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Abstract—The penetration level of renewable based 

distributed generation (DG) has increased rapidly in recent 
years. Grid standards demand small DG units to operate with 
constant power factor control mode and large DG units with 
voltage control mode. As a result, small DG units are exposed to 
the problem of slow voltage recovery due to contingencies like 
fault.  This paper proposes a new sensitivity index based 
methodology for placement of shunt reactive power 
compensators to support voltage at load bus and generator bus 
under steady state and transient conditions. Two different test 
systems with diverse network and load configurations have been 
used to test and verify the proposed methodology.  
 

Index Terms—Distributed generation, Shunt reactive power 
compensation, Grid code, Voltage recovery Time, Renewable 
energy integration.  

I.  INTRODUCTION 
n recent years, several environmental and economic benefits 
have led large scale integration of renewable energy based 

distributed generation (DG) in existing power systems. 
Making renewable a dependable source of energy, despite its 
intermittent nature, is a big challenge. Moreover, grid 
requirements and standards are trying to shape the 
conventional control strategies to allow seamless integration 
of DG in the main grid. The technical regulations or specific 
standards define the allowed voltage range that bounds the 
maximum permitted variation of every bus bar voltage under 
both transient and steady state conditions. The post fault 
voltage recovery time at DG bus is the crucial part of these 
standards as it requests DG to trip, if recovery time exceeds 
certain limit [1], [2] .  

It is well known that voltage control issue in power system 
has strong correlation with reactive power compensation. Both 
static and dynamic compensators play an important role in 
voltage stability. Optimum  allocation of static compensators 
(such as capacitor banks) considering location and size, is one 
of the foremost components in reactive power planning [3]. 
On the other hand, Static Var Compensator (SVC) and 
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STATic COMpensator (STATCOM) have inbuilt potential to 
offer both dynamic reactive power compensation for transient 
voltage stability improvement as well as steady state voltage 
regulation. For example, in a wind turbine integrated system, 
dynamic reactive power compensation is provided by a 
STATCOM or SVC located at the point of wind turbine 
connection [4], [5]. With voltage source converter (VSC), 
STATCOM has least delay associated with thyristor firing 
resulting faster operation compared to SVC [6]. However, 
these studies emphasized only the role of SVC and 
STATCOM in improving voltage profile of DG bus. 

In few studies, On Load Tap Changing Transformer 
(OLTC) along with reactive power generation capability of 
DG units have been utilized to maintain the voltage profile at 
point of common coupling under all operating conditions [7], 
[8], [9], [10], [11]. These approaches allow plant operators to 
make large renewable energy based power plants grid code 
compliant.  This issue takes a new dimension when the 
penetration level of small scale independent power producers 
in an area tends to increase.  

Due to the rapid growth of interest and investment in 
renewable energy, a widespread integration of small DG units 
is expected in coming years. With increased penetration of 
DG units, early tripping of DG due to local disturbance can 
further risk the stability of the whole system. Grid standards 
have addressed this issue by requesting distributed generators 
bellow certain size to operate with constant power factor 
control mode [12]. Hence, system operator becomes 
responsible to maintain the voltage profile within acceptable 
range at all nodes under all operating conditions. As a result, 
fault tolerant control algorithm is required for DG integrated 
system, which improves the voltage recovery time to avoid 
tripping of small scale DG units and also maintains acceptable 
voltage at all buses under all operating conditions. 

In this study,  an IEEE Std 1547-2003 compatible  
methodology has been proposed to control voltage and 
reactive power of distribution test system, where a mixture of 
static as well as dynamic compensators have been considered. 
A sensitivity based approach has been proposed to decide and 
limit the location of high-cost dynamic compensator device 
such as STATCOM. This unified approach not only reduces 
the loss by optimization routine but also ensures faster 
recovery time and thus improves uptime of DG. Feasibility of 
the proposed methodology has been demonstrated on two 
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distribution systems with different network and load 
configurations. This paper is organized as follows. Section II 
gives a brief introduction to the available grid interconnection 
requirements for distributed resources by utility grid. Then 
section III describes the detail methodology followed to 
achieve improved voltage profile in pre-fault and post-fault 
conditions. Section IV presents and analyzes the results 
obtained to meet grid requirements. Section V draws 
conclusions with scope of future work.   

