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Abstract One of the modern devices employed in 

reactive power compensation is the inverter-based 

static var compensator (SVC), otherwise known as 

STATCOM. The output voltage of the SVC is 

controlled by the angle between the inverter 

fundamental output voltage and the ac system 

voltage. A sensing and control system is required to 

monitor the ac system condition, and adjust this angle 

in order to supply reactive power to the system or 

absorb reactive power from the system, so as to 

regulate the bus voltage. The efficiency of a control 

system is usually measured by its stability. The aim 

of this paper is to show how stable the STATCOM 

can be when applied to a power system. The 

mathematical model of the STATCOM is derived, the 

system transfer function obtained and plotted. The 

stability of the system is then investigated, using the 

Routh’s Tabulation, Bode diagrams, and root locus 

methods of stability analysis.  Both the open-loop and 

closed-loop control systems were examined. The 

STATCOM was found to be stable for a wide range 

of values of the circuit parameters.   

Index Terms— var compensation, STATCOM, 

stability, transfer function, Routh’s tabulation, Bode 

diagrams, root locus. 

 

1. Introduction 

The STATCOM requires a good control strategy; 

application of a control system which incorporates 

power electronic-based controllers and other static 

controllers to improve controllability and power 

system operation flexibility, in order to optimize 

existing power systems [1]. Since the usefulness of 

every control system depends on stability, stability 

analysis of the STATCOM is carried out in this 

article. The control system measures and processes 

diverse parameters, like bus voltage, system 

frequency, and load of the system under 

compensation, determine the gating instants and 

issues the gating pulses to the solid-state switches in 

response to some system changes. The control system 

must, thus, be solidly synchronized to the ac system 

to avoid misfiring. For a control system to perform its 

function satisfactorily, it must be stable, meaning that 

it should respond creditably to input command, and it 

should not be sensitive to changes in system 

parameters [2]. In this paper the operational principle 

of the STATCOM is explained. The mathematical 

model is derived, the transfer functions obtained and 

used to analyze the stability of the system. In this 

work, we have applied some noted methods of 

stability analysis, such as the Routh;s tabulation, 

Bode diagrams, and root locus. It is also shown that 

the shortcoming of the open-loop control system can 

be offset by the closed-loop or feedback control. All 

the analysis methods show that the said STATCOM 

is stable and reliable control equipment. 

 

1.1 Principle of Operation 

The STATCOM achieves many goals such as system 

stability, provision of harmonic-free voltage at the 
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load bus, sinusoidal source current, load balance, and 

power factor correction [3].  Fig. 1 shows the circuit 

of a three-phase STATCOM topology. Its major 

component is a three-level, neutral point clamped 

(NPC), pulse width modulation (PWM) voltage 

source inverter (VSI) [4] It is connected to the ac 

mains through an inductor, X. The three-level 

inverter is more suitable than the two-level inverter in 

applications like static var compensation, traction 

systems, and flexible ac transmission systems, where 

high-voltage, high-power capability, and sinusoidal 

output voltage are needed [5]-[6]. 
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Fig. 1 Power Circuit of a STATCOM 

The per-phase fundamental equivalent circuit of the 

STATCOM is shown in Fig. 2 and the phasor 

diagram is shown in Fig. 3.  
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Fig. 2 Per-phase   equivalent circuit of STATCOM at 

fundamental frequency  
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(a) Leading power factor    

(b) Lagging power factor 

Fig. 3 Phasor diagram 

V  = Line-to-neutral voltage of the ac mains. 

