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 The traditional static synchronous compensator (STATCOM) present in the 

power grid to compensate instability problem will not be not able to 

maintain stability of the system due to fluctuations in point of common 

coupling (PCC) voltage and frequency variation that may result in poor 

synchronization of the grid. The solution for this is the improvement in 

conventional STATCOM to virtual synchronous machine–static 

synchronous compensator (VSM-STATCOM). In this paper an 

interconnected IEEE-14 bus system is considered for analysis with VSM-

STATCOM for improvement in voltage profile on weakest bus of the 

system. In order to find the weakest bus, load flow analysis is carried out on 

the bus system using Newton Raphson method. A VSM-STATCOM is 

connected at that weakest bus in synchronization to the grid injecting 

reactive power. For the analysis a fault is introduced on any of the line and 

voltage profile of the weakest bus is observed with and without VSM-

STATCOM. The VSM-STATCOM is also compared to a conventional 

control STATCOM which has no inertia module. A comparative analysis is 

carried out with parameters of voltage magnitude and frequency of the weak 

bus taken into consideration. The voltage magnitude and frequency 

parameters of conventional STATCOM and VSM-STATCOM are measured 

using phasor measurement units. The model is designed using MATLAB 

Simulink power systems library block sets with graphical user interface 

(GUI) environment. 
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1. INTRODUCTION 

Most of the urban grid systems are designed and fabricated with interconnected bus system for 

sustainable power generation during failure of any source. The multiple sources availability at different bus 

locations helps the system to maintain power supply during failure [1] of any power generation unit. There is 

also an advantage of eliminating a complete line for repair from the grid during faults on the line, 

maintaining power [2] for the other lines with continuity of power supply. This elimination of faulty line 

from the grid system will mitigate damage to the equipment (sources and loads transmission lines) connected 

to it. As compared to radial distribution system the interconnected bus system has lower power quality 

problems. The major power quality issues [3]–[5] in any grid system are voltage sags and swells, harmonics 

in voltages and currents. Each power quality issue will be resolved with different devices, for harmonics 

problem active or passive filters are used whereas for voltage related problems and for reactive power 
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compensation flexible alternating current transmission system (FACTS) devices [6]–[10] like static var 

compensator (SVC), static synchronous compensator (STATCOM), dynamic voltage restorer (DVR), static 

synchronous series compensator (SSSC), and unified power quality conditioner (UPQC) are used. Each 

device has its own working principle compensating different parameters improving the voltage and current 

profiles and consequently power quality. A STATCOM [11] is introduced at the weakest bus of IEEE-14 bus 

[12] interconnected grid system for improvement of voltage profile. For finding the weakest bus in the grid 

system Newton Raphson method load flow analysis is used, which finds the lowest voltage magnitude bus 

from all the 14 buses. The single line diagram of the considered IEEE-14 bus system is as shown in Figure 1. 

This IEEE-14 bus system [13] has three generators (individual sources) and two synchronous compensators 

which inject reactive power. Each bus has its own load connected with different power rating. 

The conventional STATCOM controller is later updated with virtual synchronous machine control 

included with virtual inertia updating the conventional STATCOM to virtual synchronous machine–static 

synchronous compensator (VSM-STATCOM). The effect of VSM-STATCOM to improve power quality of 

system with respect to conventional STATCOM is introduced here. The line parameters like line resistance 

and line reactance between different buses and generator rating data for the considered IEEE-14 bus system 

are shown in Table 1 and Table 2 respectively.   
 

