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Abstract 
Flexible alternating current transmission system (FACTS) devices have been widely used for fast dynamic 
control of voltage, impedance and phase angle and also in voltage flicker mitigation of high voltage ac 
transmission lines. Switching frequency is restricted to line frequency; in keeping with the necessity to 
implement in very high power VSI. The study focuses device count, dc filter ratings, restrictions on voltage 
control, active power transfer through the dc link and balancing of dc link voltages. There are several power 
conditioners, which by themselves contribute to power degradation due to switching of the power 
semiconductor devices and harmonic effects generated in the converters. Thus, big elements have been 
used as filters, pursuing to have appropriate power quality with low extra noise. FACTS controllers are widely 
used to improve not only the power quality, but also provide dynamic control of the power transfer 
parameters of transmission voltage, line impedance and phase angle and to reassign power flows at will and 
on a real time basis. In this study, two sets of three level twelve pulse VSC base STATCOM with twelve 
terminal transformer connected to the ac distribution system is proposed using MATLAB/simpower system 
(SPS) toolbox and the results of various power flow control are presented to show the effectiveness of the 
proposed control strategy. 
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Introduction 
In recent years, power quality in power systems 
becomes very important due to the growth of the 
industrial plants, increase in the energy consumption and 
diversity of the electrical loads (Chang et al., 2006). 
Reactive power compensation is one of the most 
important criteria for control of power systems on 
transmission as well as distribution level. It allows better 
stability of overall system, decrease losses and permit to 
maintain better voltage profile. For more than last fifteen 
years, there have been tendencies to replace the 
conventional compensators with FACTS devices that are 
based on power electronic converters. FACTS devices 
provides with greater operating flexibility, better 
utilization, faster response, increase stability and 
transmission capability of power systems. The 
drawbacks of these devices are switching and 
conduction losses. The voltage rating of switching 
devices is not also high enough (For GTO, maximum 
voltage rating is around 6 kv).To increase the voltage 
rating of the power converter and so of the overall 
FACTS controllers, different multilevel topologies have 
been proposed (Lal and Peng, 1996). The circulating 
power in the grid that does no useful work which results 
from energy storage elements in the power grid has a 
strong effect on system voltages. In both the voltage and 
current waveform, harmonic distortion is found.  
 
 

 
Most current distortion in electrical power systems is 
mainly due to the large non-linear loads (also known as 
electronic loads) such as electric arc furnaces (EAF). 
EAF is an important load in industry with very large 
active and reactive time varying powers in the melting 
and refining processes period causing irregular voltage 
oscillation at the point of common coupling (Mendis  
et al., 1996). Among the various VSI topologies, the 
three-level inverters have become popular for STATCOM 
applications. Compared with two-level inverters,  
three-level inverters have the following advantages:  
1. A lower voltage harmonic leads to the use of low 

voltage switches as every main diode only endures 
the half of the dc-link voltage and these low voltage 
switches are quicker, smaller and cheaper than that 
of the high voltage switches in two level case. 

2. They can generate five-level line voltages.  
3. With the same switching frequency and control 

method, its Total Harmonic Distortion (THD) is far 
less than the two-level inverter’s. 
 

The total losses of the two-level converter are generally 
44% higher than that of the three-level one. Thus, 
improved overall efficiency of the system at full load can 
be achieved due to lower value of THD and lower 
switching losses (due to lower switching frequency). 
 
 

RESEARCH ARTICLE 



 
J. Acad. Indus. Res. Vol. 1(8) January 2013                        454 
 

©Youth Education and Research Trust (YERT)                                                                               Snehasish Pal et al., 2013 
 

 
However, the two-level converter is 27% cheaper than 
that of the three-level configuration. The reasons are the 
dc link capacitors, IGBTs and more diodes and more 
complicated control strategy in the three-level converter. 
It is noted that the output dv/dt in the three-level 
converter is smaller than that of the two-level converter 
and consequently it has less stress on the cables. 
Therefore, the higher cost of the three-level converters 
compared to the two-level one is justifiable. It is noted 
that a secure operation of the converter must be 
provided when one switch in the series switches fails to 
operate; it means that there need a number of additional 
switches which leads to a more expensive three-level 
converter. Use of the STATCOM is basically a costly 
process. On the other hand, the used transformer in the 
proposed converter has very lower output (1 kVA versus 
1 MVA) compared to the 6-terminal type. 
 