II.  GRID INTERCONNECTION REQUIREMENTS  
Grid codes have been specified for wind power plant as 

well as for other distributed generators under both - steady 
state and dynamic conditions. Normally, these operation 
requirements for DG units are specified at the point of 
common coupling. In general, the steady state operation 
requirements include power factor requirement of DG units, 
steady state voltage operating range, frequency operating 
range and voltage quality [11].  

A. Reactive power generation capability  
In order to request increased real power generation in the 

system, different grid codes around the world have limited 
reactive power capability of DG units to a minimum standard. 
IEEE Std 1547-2003 does not allow DG units to regulate 
voltage at point of common coupling actively [12]. According 
to FERC orders 661 [13], power factor at the coupling point 
must remain in between 0.95 leading to 0.95 lagging for large 
wind parks over 20MW. In Australia, distributed generation 
with a capacity of less than 30MW shall not actively regulate 
the voltage at coupling point and power factor must lie in 
between unity to 0.95 leading for both 100% and 50% real 
power injections [14].   

B. Steady State Voltage, Continuous Operation range 
The steady state voltage level at each load connection point 

is one of the most important parameters for the quality of 
supply. Inclusion of DG has not affected this requirement. In 
general it is expected that voltage of DG bus and load bus 
should remain within the range of ±10% of nominal voltage 
[14].  

C. Interconnection system response to abnormal voltage 
IEEE Std. 1547-2003 states that any DG unit should cease 

energizing the electric power system during abnormal system 
conditions according to the clearing times shown in Table I. 
Clearing time is the time between the start of an abnormal 
condition (due to some fault) and DG ceasing to energize the 
local area [12]. The clearing time listed is a maximum 
threshold for DG with capacity of 30 kW or less. For DG units 
with generation capacity greater than 30 kW, the listed 
clearing time is default value though this can vary with 
different utility practices. Hence, the clearing time in Table I 
has been taken as default value for the present study. So DG 
can only be remain connected to the system supplying the 
demand in pre-fault as well as in post-fault condition, if the 

voltage recovery time is maintained less than the tabulated 
clearing time. 

TABLE I  
INTERCONNECTION SYSTEM RESPONSE TO ABNORMAL VOLTAGES [12] 

Voltage Range (p.u.) Clearing time (sec) 
V < 0.5 0.16 

0.5 ≤  V < 0.88 2.00 
1.1 <  V < 1.2 1.00 

V ≥ 1.2 0.16 

III.  PROPOSED METHODOLOGY 
Based on the literature review and existing grid requirements, 
a step by step methodology as shown in flowchart of Fig. 1 
has been proposed to support grid compatible voltage profile 
of a DG integrated distribution system. Details of the solution 
algorithm is described in section A, followed by some other 
essentials to implement the proposed methodology. 
 

 
   
Fig. 1. Flow-chart for the solution algorithm. 