 

 
 

Figure 1. IEEE 14 bus system 
 

 

Table 1. Bus system parameters 
Line No. From Bus To Bus Line Resistance (Ω) Line Reactance(Ω) 

1 1 2 0.01948 0.05937 

2 1 5 0.05503 0.23304 

3 2 3 0.05799 0.19797 
4 2 4 0.05322 0.17632 

5 2 5 0.05495 0.17388 

6 3 4 0.06301 0.17103 
7 4 5 0.01435 0.04511 

8 4 7 0 0.20712 

9 4 9 0 0.56718 
10 5 6 0 0.26802 

11 6 11 0.09498 0.1989 

12 6 12 0.13491 0.26881 
13 6 13 0.07015 0.14227 

14 7 8 0 0.16515 

15 7 9 0 0.11521 
16 9 10 0.03191 0.0925 

17 9 14 0.14751 0.31048 

18 10 11 0.09225 0.19287 
19 12 13 0.23082 0.19728 

20 13 14 0.18073 0.34242 

 
 

Table 2. Generator rating data 
Generator no. P min (MW) Pmax (MW) 

1 10 160 

2 20 80 
3 20 50 
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2. PHASOR MEASURING UNIT 

The Phasor measuring units also have global positioning system (GPS) installed along with 

parametric measuring, defining the position of the measurement. The phasor measurement units (PMUs) 

placed at different locations generally at the ends of the line or at different bus locations. The optimal 

placement of PMU [14] is decided by different algorithms like genetic algorithm, particle swarm 

optimization (PSO), and artificial bee colony (ABC). Phasor measuring units [15] are the devices which 

measure the magnitude, frequency and phase of any voltage or current of a grid system synchronized with 

universal time coordinate (UTC). The measurements [16] taken from the location are sent to wide area 

measuring system (WAMS), where the signals are compared for determination of phase shift in the angle and 

also voltage drops. With better measuring unit’s precise measurements [17] are taken which are helpful with 

exact compensation value calculations for improving the power quality. PMUs use phase locked loop (PLL), 

analog to digital converters, signal filters, and GPS modules for synchronization measurement to the grid. 

The PLL generates the angle at which the voltage or current is generated or transmitted. A general internal 

structure of PMU can be shown in Figure 2. 

 

 

 
 

Figure 2. Architecture of PMU 

 

 

The PMUs are connected in the proposed IEEE-14 bus system measuring the voltage magnitude, 

phases and frequencies of the grid system. As the modeling is in simulation GPS location is avoided in the 

measurement. Figures 3-6 represents voltage magnitude, frequency, current magnitude and phase angle at 

phase A of all the 14 buses with fault applied on the IEEE-14 bus system between 0.5 sec to 0.55 sec. 

 

 

  
  

Figure 3. Voltage magnitudes of all buses Figure 4. Frequencies of all buses 
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Figure 5. Current magnitudes of all buses Figure 6. Phase angle at phase A of all buses 

 

 

3. VSM-STATCOM MODELLING 

The synchronization of VSM is done through Newton’s Law and swing equation which shows the 

movements of an imaginary rotating shaft as shown in Figure 7(a) which corresponds to 3 phase converters 

in Figure 7(b). 

 
𝑑𝛿

𝑑𝑡
= ω − ω𝑛  (1) 

 
𝑀𝑑𝑤

𝑑𝑡
− 𝑃𝑑𝑐 −  𝑃𝑎𝑐 − 𝐷(ω − ω𝑛) 

 

where 𝛿-power angle, ω and ωn are detected frequency and grid frequency respectively, M and D are virtual 

angular momentum and virtual damping coefficient, 𝑃𝑑𝑐  and 𝑃𝑎𝑐  are direct current (𝑃𝑎𝑐-DC) input active 

power and alternating current (AC) output active power of the converter. So, the imaginary shaft is rotating at 

the speed ω which is driven by 𝑃𝑑𝑐  and braked by 𝑃𝑎𝑐 . 
 
 

  
(a) (b) 

 

Figure 7. Virtual synchronous machine concept (a) imaginary rotating shaft and (b) 3-phase converter 
 

 

The DC input power is a controllable variable and remains constant if commands are not given 

while with the power transfer equation the ac output power can be calculated. 
 

