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Abstract— Distributed generation (DG) can be known as the 
power generating technologies that are installed at or close to 
the power consumption locations and it consists of a significant 
number of advantages for the power system in which it would 
reduce the transmission loss to a greater extent. On the 
contrary, it will be the cause of fluctuating the voltage on the 
distribution line. Many countries are inclined to observe the 
over voltage and under voltage fluctuations due to the high 
integration of inductive loads and distributed generation such as 
solar and wind power systems. Consequently, the active 
distribution system is supposed to be properly managed and 
coordinated. This study is mainly focusing on minimizing the 
voltage variation of a standard IEEE 33 bus bar system with the 
efficient placing of custom power devices on it. Moreover, 
voltage variation when distribution generations and inductive 
loads are presented on the bus bar system is studied. According 
to the results, it has been seen that the voltage variation in the 
existing distribution network can be minimized by placing a 
static var compensator at optimal locations. 
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I. INTRODUCTION  
The demand for electric power has significantly increased 

over the last decade with the increase in infrastructure and 
technological advancement.  Thus, the electrical distribution 
lines are experiencing a lack of capacity in distributing the 
power. These power quality issues of the network immensely 
affect the malfunctioning of the electric apparatus mostly for 
the end-users of the existing power system. The voltage 
quality of a power system is maintained by preserving a 
constant RMS value at nominal voltages and establishing no 
quick variations of the system. It is commonly seen that the 
voltage unbalance, voltage fluctuations, harmonics, transients, 
short duration variations, and long duration variations are the 
typical voltage quality issues ascend in the power system. The 
two phenomena of under-voltage condition and over-voltage 
condition can be listed under the long-term voltage variations 
[1]. Under-voltage condition is where the network voltage is 
less than 90% of the nominal voltage and the condition lasts 
for more than one minute [2]. The circumstances for under-
voltage conditions are heavily loaded lines (conditions 
experienced by the end-users of the system) and heavily 
connected machines to the system. Distributed generation 
(DG) is a cause of over-voltage phenomena. The voltage 
support or the reactive power compensation is the condition to 

bring the voltage fluctuations to a minimum level of the 
distribution line.   

The power electronic-based devices such as High Voltage 
Direct Current (HVDC) links, Flexible Alternating Current 
transmission system (FACTS), and custom power devices 
have been implemented to increase the power quality and the 
reliability of the system [2]. In addition to that, Capacitor 
banks, Voltage Regulators, and SVC (Static VAR 
Compensator) can be listed as other traditional methods to 
address the above-listed issues of the existing system. 
According to the previous research, the use of custom power 
devices, such as a unified power quality conditioner (UPQC), 
dynamic voltage restorer (DVR), and static var compensators 
(STATCOM) are cost-effective compared to the other existing 
methods [3]. DVR is a series compensating device comprised 
of a voltage source converter (VSC) unit. In this device, 
voltage is measured by a coupling transformer which is 
coupled in series with the line whereas it will provide more 
losses. UPQC stands for Unified Power Quality Conditioner 
and is a hybrid version of the DVR and STATCOM and the 
device is capable of both series and shunt compensation. Thus, 
STATCOM was selected as the custom power device to be 
studied, modeled, and implemented because it can provide 
instantaneous and continuously acting dynamic support to the 
system [4]. It is a shunt-connected voltage source converter 
(VSC) that injects and absorbs reactive power.  

 The specification of this research is to cater to over-voltage 
and under-voltage scenarios of a distribution system with the 
aid of the IEEE 33 distribution bus bar system and a prototype 
hardware model in single-phase low voltage [5].  In this study, 
Distribution Static Synchronous Compensator (D-
STATCOM) is used with the power distribution lines to 
regulate the voltage of the system. 

 The structure of this paper is arranged as follows: in 
section II, the methodology and the test cases are discussed 
and the simulation model is explained in section III. All the 
results obtained from the Digsilent and Matlab modeling are 
demonstrated in sections IV and V respectively. The 
Conclusion is made upon by analyzing the accuracy of the 
results and discussing the future research direction for this 
study. 
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II. METHODOLOGY 
 

      The STATCOM is a device that can provide 
instantaneous and continuously acting dynamic support. 
When operating as a voltage regulator, STATCOM regulates 
the voltage at the point of common coupling (PCC) by 
controlling the amount of reactive power absorbed or injected 
through the bidirectional converter. Thus, the distribution line 
performance is improved and caters to the active power loss 
of the system [4]. 
 