Therefore, the cost of transformer is higher than the 
precious version, considering the output; it is economical 
in long-term run. In view of the above facts, in this study, 
two sets of three level twelve pulse VSC base 
STATCOM with twelve terminal transformer connected to 
the ac distribution system is proposed using 
MATLAB/simpower system (SPS) toolbox and the results 
of various power flow control are presented to show the 
effectiveness of the proposed control strategy. 
 
Materials and methods 
Basic structure of three-level STATCOM: The power 
circuit of the three-level STATCOM is shown in Fig. 1a-e. 
Every phase has four switching devices T1~T4, their 
associated reverse connected parallel diodes D1~D4 
and two clamping diodes D5 and D6. Two capacitors are 
in series in dc side with the same capacitance Cd, which 
the midpoint is connected with the midpoint of D5 and D6 
in order to obtain a neutral point clamped circuit. When 
vdc1=vdc2=vdc/2, the main switching devices T1~T4 will 
suffer vdc/2 if they are turned off. Take the case of phase 
A, when T1a and T2a are on, T3a and T4a are off, the 
output voltage of phase A vao=vdc1; when T2a and T3a 
are on, T1a and T4a are off, vao=0; when T3a and T4a 
are on, T1a and T2a are off, vao=-vdc2. 
 

Fig. 1a. The type one. 

 

 
 

Fig. 1b. The type two. 

 
 

Fig. 1c. The type three. 

 
 

Fig. 1d. Three level converter. 

 
 

Fig. 1e. STATCOM and power exchange with AC system. 
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Fig. 2. The phase-to-phase and phase-to-neutral voltage. 

 
 
AC voltage harmonic analysis: The phase-to-phase 
voltage vab, the phase-to-neutral voltage vao and van, 
and the pulse width control parameter β are illustrated in 
Fig. 2. The waveforms of voltage vbo and vco are 
identical with vao and their phases are lagging behind 
vao 120o and 240o respectively; the waveforms of vbn 
and vcn are identical with van and their phases are 
lagging behind van 120o and 240o respectively. The 
waveforms of phase-to-phase voltage vbc and vca are 
identical with vab, and their phases are lagging behind 
vab 120o and 240o respectively. Under the condition of 
vdc1=vdc2=E, the fundamental and harmonic 
components of the voltage vab can be expressed by (1) 
applying Fourier analysis to the waveforms in Fig. 2. 

  (1) 
 
The voltage THD is defined as: 
 

 
Where, k=1, 2, 3,..................25. 
 
If the parameter β is controlled in the range of 0o～25o, 
the curve of η varying with β as shown in Fig. 3 can be 
obtained. When β is 15o，η is 16.5075%. The minimum 
of η is 16.5027% when β is 15.18o. The equivalent 
topologies of three-level converter have been shown in Fig. 4. 
 

Fig. 3. The curve of η varying with β. 

 

 
Fig. 4. The equivalent topologies of three-level converter. 

 

 
 

Mathematical modelling of STATCOM 
We have already seen that STATCOM (or D-STATCOM) 
is a power electronic system with a complex control 
system. We have already seen the equivalent circuit of 
STATCOM as shown in Fig. 2. Here the resistance, rs is 
the sum of the transformer winding resistance losses and 
the inverter conduction losses. The inductance ls  
represents the leakage inductance of the transformer. 
The resistance rp denotes the sum of the switching 
losses of the inverter and the power loss in the capacitor 
(which acts as an energy storage device). The voltages 
ea, eb and ec are the inverter ac side phase voltages 
suitably stepped up.  
 

Fig. 5. Equivalent circuit of STATCOM. 

 
Based on the equivalent circuit of STATCOM as shown 
in Fig. 5, the mathematical model of the STATCOM can 
be written as follows (Mitra and Venayagamoorthy, 
2008): 

     (2)                              
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Where, Dkp are switching functions and K=a, b, c. 