𝑃𝑎𝑐 = 𝑃𝑚𝑎𝑥  
𝑠𝑖𝑛𝛿 (2) 

 

Where 𝑃𝑚𝑎𝑥  is a constant relative to the operating condition. If ω is greater than ωn, 𝛿 and 𝑃𝑎𝑐  will become 

larger, and then ω will be decreased by the unbalance of input and output power, and vice versa. In the steady 

state, the two powers will be equal and the frequency will be eventually the grid frequency and hence the 

converter is synchronized with the grid. If (1) is implemented in the controller for the converter, the 

synchronization behavior will be exactly the same with the rotating shaft, showing an emulation of 

synchronous machines. A basic structure of VSM based controller is as shown in Figure 8. Control blocks of 

basic VSM controller with only virtual inertia presented where the transfer function Gplant represents the 

power transfe. 
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Figure 8. Control blocks of basic VSM controller 
 

 

With increase in power demand and complexity of the grid system, it also needs to maintain the 

quality and stability of power supply [16]. In order to do that different power electronic devices [17] are 

connected to the grid in synchronization with the grid voltage. This is achieved by using PLL with 

synchronous reference frame (SRF) STATCOM control [18] devices which improve the power quality and 

stability. In this paper a STATCOM is introduced with VSM which mimics the conventional synchronous 

condenser. 

The VSM device comprises as shown in Figure 9 of static power electronic switches controlled by 

PLL integrated controller with feedback from the grid voltage. For faster and robust controlling d-q 

components are used for generation of reference signals to generate pulse-width modulation (PWM) pulses 

for the power electronic devices connected in the VSM. The VSM parameters like virtual inertia and virtual 

impedance are implemented for the operation of STATCOM as a variable synchronous condenser device. A 

STATCOM device is considered for reactive power injection to improve power quality of the grid. The 

circuit topology of the device will however be the same only with the change in the controller. The proposed 

controller of the VSM-STATCOM [19], is given below, will be less sensitive to variation in voltage or power 

due to nonconventional energy sources or weak condition of grid and also providing better synchronization 

which results in better voltage regulation and ultimately improving power quality of the system.  
 
 

 
 

Figure 9. STATCOM circuit connected to grid for implementing the VSM 
 
 

3.1.  Conventional static synchronous compensator control 

We need six pulses to make the voltage source converter (VSC) of the STATCOM to operate. The 

pulses to this converter are fed in synchronization to the grid with PCC voltage feedback. The controller of 

the conventional STATCOM [20] can be seen in Figure 10. 
 

 

 
 

Figure 10. Conventional STATCOM control 
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3.2.  Virtual synchronous machine–static synchronous compensator control 

In VSM-STATCOM control for faster and robust controlling d-q components [21] and for multi-

objective placement of STATCOM [22] are used for generation of reference signals to generate PWM [23] 

(pulse width modulation) pulses for the power electronic devices connected in the VSM. For implementing 

the VSM parameters [24] like virtual inertia and virtual impedance are considered for the operation of the 

device. For reactive power injection into the grid a STATCOM device is considered. The circuit topology of 

the device will however be the same only with change in the controller. The proposed controller of the VSM-

STATCOM [25] is shown in Figure 11.  

 

 

 
 

Figure 11. Controller of VSM-STATCOM device 

 

 

4. VSM CONTROL BLOCKS 

Operation of the system is becoming less stable due to an increasing proportion of non-synchronous 

generation and nonconventional energy sources operate at maximum power point tracking (MPPT) mode. 

One of the most important problems in nonconventional energy sources (NCES) and smart grid integration is 

how to synchronize inverters with grid. More convertor-based technologies are connecting to the system and 

there is increased need of immediate reactive support during a disturbance and immediately after otherwise it 

leads to increased risk of combined voltage and frequency events. 

The VSM-STATCOM proposed in this paper has virtual back EMF e, virtual inertia M, and virtual 

impedance R+jXL applied in the controller as variable synchronous condenser. STATCOM considering 

virtual inertia, without losing synchronization, will naturally synchronize with the grid perfectly in case of 

any change in the frequency. Virtual impedance not only minimizes the harmonics due to the converter itself 

but also reject that from the system ensuring immunity under harmonic conditions and asymmetrical faults 

condition. 

