability.    

d) Installation of SVC gives less negative damping of 

oscillatory modes as compared to capacitor of same 

rating. Also, SVC performances are better for transient 

and steady state responses of bus voltage and generator 

rotor angle against system disturbances. 

Hence, SVC is a better choice than a shunt capacitor of the 

same rating for small signal stability enhancement of a 

distribution system. A controller in addition to primary voltage 

controller of SVC can be designed for SVC to eliminate its 

negative damping effect. The design aspects will be addressed 

in our future works. 
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