     (3) 
 
and 

                  (4) 
 
 
From circuit principles, we have: 

                    (5) 
 
and 

          (6) 
 
 
The above equation can be expanded as under: 

   (7) 

 
Similarly, we have: 

        (6) 
 
 
By combining the above three equations, we have: 

 (7) 
 
 
 
 

 
By applying equation (2) to eqn. (7), we have: 

 (8) 
 
and 

       (9) 
 
It is common practical in power system application to 
transform 3-phase ac dynamics into orthogonal 
components in a rotating reference frame. Here, 
components are referred to as the real and reactive 
components, those that lead to useful work and those 
that do not respectively. From the power system theory, 
we get the real and reactive currents relative to a rotating 
reference frame with angular frequency ω as: 
 

            (10) 
 

   (11) 
 
Where, id is the active current component and iq is the 
reactive current component. 
 
Then we have: 

   (12) 
 
Where, 

  (13) 
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If we set T as the first two 2×3 subspace of matrix T, we 
can get: 

       (14) 
 
Similarly we can get, 

          (15) 

              (16) 
 
Applying eqn. (14) to the left part of eqn. (8) we have: 

     (17) 
 
Applying eqn. (15) and (16) to eqn. (8) we have: 

      (18) 
 
From Power System Principles, we get: ed=Vm and eq=0 
and 
 

          (19) 
 
Multiplying T to both sides of eqn. (18) and applying in 
eqn. (19) we have: 

  (20) 
 

 
By applying eqn. (14) and (16) to eqn. (9), we have: 

 
Which leads to: 

      (21) 
 
Rearranging eqn. (20) and (21), we have: 

        (22) 
 
Finally, we find that we can represent the ‘outer loop’ 
dynamics of STATCOM, the dynamics resulting from any 
arbitrary switching function, by representing the above 
eqn. in its the standard state-space form (Xiao-ping  
et al., 2006): 

    (23) 
 
This completes the non-switching dynamic model of 
STATCOM as of eqn. (23). From the model we can see 
the states of the STATCOM dynamic loop are id,iq and 
Vdc. Vm can be considered as a system constant 
parameter. The control variables are Dd,Dq. It is to be 
noted that this is a bilinear system and in our application, 
full state feedback control of STATCOM, represents a 
nonlinear system. 
 
Simulation of the STATCOM with System Description 
using Dual Three-Level VSI-based STATCOM  
In our proposed system (Fig. 6), the Dual three level 
STATCOM is connected to bus through a coupling 
transformer with resistance and reactance respectively. 
The two three level inverters are connected in parallel 
and connected to the same AC supply by output 
transformers.  
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In the Power circuit diagram of the STATCOM, the 
converter has multi-pulse or a multilevel configuration. 
With twelve pulse converter topology, the magnitude of 
the ac output voltage of VSI can be changed by varying 
the dead angle with fundamental switching frequency. 
This higher level topology of the VSI greatly reduces the 
THD much more than two-level VSI. This model consists 
of two pairs of 6-pulse STATCOM- cascaded to form two 
12-pulse STATCOM, connected in parallel in the circuit 
with two sets of variable load of the same type and 
merges to a single fixed load. The objective of this model 
is to produce a reliable system so that when one branch 
of the system breaks down due to any kind of fault in the 
system, the other branch comes into play and carries out 
the operation successfully without any delay. Power to 
this system is supplied from a 25 kV, 60 Hz, 100 MVA 
programmable voltage source.  
 
The control process is based on a novel decoupled 
current control strategy using both the direct and 
quadrature current components of the STATCOM. Figure 
7 represents the PWM switching scheme for switching 
operation of the two inverters (VSI). The operation of the 
full STATCOM model is fully studied in both capacitive 
and inductive modes in a power transmission system and 
load excursion. The STATCOM output is coupled on 
parallel with the network. A 12,000 µF capacitor is used 
as dc voltage source for the inverter.  

 
 
 

 
Fig. 7. PWM technique for switching.  

 
 
The standard response time is typically chosen to be of 
the order of a hundred microseconds (i.e. 0.2s). To 
control the output voltage of VSI, PWM Strategy has 
been used not only for fast communications to reach a 
lower THD but also it can be effectively used during 
unbalanced operation of the system. The Total Harmonic 
Distortion found in all the cases is within the permissible 
limits. Therefore, it can be concluded that the model will 
operate in a proper manner. 
 
Results 
In Fig. 8a, we have shown the output waveforms of 
different voltages and currents across the output port of 
STATCOM and different load end. The first graph 
represents the output voltage waveform of STATCOM.  