A.  Solution Algorithm 
 The major steps to be followed to achieve regulated 

voltage throughout the system for pre-fault as well as post-
fault condition have been depicted in Fig. 1. Total demand of 
real power has been supplied by DG units present in the 
system. This approach converts the test system to a normal 
interconnected Microgrid. With a multi-objective function of 
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minimizing grid loss and reactive power compensation 
requirement, optimal reactive power compensator placement 
is performed. Steady state voltage requirement (at generator 
and load terminals) is set as constraints for the objective 
function. Static load models need to be considered for this part 
of the methodology. Changing the loading condition, optimal 
solution can be achieved from lightly loaded condition to peak 
load condition. For the present work, peak load condition 
derived from realistic load curve has been utilized to get 
optimal location and size of capacitors. With various faults in 
the system, time domain simulation is performed to check 
dynamic voltage restoring capability of the generator and load 
bus. Dynamic compensator (here STATCOM) is required only 
if static compensators fail to meet the grid requirement as 
mentioned in Table I. A new sensitivity index RdIdV /  along 
its direction is used to find out the best location among 
optimal capacitor nodes to replace that capacitor by a 
STATCOM. After replacing the optimal capacitor by 
STATCOM on the bus with highest sensitivity, voltage 
recovery time is calculated with time domain simulation for 
generator and load bus. Performance of RdIdV /  is compared 
with an existing sensitivity index dQdV / . The procedure 
repeats itself till the voltage excursion of all nodes concerned 
falls within the required range. Details of this procedure will 
be explained with simulation results.  

B.  System Modeling 
Proper system modeling is required to investigate the 

feasibility of the proposed methodology. Power system 
dynamics are commonly expressed in the following 
differential-algebraic equation (DAE) form [15], which has 
been followed in this work.  

),,,(' pyxfx = nkmnf ℜ→ℜ ++:   (1) 
),,,(0 pyxg= mkmng ℜ→ℜ ++:    (2) 

,nXx ℜ⊂∈ ,mYy ℜ⊂∈ kPp ℜ⊂∈     
In the parameter-state space of X ,Y , P , x is a vector of 

n state variables, y is a vector of m algebraic variables and 
p is a vector of k parameter variables, which are changing 

slowly. The dynamic state x describes the generation dynamics 
of power systems such as exciter control systems. y stands for 
instantaneous variables, which satisfies algebraic constraints 
in Eq. (2), such as power flow equations. Parameter p  
specifies particular system configurations and operation 
conditions, such as generation, loads, voltage setting points 
etc.  

V-I characteristics of loads have been considered in load 
flow studies [16]. For load flow studies and optimal 
compensation placement, static load models are relevant as 
these express active and reactive powers as functions of the 
bus voltages. In general, a static load model that represents the 
power relationship to voltage can be expressed by following 
exponential equations 
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Here 0P  and 0Q  stand for real and reactive power 
consumed at a reference voltage 0V .  The exponents np and nq 
depend on the load type [17]. The loads are highly nonlinear 
and there are a number of constraints to be met. This leads to 
an optimization technique for selection of proper location and 
size of fixed compensator.  

C.  Optimal Capacitor placement 
The capacitor problem considered in this work is to 

determine the location, numbers and sizes of capacitors to be 
installed in the test system. The objective function of the 
problem can be expressed as follows to minimize the capacitor 
investment and system energy loss [18]: 
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Where power flow equations are used as equality 
constraints and VAR source placement restriction, reactive 
power generation restrictions, transformer tap-setting 
restriction, bus voltage restriction and power flow of each 
branch are used as inequality constraints. In the objective 
function, L and I respectively represent number of load levels 
and candidate locations to install the capacitors. iq stands for 

the set of fixed capacitors for optimal solution, jq is the 
control scheme vector at load level j whose components are 
discrete variables.  Investment cost associated with capacitor 
installed at location i is given by ( )ii qC . Power loss at a load 
level j  with time duration jT is given by jloss TP ×  and K 

stands for electricity price. Tabu search, which is a heuristic 
optimal technique has been used as an optimization tool for 
finding compensator placement and sizes [19] in the present 
work. DIgSILENT routine has been used for this purpose 
[20]. 