     The IEEE 33 bus system is utilized to understand voltage 
regulation with the application of D-STATCOM on the 
power distribution system. The model of the IEEE 33 bus 
system and D-STATCOM were developed in the 
DIgSILENT power factory software platform and four 
different standard cases were considered to validate the 
operation of D-STATCOM in mitigating the over-voltage 
and under-voltage conditions in power distribution networks. 
 
Case 1: IEEE 33 bus system  

Case 2: IEEE 33 bus system with DG (Distributed 
Generation) 

Case 3: IEEE 33 bus system with Tie switches  

Case 4: IEEE 33 bus system with DG and Tie switches 

 

    In this research, voltage variation of IEEE 33 bus bar 
system according to these four cases was studied and 
compared the results after connecting D-STATCOM to the 
system. As shown in Table 1, the optimal location of placing 
the DGs and tie lines which were taken from the published 
data, and DGs are operated at the unity power factor [6]. 

TABLE 1. DG AND TIE SWITCH CONNECTED BUSES 

Distributed Generation 

Located Bus Capacity (kW) 

16 250 

22 250 

30 500 

 
 

 
 

     The location of the placement of D-STATCOM is a 
critical fact. The optimal location for placing the D-
STATCOM was determined by voltage sensitivity analysis 
[7]. Voltage Sensitivity Analysis is where the Optimal 
Location of the D-STATCOM is achieved by considering 
both voltage and loss sensitivity factors for each bus. 
 
      σ – Voltage Sensitivity Factor 
      δ – Power Loss Sensitivity Factor 
      
 
 

      The above two factors determine that even a little change 
in loads of the system causes large changes to the magnitude 
of voltage and the power of the system which validates the 
weakness of the bus. Here the system load is increased in the 
steps of 10%, 20%, etc., and observe the voltage variation 
concerning the loading change and determined the most 
voltage weak bus as the optimal location of the D-
STATCOM. 
    
     MATLAB modeling of the single-phase distribution 
network and the D-STATCOM was done before the 
implementation of the hardware prototype and validated for 
the hardware prototype. 
 

III. MODEL AND SIMULATION 
 

     DIgSILENT Power factory is one of the main software 
which is used to analyze the power generation, transmission, 
distribution, and industrial systems. It is a high-end software 
that covers the functions including standard features to highly 
sophisticated and advanced applications such as DGs, real-
time simulations, and performance monitoring for system 
testing and supervision [8]. This software is a user-friendly 
software platform with reliable and flexible system modeling 
ability and with a unique database. 

 
     As shown in Figure 1, IEEE 33 bus bar system is used to 
simulate the effect of the STATCOM. IEEE 33 bus bar 
system and D-STATCOM models were designed using this 
software to simulate. The test system consists of 33 buses, 32 
lines, and 33 loads. A 12.66 kV, 3 MVA STATCOM was 
modeled to eliminate distribution system voltage issues.  

 
 

 
 
Fig. 1. Single line diagram of IEEE 33 bus system 

     The D-STATCOM model consists of two main 
components. Those are the block diagram and controller 
block diagram. The block diagram assigns all the inputs and 
outputs to the system while the controller block diagram 
specifies the controlling algorithm. D-STATCOM model 
consists of an algorithm that will detect the under-voltages or 
over-voltages conditions at the PCC (point of common 
coupling) and according to that reactive power can be 
injected or absorbed into the system or from the system. As 
shown in Figure 2, the main components of the block diagram 
are AC voltage at PCC, DC voltage at battery bank, and 
reactive power at PCC and 3-Phase Locked Loop (PLL). 
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Fig. 2. Block diagram of D-STATCOM 

     The Major components of the controller block diagram are 
PLL, abc to dq0 transformation block, and the discrete 2nd 
order filter. The PLL function synchronizes the system 
voltage angle and the STATCOM sending end voltage angle 
which makes better power transformation while abc to dq0 
transformation is used to simplify the three-variable system 
into a two-variable system. It controls the output reference 
current iq_ref and id_ref and determines the power injection 
by the STATCOM according to equations 1 and 2. 