Fig. 6. Simulink diagram for Dual Three-Level VSI-based STATCOM. 
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Fig. 8a. Output voltage and current  response curve of 
STATCOM and Load. 

 
 

Fig.8b. Active and reactive power of STATCOM. 

 
 

Fig. 9a. FFT analysis of STATCOM output voltage. 

 

 
 

Fig. 9b. FFT analysis of output voltage with fixed load. 

 
 
 

Fig. 9c. FFT analysis of output voltage with variable load. 
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Fig. 9d. FFT analysis of output current with fixed load. 

 
 
The second and third graph represents the output 
voltage waveform across the Fixed Load (1 MW) and 
Variable Load respectively. From these two graphs, the 
effect of STATCOM during its operating period can be 
observed for improving the voltage profile across the 
load end. From Fig. 9a-d, the quality of these voltage 
(and current also) profile also been observed by 
checking the value of THD. The fourth graph of Fig. 8a 
represents the output current profile across the fixed 
load. The active and reactive power of STATCOM can 
also be observed from Fig. 8b. In Fig. 9a, b and c, FFT 
analysis of Output Voltage across STATCOM  
(THD = 2.88%), Fixed Load (THD = 5.10%) and Variable 
Load (THD = 2.10%) have been shown in Fig. 9d, FFT 
analysis of current across the Fixed load (THD = 0.84%) 
has also been shown. Employing turn-off-capable 
semiconductor devices, switching power converters have 
been able to operate at higher switching frequencies and 
to provide a faster response. This makes the VSC an 
important part in the FACTS controllers. Thus, we obtain 
effective results from the system as shown in Fig. 6. 
 
Conclusion 
Among FACTS controllers, the shunt controllers have 
shown feasibility in terms of cost-effectiveness a wide 
range of problem-solving abilities from transmission to 
distribution levels. For decades, it has been recognized 
that the transmittable power flowing through transmission 
lines could be increased without additional transmission 
infrastructures. The voltage profile along the 
transmission line could be controlled by an appropriate 
amount of compensated reactive power. In addition, the 
shunt controller can improve transient stability and can 
damp power oscillation during a post-fault event. Using a 
high-speed power converter, the shunt controller can 
further alleviate or even eliminate the flicker problem 
caused by electrical arc furnaces.  

 
Employing turn-off-capable semiconductor devices, 
switching power converters have been able to operate at 
higher switching frequencies and to provide a faster 
response. This makes the VSC an important part in the 
FACTS controllers. The STATCOM is the first power-
converter based shunt-connected controller. Instead of 
directly deriving reactive power from the energy storage 
components, the STATCOM basically circulates power 
with the connected network. Therefore, the reactive 
components used in the STATCOM, can be much 
smaller than those in the SVC. The control strategy of 
dc-link voltage can quickly increase system stability and 
decrease electric impulsion. The proposed model is 
feasible and will be helpful to the design and 
development of the high power STATCOM. The multi-
pulse three-level power electronic circuit described in the 
paper can be used to obtain the required voltage and 
power rating, keep the low THD, and reduce the 
dimension, weight, and loss of the interphase 
transformer efficiently, so it is more suitable for the power 
electronic system with the high voltage and large 
capacity. In this study, we have shown that application of 
the 12 pulse three-level converter provides quality 
compensation compared with that of the two-level 
converter. The reasons are: 
a. 12 pulse three-level converter: The converter (or 

inverters) generates a waveform, depending on the 
number of pulses or level of the inverter, their 
precision and approximation level differ with the 
smooth sinusoidal. Meanwhile, advantages of the 
three-level converter such as less stress on the 
cables compared to the two-level converter are clear. 

b. Type of adaptive transformer: The used transformer is 
a new designed 12-terminal one with 1 kVA power 
and very lower output compared with that of the  
6-terminal with 1 MVA power in the two-level 
converter.  

The performance of the proposed STATCOM with the 
optimized control parameters results in excellent 
transient response. It is also clearly seen that the 
STATCOM improves the voltage magnitude considerably 
across the different types of load and thus reduces the 
problem of voltage instability. The harmonic content of 
the STATCOM voltage is also found good enough within 
specified IEEE-519 standard and thus, shows its 
excellent effectiveness in power quality improvement. 
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