1E  = Fundamental component of the inverter phase-

to-neutral ac voltage. 

aI  = ac current  

R = Losses of the system lumped 

X= Line inductor 

                                                                                                                                                                                                                                           

From Fig. 2, the apparent power supplied by the ac 

source can be expressed as                                                             
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δ = Phase-shift angle between the source voltage, V 

and the inverter ac voltage, E 1  

 

The real power supplied by the ac source is shared by 

the load and the inverter. The amplitude of the 

fundamental component of the inverter output ac 

voltage, E1 depends on the value of the dc bus 

voltage, Vdc. So, E1 increases or decreases if the 

capacitor is charged or discharged. The voltage drop 

across X can be minimized by equalizing V and E, 

thus maintaining near unity power factor. The var 

compensator responds to fluctuations in load power 

factor by providing extra power required by the load 

or absorbing excess power from the load. If the 

power factor of the load increases, the load draws 

more real power which is transiently supplied by the 

compensator. The capacitor is thus discharged, 

leading to decrease in E1. The control system takes 

corrective measure to make E1 equal to the 

corresponding value of V and hence maintain the 

source power factor at near unity. This is done by 

making the phase-shift angle, δ negative and more 

active power will flow to the inverter to charge the 

capacitor. If the load power factor decreases, the load 

is taking less real power, and then the compensator 

absorbs the excess real power which charges the 

capacitor and then lead to higher output of E1. To 

restore E1 to normal value, the capacitor is discharged 

by giving δ a positive value. By controlling the phase 

angle δ, the dc capacitor voltage level can be 

changed, and thus the amplitude of the fundamental 

component of the inverter output voltage E1 can be 

controlled [7]-[9]. Real power flows to the 

compensator if the load power factor is lagging (the 

load is drawing less active power); and the 

compensator supplies real power if load power factor 

is leading (load requires more active power). To 

reduce load power factor, the compensator has to 

absorb real power and supply reactive power (δ < 0), 

and to raise load power factor, the compensator has 

supply real power and absorb reactive power (δ > 0).  

 

1.2 The Control Circuit: 

The main circuit and control block diagram is shown 

in Fig. 4 [10] 
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Fig.4 Main circuit and control block diagram. 

As shown in Fig. 4, a phase locked loop (PLL) 

synchronizes the signal from a VCO with the ac 

supply, called the reference, so that they operate at 

the same frequency. The PLL synchronizes the 

VCO to the reference by comparing their phases 

(or frequency) and controlling the VCO so that its 

phase (or frequency) follows the changing 

reference phase (or frequency). The phase angle of 

the VCO is added to the control variable δ (output 

of the PI controller). This sum goes to the counter 

which addresses the EPROM where the 

programmed PWM switching pattern is stored. 

This PWM switching pattern enables the 
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elimination of selected number of harmonics, 

offers better voltage utilization, lower switching 

frequencies, less stress on switching devices and 

increased efficiency of the converter. The 

switching pattern is read at the supply frequency. 

The source voltage and current are transformed to 

d-q axis. The d-q quantities are used to calculate 

the reactive power generated by the system, and 

the calculated value is compared to the reactive 

power reference [11]-[12].  

 
 

2. STATCOM Modeling 

The STATCOM system shown in Fig. 1 is 

partitioned into several basic sub-circuits as shown 

in Fig. 5 [13]-[14] in order to simplify analysis. The 

sub-circuits are (A) voltage source, (B) resistor set, 

(C) inductor set, (D) switch set and (E) dc circuit. 
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Fig. 5 Simplified main circuit of the ASVC system. 

The mathematical model of the ASVC is obtained by 

transformation into the d-q reference frame, using the 

classic transformation matrix of equation (6) [15], 

and under the following assumptions [16]: 

(i)  All switches are ideal 

 (ii) Source voltages are balanced 

 (iii) Total loss of the inverter is represented by 

lumped resistor R   

(iv) Harmonic components generated by switching 

action are negligible. Thus the switching functions 

are purely sinusoidal. 