𝑃 = 𝑉𝑖(𝑖𝑑𝑐𝑜𝑠(𝜃𝑖) + 𝑖𝑞𝑠𝑖𝑛(𝜃𝑖)) = 𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞										(1) 
𝑄 = 𝑉𝑖(𝑖𝑑𝑠𝑖𝑛(𝜃𝑖) + 𝑖𝑞𝑐𝑜𝑠(𝜃𝑖)) = −𝑣𝑑𝑖𝑞 + 𝑣𝑞𝑖𝑞						(2) 

 
   Vi = Controller output voltage 
   id = Controller d-axis output current 
   iq = Controller q-axis output current 
   θ = The phase angle 

 
    Figure 3 shows the controller scheme, of the STATCOM. 
This controller scheme will transform the abc system into dq0 
parameters by using the following equations.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Controller block diagram of D-STATCOM 
 
 
     The abc to dq0 transformation and inverse transformation 
can be represented in the following equations 3 and 4 
respectively. 
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Inverse transformation, 
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     According to the block diagram voltage at the DC bus bar, 
the voltage at the PCC, and reactive power at the PCC are 
measured, and according to those measures iq_ref and id_ref 
are calculated and give those signals to VSC to absorb or 
inject reactive power. In the controller scheme, there are two-
time lag blocks and those are there to lag the input signal to 
the PI controllers. In this controller scheme above mentioned 
equations are used to transform the abc system into the dq0 
system. 

     MATLAB modeling was done before the hardware 
prototype implementation and it was implemented in two 
main parts distribution line and load modeling and D-
STATCOM modeling.  In this simulation, a 13 V distribution 
network was designed with inductive, capacitive, and 
resistive loads in order to vary the voltage. Permissible 
voltage variation should be within (12.68 V-13.39 V) with a 
3% voltage margin demarcated for the distribution voltage 
margin in Sri Lanka. When the line was operated within this 
marginal level,  
 

• Reactive power variation – (3 VAr-4 VAr). 
• Active power – 5 W (constant resistive load) 
• Apparent power – (5 VA – 7 VA)  

     When another reactive load was connected to the line, 
voltage got fluctuated from its permissible margin. Thus, to 
create the over-voltage condition in the network, a capacitive 
load of 33 uF was added to the design as an additional load 
and the observed voltage increase was up to 13.5 V. By 
introducing an additional variable inductive load to the 
designed model, the reactive power consumption of the 
system was increased, and the observed voltage reduction 
was below 12.5 V. 

    D-STATCOM modeling was done by when the system 
reactive power requirement was increased above 4 VAr and 
decreased below 3 VAr, it should be balanced by the D-
STATCOM by controlling the output reactive current 
component. To develop the controlling mechanism, the D-
STATCOM model in MATLAB Simulink was used. Figure 
4 depicts the MATLAB model of D-STATCOM connected 
to the distribution network.  

 
Fig. 4. MATLAB simulink model 
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     In this model, there is an inverter to regenerate reactive 
power. The inverter consists of an H-bridge circuit and IGBT 
and they can only control the reactive power injection [3]. 
Hysteresis current controller has been used to generate the 
gate signal for the operation of the IGBTs. To generate the 
reference current, the RMS voltage value is measured. After 
creating a reference current, it should be synchronized with 
the distribution line current. For that purpose, a PLL block 
was used. 

IV. RESULTS AND DISCUSSION -DIGSILENT MODELING 
    A simulation was conducted using the IEEE 33 bus system 
for four main cases as mentioned in the methodology section. 
Figure 5 is represented the voltage variation of the simulated 
voltage values from the modeled system with the published 
data of the existing IEEE 33 bus system data. According to 
the comparison, the simulated system can be used for further 
studies because it matches the existing data values. 
According to the simulation, the lowest bus voltage occurs at 
bus number 18 with a percentage voltage drop of 8.2% and 
the system power loss is 0.16 MW, 0.11 MVAr. 
 
 
 

 

 

 

 

 
 

 

Fig. 5. Comparison of modeled IEEE bus voltage profile with published data 

 The voltage variations are obtained from the software and 
the next step is to determine the optimal location for D-
STATCOM.  Figure 6 shows the voltage variation when the 
D-STATCOM is connected to bus bar 18 and bus bar 33 
separately. 