VSM-based STATCOM will be less sensitive to power or voltage fluctuation induced by NCES [16] 

or the grid itself, resulting in better synchronization performance and further which results in a better voltage 

regulation and stability of system than the conventional STATCOM controlled in the d-q frame. VSM 

controller has control blocks, as shown in Figure 12 in the upper middle with virtual inertia M and virtual 

damping coefficient D and providing the phase θ of the back EMF, which synchronizes with the grid in the 

steady state with a phase difference known as power angle, instead of using the PLL to track the grid voltage. 

The feedback of this loop is the output power of the STATCOM, called power loop. 

This controller has two outer voltage loops: one loop is maintaining the dc bus voltage and the other 

one is regulating the PCC bus voltage. STATCOM [18] either inject or absorb reactive power only without 

generating active power, there will be zero active power transferred between the STATCOM and the grid if 

losses are neglected. When the dc bus voltage is less than the actual value, the STATCOM will absorb some 

active power from the grid and boosting the voltage. Therefore, Pdc will be negative and decreases phase of 

the back EMF, leads to a larger power angle indicating to take real power from the grid. In the above control 

structure Pdc is generated by comparison of measured DC voltage to a reference value through PI controller. 

The Pdc is compared to Pac and is given as:  

 

𝑃𝑎𝑐 = 𝑉𝑎𝑐  ∗  𝐼𝑎𝑐
𝑇 
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Figure 12. Control loops of VSM-STATCOM 
 

 

4.1.  Design steps of virtual synchronous machine controller 

The design steps of virtual synchronous machine controller are: i) Finding the appropriate range for 

M and E with available dc capacitor size and DC voltage value; ii) Reduce the current compensators with 

appropriate value of the virtual inertia; iii) Selecting back EMF limit if it is needed; iv) Tuning the virtual 

inertia loop by changing D and M to get a desired bandwidth with required phase margin; v) Designing the R 

and L ratio for virtual impedance depending on the required harmonic spectrum; vi) Selecting the magnitude 

of the virtual impedance for enough damping for selected harmonic components; and vii) Designing 

compensators for the outer voltage loops. The virtual inertia of the STATCOM [26] is calculated using 

transfer function where D and M are virtual damping coefficient and virtual angular momentum given is 

Table 3. In similar way the virtual impedance is also calculated using transfer function with value of R and L 

given in Table 3. 
 

 

Table 3. VSM-STATCOM parameters 
Parameters Value 

Virtual angular momentum M 5×10–3𝑤n 

Virtual damping factor D 𝑤n 

Virtual resistance R 0.1/π 

Virtual inductance L 50 

Note: Wn - Fundamental Angular Frequency. 

 

 

With the above value of virtual inertia and virtual impedance the controller is tuned with trial-and-

error method for selecting the proportional integral (PI) gains [27] generating reference signals (d) for PWM 

generator. The change in angular frequency is given as: 
 

∆𝑤 = (𝑃𝑑𝑐 − 𝑃𝑎𝑐) ∗ (
1

𝑀𝑠 + 𝐷
) 

 

From the fundamental and change in angular frequency the reference angle is generated as: 
 

𝜃 =  ∫(𝑤𝑛 + ∆𝑤𝑛) 

 

The reference voltage ‘e’ is generated by comparison of reference PCC voltage magnitude and measured 

PCC voltage magnitude given to PI controller. It is given as: 
 

𝐸∗ = (𝐾𝑝 + ∫ 𝐾𝑖) ∗ (|𝑉𝑝𝑐𝑐
∗ | − |𝑉𝑝𝑐𝑐|. ) 

 

𝑒 =  𝐸 ∗ 𝑆𝑖𝑛𝜃 

 

The reference voltage ‘e’ is compared to measured voltage of STATCOM ‘v’ and the error is fed to virtual 

impedance to generate reference current for the STATCOM. The final reference current is given as: 
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𝑖∗ = (𝑒 − 𝑣) (
1

𝐿𝑠 + 𝑅
) 

 

The reference current ‘𝑖∗’ dq components are compared to measured current ‘𝑖’ dq components at the 

STATCOM output and the error is fed to PI controller [27]. With the above value of virtual inertia and virtual 

impedance the controller is tuned with trial-and-error method for selecting the PI gains generating reference 

signals (d) for PWM generator. 
 