 The power invariant d-q transformation matrix, K is 

given as: 
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The three-phase source voltag is:
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where Vs and ω denote the rms line-to-line voltage 

and the angular frequency of the source voltage 

respectively. The variable δ is the phase difference 

between the source voltage and the output voltage of 

inverter. The  transformation is said to be power 

invariant by virtue of the coefficient  which  

makes the power calculated in d-q coordinate system 

the same as in the abc system. The rotating three-

phase circuits are now transformed to stationary 

circuits, eliminating the time-varying nature of the 

switching system.  A variable fabc that denotes any ac 

voltage or current is transformed into fqdo by d-q 

transformation matrix K. That is:

 
abcqdo Kff                                                           (8)                                                                                                  

The relationship between voltage and current in the 

resistor R is: 

abcabcabcs vRiv ,                                               (9)                                                                                                                                                                                          

In d-q transform,    

3
2
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qdoqdoqdos vRiv ,                                                                      

abcsqdos Kvv ,,                                                                             
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In the inductor, voltage and current relation is:   

abcoabc

abc vv
dt

di
L ,                                             (11)                                                                                                                            

qdooqdoabcoabc

abc vvKvKv
dt

di
KL ,,                (12)                                                                                                     

It can be shown that        

oqqd

q
vvLi

dt

di
L                                         (13)                                                                                                                   

oddq

d vvLi
dt

di
L                                          (14)      

                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Since the harmonics generated by the switching 

action in the inverter are assumed negligible, the 

switching function, S is sinusoidal, and can be 

defined as: 
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   D is the r m s line-to-line amplitude of the 

switching function. With the switching function, the 

output voltage of the ASVC is obtained from the dc 

side capacitor voltage as follows. 
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ddc Dii 2                                                              (19)                                                                                                                             

The switch set is exactly equivalent to the 

transformer whose turn ratio is defined to be the dual 

value of the duty cycle of the switch set [17]. These 

D-Q transformed sub-circuits are now connected 

together by joining adjacent ports that have the same 

variables as shown in Fig. 6, which is the equivalent 

circuit.   
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 Fig. 6 Equivalent circuit of the ASVC              

                                                                                                                                                                                                                                                                                                                                                                                             

The following equations can be derived from the 

equivalent circuit: 

d

q

qsq Li
dt

di
LRiv                                         (20)                                                                                                                                   

odq

d

dsd VLi
dt

di
LRiv                                (21)                                                                                                                            

dt

dv
CDi dc

d 2                                                      (22)                                                                                            

                                                            

3.  AC Analysis – phase angle (α) control 

To see the dynamic characteristics of the STATCOM, 

the small signal equivalent circuit is derived by 

introducing some disturbances in the control 

variables around their operating points. The small 
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signal circuit is based on the following assumptions 

[18]: 

  (a)  Harmonics are neglected as multi-pulse circuit 

configurations are employed to reduce generation of 

harmonics.  

  (b)  The quiescent value of   is small (│ │ < 5o) 

 (c)  The disturbance, ∆δ is nearly zero 

 (d) The second order terms (product of variables) are 

negligible. 

   sin ; 1cos                                               (23)                                                                                                                   

Applying small perturbations to variables around 

their operating points and neglecting second order 

terms, we obtain the following results: 

dcod DVV   

    dcdcododod vVdDvVtv   

dcdcod dVvDv                                            (24)                                                                                                
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 Using equations (24), (25), (26) and (27) small signal 

equivalent circuit can be obtained from Fig. 6, as 

shown in Fig. 7           
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Fig. 7 Small signal equivalent circuit of the system 

 

From the small signal equivalent circuit the following 

equations can be derived 
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q
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dt
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dt
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d

dc iD
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vd
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A transfer matrix representation of the system is 

suitable for analysis and design [19]. So, equations 

(29), (30) and (31) in matrix form, give 
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The input of the system is the control variable, 
while the output is the generated reactive power,                      

The state equation of the system is  

 BAx
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                                                (33)                                                                                                                                  

CxQc                                                           (34)                                                                                                                                                                                                                                      
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Taking the Laplace transforms of equations (33) and 

(34): 

       sBsAXXssX  0                            (35)                                                                                                                                              

   sCXsQc                                                      (36)                                                                                                                                                          

 Equation (36) in (35) gives: 
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Equation (39) is the open-loop transfer function of 

the system. 