 
Fig. 6. Bus bar voltage variation for different D-STATCOM placements 

 The identification of the D-STATCOM optimal location 
can’t be done using trial and error as shown in Figure 6. 
Therefore, there should be a logical way to determine the 
optimal location of D-STATCOM placement. Therefore, 
voltage sensitivity analysis was used as mentioned in the 
methodology.  

Figure 7 shows the voltage sensitivity analysis for IEEE 
33 bus bar system and it was observed and determined that bus 

18 is the most voltage-sensitive or the weakest bus of the 
system. The weakest bus of the system means that the bus will 
be the first bus that will violate the grid code if an under-
voltage situation occurs. Because naturally in that bus voltage 
is a bit low compared to other buses in the 33-bus bar system. 
Figure 8 shows the variation of the voltage profile of the test 
bus system when placed the 3 MVA D-STATCOM at the 
most voltage-sensitive bus, bus 18 as per the voltage-
sensitivity analysis. 

 

 

 

 

 

 

 
                                

Fig. 7. Voltage sensitivity analysis 

 According to the methodology, developed IEEE 33 bus 
bar system and compared it with the existing bus bar system 
and proved that modeled bus bar system represents the real 
IEEE 33 bus bar system. As for case 1 voltage variation of 
IEEE 33 bus bar system was obtained and using sensitivity 
analysis weakest bus of the system was determined. 
 

 

 

 

 

 

 

 

 

Fig. 8. Voltage variation- D-STATCOM connected to bus bar 18 

 The bus bar voltage variation of all four cases was 
conducted using DIgSILENT software and each of the results 
is represented in Figure 9. 

 
Fig. 9. Steady-state voltage variation for all four cases 

     According to the results, when tie switches and DG’s are 
added, voltage profiles were improved. In addition to that, 
IEEE 33 bus bar system is a radial system and as a result of 
that, each bus bar at the end of a branch will get a low voltage 
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profile. When tie switches were connected, the conventional 
IEEE 33 radial bus bar system changed to a ring bus bar 
system and it has improved the voltage profile of end bus 
bars. Also, when DGs were connected, voltage profiles were 
improved.  
 
     Furthermore, the above figure shows the Steady State 
voltage variation of the four cases without connecting the D-
STATCOM. According to table 2, the system voltage is not 
within the stipulated margins in case 1 and case 2 thus, 
introducing D-STATCOM can bring the modeled system to 
its stipulated margins. The system voltage is within the 
stipulated margins in case 3 and case 4 but introduced the D-
STATCOM to the test system to observe the variations. 
Before locating the D-STATCOM to the IEEE 33 modeled 
system for cases 2, 3, and 4, localization must be done.  Table 
3 shows the most voltage-sensitive bus taken from voltage-
sensitivity analysis for cases 2-4. 
 

TABLE 2. THE CONCLUSION FROM THE VOLTAGE VARIATION 
OF ALL FOUR CASES 

 
TABLE 3. RESULTS FROM VOLTAGE SENSITIVITY ANALYSIS 

FOR CASES 2-4 

 
     The steady-state voltage variations are obtained for case 
2, case 3, and case 4 while connecting D-STATCOM to the 
selected bus using voltage-sensitivity analysis. 

A. Case 2: IEEE 33 bus system with DG (Distributed 
Generation) 
     The placements of the DGs for the IEEE 33 bus bar system 
were obtained from the published data [4]. Table 1 Shows the 
published data regarding distributed generation placement 
with the capacities. Figure 10 shows the steady-state voltage 
variation of the IEEE 33 bus bar system with distributed 
generation placement with the specified bus bars according 
to Table 1 and voltage variation after connecting D-
STATCOM to the bus bar 18. 
 

 

 

 
             
 
 
 
 
 
Fig. 10. D-STATCOM connected to bus bar 18 for case 2 
 
 
 

B. Case 3: IEEE 33 bus system with Tie switches 
 

 The placements of Tie switches were also obtained from 
published data and simulated the system using those data and 
furthermore compared the obtained data from without the D-
STATCOM system and with D-STATCOM.  