 

5. LOAD FLOW ANALYSIS 

With the ‘powergui’ tool in the MATLAB Simulink software the load flow analysis is applied on the 

IEEE-14 bus system using Newton Raphson method and the weakest bus is identified from all the buses in 

the system. The load flow report generated by the analysis is as shown in Table 4, with the report generated it 

can be observed that voltage at bus 14 is recorded as the lowest value of 0.9446 pu and can be considered as 

weakest bus in the system. Therefore, the VSM-STATCOM is used for optimal placement of location at bus 

14 to improve the voltage at the connected bus and also the buses near to the device and ultimately improving 

the power quality of the system. A comparative analysis is carried out on the system with voltage and 

frequency graphs generated with respect to time. 
 

 

Table 4. Voltage and power result of load flow analysis of 14 buses 
Bus ID Vbase (kV) V_LF (pu) Vangle_LF (deg) P_LF (MW) Q_LF (Mvar) 

BUS_1 11.00 1 0.00 40.13 7.62 
BUS_2 11.00 1 0.00 21.70 12.70 

BUS_2 11.00 1 0.00 208.66 41.18 
BUS_3 11.00 0.9879 -6.90 0.00 -24.48 

BUS_3 11.00 0.9879 -6.90 91.94 18.54 

BUS_4 11.00 0.9825 -5.26 46.14 3.76 
BUS_5 11.00 0.9854 -4.27 7.38 1.55 

BUS_6 11.00 0.9573 -10.21 0.00 -11.67 

BUS_6 11.00 0.9573 -10.21 10.26 6.87 
BUS_7 11.00 0.9728 -9.09 0.00 0.00 

BUS_8 11.00 0.9984 -9.17 0.00 -17.56 

BUS_9 11.00 0.9529 -10.51 26.79 15.07 
BUS_10 11.00 0.9494 -10.79 8.11 5.23 

BUS_11 11.00 0.9518 -10.66 3.17 1.63 

BUS_12 11.00 0.9512 -11.08 5.52 1.45 
BUS_13 11.00 0.9494 -11.19 12.17 5.23 

BUS_14 11.00 0.9446 -11.86 13.30 4.46 

 

 

6. RESULT ANALYSIS 

To observe the stability of the system, a fault is introduced at 0.5 for 2.5 cycles and removed at 0.55 

sec. The fault introduced is three phase to ground balanced fault on IEEE-14 bus. The result observed with 

STATCOM, with and without VSM-STATCOM is as shown in Figure 13 for frequency and Figure 14 for 

voltage magnitude respectively. Table 4 shows the voltage magnitude, phase angle, active, and reactive 

power for all 14 buses after fault occurred. From the result it can be observed that voltage and frequency is 

controlled in better way compared to, with STATCOM and without VSM-STATCOM. 
 

 

  
  

Figure 13. Frequency comparison of bus 14 Figure 14. Voltage comparison of bus 14 
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7. CONCLUSION 

The above result shows voltage magnitudes, frequencies, active and reactive power of all 14 buses, 

and the voltage profile of bus 14 is improved as it was identified as weakest bus using load flow analysis with 

Newton Raphson method. The voltage magnitude is increased to 1 pu gradually from 0.9446 pu condition 

and frequency of the bus is more stable as compared to without VSM-STATCOM and with conventional 

STATCOM. The disturbance and oscillations in the frequency are comparatively less with VSM-STATCOM 

after the fault is removed. So, we are finding the weakest bus and improving the power quality of power 

system in better way with VSM-STATCOM as compared to classical STATCOM and other conventional 

FACTs devices like UPQC or DVR as we are implementing the concept of virtual inertia and virtual 

impedance. So VSM-STATCOM is the better approach used to mitigate power quality issues during the 

integration of renewable energy sources. 
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