 

4.  Open-loop Control 

 

The Open-loop diagram is shown in Fig. 8 

 CQ

 sG p

 
 sX

sY

 

                             Fig. 8 Open-loop system 

 The following circuit parameters can be used to 

obtain the system transfer function:                     

                Frequency, f = 50Hz 

                 r-m-s line-to-line voltage, Vs = 400V 

                 Resistance, R = 0.5Ω 

                 Linked inductor, L = 27.4mH 

                 DC side capacitor, C = 1000μF 

                 Modulation index, MI =   = 0.8  

                  Phase angle, α = ±3 

The transfer function becomes:  
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In partial fraction, equation (40) is: 
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Equation (41) can be written as: 
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The inverse Laplace transform gives: 

  ttt etetetg 75.288.1688.16 3.8778.340sin8.598.340cos4962  

                                                                               (43)                                                                

The plot of equation (43) is shown in Fig. 9.
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Fig. 9 Transfer function curve 

It can be observed that equilibrium point is reached 

quickly in Fig. 9. 

From equation (42) 
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             (44)                                                                                                   

Where 

T = time constant = 0.3636s 

ωn = natural frequency of oscillation, 340.77 rads/s 

ε = Damping ratio, 0.0495. 

At low frequencies equation (42) can be 

approximated to a first order system given by: 
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The step response of the system is given by: 
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In partial fraction, equation (46) becomes: 
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The inverse Laplace transform gives: 
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This is plotted as shown in Fig. 10    
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Fig. 10 Step response of the ASVC system. 

From Fig 10, the system rise time = 0.792 s, settling 

time = 1.42 s, steady-state value = -16.8kVAr. 

Under steady-state operation, the relation between the 

input and output quantities (  and Q ) of the 

STATCOM can be shown to be: 

2sin
2

2

R

V
Q s

c                                                    (50)                                                                                                                                                      

This is plotted as shown in Fig. 11. 




V
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r
Q

 deg

Fig. 11 Plot of the STATCOM output ( Q ) versus 

input ( ) 

Both Fig. 10 and Fig. 11 show the sensitivity of the 

STATCOM to the input variable,   

The stability of this system can be examined by the 

method of Routh’s Tabulation as follows. The 

characteristic equation of the system is: 

 

3197001165005.36 23  sss                     (51)                                                                       
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107741

5.36

31970011165005.36



 

     
319700

107741

05.36319700107741



 

 

From the foregoing, all the elements of the first 

column of the Routh’s Tabulation have the same sign, 

which means that all the roots of the characteristic 

equation are in the left half of the s-plane, and so the 

system is stable [2]. The roots are: 

75.2 , 8.34088.16 j and 8.34088.16 j   

This system is a linear, single-input, single-output 

system. So, its response is completely dominated by 

the roots.  

We can also investigate the stability of this system by 

means of the Bode diagram shown in Fig. 12 
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Gain-

crossover

Fig. 12 Bode plot of system transfer function. 

It can be observed from Fig. 12 that the: 

Gain-crossover frequency =5860 rad/s. 

Phase margin = -90o-(-180o) = 90o 

Phase-crossover is nonexistent, and so the Gain 

margin is infinity [19]. 

So, with the given parameters, the system is stable. 

Now, we vary the value of each of the circuit 

components - capacitor, inductor, and resistor in 

equation (39), and see how they affect the stability of 

the STATCOM. The results are shown in the root loci 

of Fig. 13, Fig. 14 and Fig. 15. Fig. 13 is the root 

locus of the transfer function as the value of 

capacitance, C varies. It can be noticed that as C 

increases, the real negative root of the characteristic 

equation of the transfer function approach the 

imaginary axis. Roots nearer the imaginary axis have 

greater effect on the transient response of the system. 

This reduces the speed of the system response, and 

makes the system less stable. However, it can be 

noted that for this large range of C 

 FC 2000200  the roots are still in the left half 

of the s-plane, i.e. the system remains stable. 