 Figure 11 shows the voltage variation before and after 
introducing D-STATCOM to bus bar 33. The voltage profile 
has improved after introducing D-STATCOM to the system 
and the integration voltage profile with the tie switches may 
deviate from the standard IEEE 33 bus bar system voltage 
profile. 

     Therefore, according to the voltage sensitivity analysis 
method weakest bus of the system was found as bus bar 33. 
Therefore, according to table 3, D-STATCOM was connected 
to the weakest bus of the bus bar system and achieved a better 
voltage profile than the normal voltage profile. 

 
Fig. 11. D-STATCOM connected to bus bar 33 for case 3 

C. Case 4: IEEE 33 bus system with DG and Tie switches 
 
     Case 4 is the integration of case 2 and case 3 and all the 
DG’s and tie switches are connected as in published data.  In 
this case, voltages are in the stipulated margin according to 
Table 2 whereas the introduction of D-STATCOM makes the 
system more reliable and will improve the quality of the 
system. Figure 12 shows the voltage variation of the bus bar 
system with and without D-STATCOM for case 4. 

 
Fig. 12. D-STATCOM connected to bus bar 33 for case 4 

 A summarized result table after introducing D-
STATCOM to the system is shown in Table 4 and the 
following conclusions can be taken. 
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Lowest 
voltage at 

Voltage 
drop (p.u) 

Percentage 
voltages drop 

Power loss 

Case 1-bus 18 0.918 8.2% 0.16 MW,0.11 MVAr 
Case 2-bus 18 0.939 6.1% 0.09 MW,0.06 MVAr 
Case 3-bus 33 0.958 4.2% 0.1 MW,0.07 MVAr 
Case 4-bus 33 0.968 3.2% 0.06 MW,0.04 MVAr 

Case Selected bus 
Case 2 - with DG 18 
Case 3- with only tie lines 33 
Case 4 - with DG and tie lines 33 
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TABLE 4. SUMMARIZED RESULTS TABLE FROM ALL FOUR 
CASES 

 

 Voltage drop was mitigated by introducing D-STATCOM 
to the system. With the variation of the DGs in the system, 
fluctuations in the voltage were observed and those drawbacks 
were mitigated by introducing D-STATCOM to the system. 
Figure 13 shows the further mitigation of voltage drop by 
increasing the capacity of the D-STATCOM and increasing 
the number of D-STATCOMs connected to the system. 

 

 

 

 

 

Fig. 13. Optimized test system 

V. RESULTS AND DISCUSSION – MATLAB MODELING 
 

 The MATLAB Simulink model for this system consists of 
switchable loads, distribution lines, and D-STATCOM. The 
model was designed for a low voltage system according to the 
scope of the project and there are two switchable loads as the 
inductive load and capacitive load in this model. As 
mentioned in the methodology capacitive load was used to 
increase the voltage at PCC to simulate the over-voltage 
condition and the inductive load was used to reduce the 
voltage at PCC to simulate the under-voltage condition. In the 
beginning, the only resistive load was connected to the 
distribution line and when the capacitive load introduces to the 
distribution line, the first transition occurs as an over-voltage 
situation. After a few seconds switch off the capacitive load 
and switch on the inductive load to achieve under-voltage 
conditions. Both over-voltage and under-voltage situations 
were achieved throughout the simulation as shown in Figure 
14. 

 
Fig. 14. Capacitor voltage variation 

     After introducing D-STATCOM, the voltage at PCC is 
maintained at a nearly constant value for the integration of 
capacitive load and inductive load as shown in figure 15. That 
means D-STATCOM is operating as desired. It absorbs 
reactive power when over-voltage occurs and injects reactive 
power when under-voltage occurs. 

 

Fig. 15. Voltage variation after introducing D-STATCOM 

VI. CONCLUSION 
     This study was carried out with the 33-bus bar system and 
according to the results of the DigSILENT and MATLAB 
software indicate that using a static var compensator that 
connects to the distribution network parallelly can improve 
the system voltage variation and mitigate the over and under 
voltage variations significantly. Furthermore, correct sizing 
and correct placement of static var compensator improves 
system voltage and maintain the voltage in the stipulated 
margin which is 6% of the nominal voltage of distribution 
lines.   
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