F200
F2000

F200

F200

F2000

F2000

Fig. 13 Root locus for varying values of the dc 

Capacitor, C 

The root locus of the system transfer function for 

increasing values of the inductance, L is shown in 

Fig. 14. The real negative roots as well as the 

complex-conjugate roots move towards the imaginary 

axis as the value of L increases. The compensator 

thus takes longer time to reach steady-state as L 

increases and consequently is less stable. However, it 

can be noted that for this large range of L 

 mHL 1005   the roots are still in the left half of 

the s-plane, i.e. the system is stable. 

 

mH5

mH5

mH5

mH100

mH100

mH100

Fig. 14 Root locus for varying values of the line 

inductor, L 

Fig. 15 is the root locus of the transfer function when 

the value of resistance, R varies. The real negative 

root as well as the complex-conjugate roots moves 

away from the imaginary axis as the value of R 
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increases. Thus, increasing the value of resistance, R 

speeds up the system response, enhancing stability. R 

is therefore a damping component.  

2.010

10

10 2.0

2.0

Fig. 15 Root locus for varying values of R 

Generally, these figures show that the system is stable 

for a wide range of values of C, L and R. This is 

because all the roots remain in the left-half s-plane. 

So, it is obvious that varying the parameters of the 

STATCOM has little effect on the stability of the 

system. 

 

5.  Closed-loop Control 

To realize a more accurate control, and stable 

system, feedback control can be employed. Here the 

controlled or output signal or a function of it is fed 

back to the controller, which compares it with the 

reference input signal. The difference between these 

signals is the error signal which has to be minimized 

in order to achieve the desired output. Fig. 16 is the 

closed-loop or feedback control system. 

s

K
K i

P 
 CQ

 sG p

 
 sM

sN

 sGC

refCQ ,

CQ



 errQ

Fig. 16 Closed-loop block diagram of the STATCOM 

with PI controller 

Thus from Fig. 16:         

      CPCCrefC QsGsGQQ  ,                  (52)                                                                    

The closed-loop transfer function is given by: 

   
   sGsG

sGsG

Q

Q

PC

PC

refC

C








1,

                                  (53)                                                                                         

Equation (42) can be approximated to a first order 

system given by: 

 sG
s

Q
P

c 







75.2

877

                                   (54)                                                                              

Step response of the first order system is shown in 

Fig. 17. It has the same characteristics as the third 

order system of Fig. 10.                                                                                             

Fig. 17 Step response of the first order system                                                                                                 

Equation (54) in (53) gives: 

 
  ip

ip

refC

C

KsKs

KsK

Q
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    (55)                                                                       

 

 Fig. 18 shows the step response of the closed-loop 

control system. 
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C
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Fig. 18 Step response of closed-loop control system 

 

From Fig. 18: rise time = 0.00923s, settling time = 

0.0185s, peak amplitude = -0.0518 p.u. 

Comparing the transfer function and the response 

obtained with the closed-loop system to those of the 

open-loop system shows that the closed-loop control 

system gives better stability and more accurate 

control.    

 

Fig. 19 is the op-amp model of the PI controller                                                               

-

+

1R

1R 2R C
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ccV
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2I

Fig. 19 Op-amp circuit realization of the PI controller 

 

The transfer function of the op-amp circuit can be 

derived as: 
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6.  Conclusion 

The features and operational principles of a static 

var compensator (SVC) employing PWM 

voltage source inverter with self-controlled dc 

bus, otherwise known as STATCOM have been 

discussed in this paper. A model was derived, 

using d-q reference axis, for a var compensator 

operating with the δ phase-shift angle control. 

The model has been used to investigate the speed 

of response of the STATCOM to changing 

conditions and the stability of the compensator in 

relation to its circuit parameters. Results show 

that the compensator under discussion is stable 

for wide variations of its circuit parameters. It is 

shown also that, with smaller circuit parameters, 

the compensator reaches steady-state faster and 

is therefore more stable. The closed-loop system 

provides more stable and efficient control 

strategy than the open-loop control system. 
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