D.  Dynamic Compensation and STATCOM 
STATCOM is a Voltage Source Converter (VSC) based 

system that injects or absorbs reactive current, independent to 
grid voltage unlike an SVC. However, reactive current RI  
injected or absorbed by the STATCOM will heavily influence 
the grid node voltage V as shown in Fig. 2. Based on the 
availability of energy source at the DC link, it is modeled 
either only as reactive current source or as a current source 
with active and reactive component. The current injected by 
STATCOM depends on pulse width modulation (PWM) 
method used along with operational limits and characteristics 
of Insulated Gate Bi-polar Transistors (IGBT) in use. Hence, 
current injected by  STATCOM has appropriate limiters, 
which are dynamic in nature [21]. As STATCOM can be 
modelled as reactive current source for voltage stability 
improvement, sensitivity of node voltage to reactive current 
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injection RI  will be used to find the proper placement of 
STATCOM as mentioned earlier in section III-A. A positive 
value of RI  indicates capacitive current whereas a negative 
value stands for inductive current. Rating of STATCOM on 
each location has been taken as equal to the optimal reactive 
power requirement for that location found from optimization 
routine. To maintain bus voltage constant, modulation index 
of VSC has been controlled with the control block referred in 
[22]. 

 
Fig. 2. Basic STATCOM model.  

IV.  RESULTS AND ANALYSIS 

A.  Test distribution System and Analytical Tool 
To test the effectiveness of proposed methodology, two 

distribution test systems with different configuration and load 
compositions have been considered in this work. The first test 
distribution system used in this work is a 23kV radial 
distribution system with 16 nodes. Total load in the system is 
28.7MW and 9.48MVAr, real and reactive power, 
respectively. Single line diagram of this test system is shown 
in Fig. 3. This system is a modified form of the one used in 
[23] and has been treated as a commercial feeder throughout 
the study.  

 

 
Fig.3. Single line diagram of 16 bus test system. 
 
 An IEEE 43 bus mesh distribution system with 21.76MW and 
9MVAr of real and reactive power load, respectively has been 
studied as second test system [24]. This test system has been 
shown in Fig. 4. The system has five different levels of 

voltage rated at 69kV, 13.8kV, 4.16kV, 2.4kV and as low as 
0.48kV. This system has been treated as industrial feeder. All 
the results presented in this paper were simulated with 
DIgSILENT PowerFactory 14.0 [20]. 
 

 

Fig.4. Single line diagram of 43 bus test system. 

B.  Load Composition and load curves 
This study has considered practical scenarios of load 

composition as they have profound impact on dynamic 
voltage control of distribution nodes. Utilities break their load 
into various compositions with the presence of different 
percentages of loads.  The breakdown typically used by the 
utilities for commercial and industrial feeder have been shown 
in Table II [25]. Here, motors with power rating greater than 
100hp have been treated as large motors, which are principal 
loads in industrial feeder. Commercial feeder is dominated by 
51% of small motors representing air conditioners. These 
breakdowns of loads have been utilized for static load 
modeling of both feeders.  

TABLE II 
TYPICAL LOAD COMPOSITION [25] 

Load type Load Composition
Commercial Feeder 

(16 bus system) 
Industrial Feeder 
(43 bus system)

Resistive 14 5 
Small Motor 51 20 
Large Motor 0 56 

Discharge Lighting 35 19 
 

For each type of feeder, the customer load has its typical 
daily load curve (DLC) set [26]. Pavg/Pmax found from these 
DLC sets is presented in Table III and has been used in this 
work.   

TABLE III 
PEAK LOAD DATA  [26] 

Load type Load Composition
Commercial Feeder 

(16 bus system) 
Industrial Feeder  
(43 bus system)

Pavg/Pmax 0.68 0.61 
Peak load (MW) 42.72 28.82 



 5

C.  Distributed generators and their sizes 
DG units considered in this study are conventional 

synchronous generators with unity power factor operation. 
DG connection details for both systems have been shown in 
Table IV at base load condition. The location of DG units in 
16 bus system has been chosen randomly at bus 3 and bus 6, 
whereas for 43 bus system locations are given in system data.  
 

TABLE IV 
DISTRIBUTED GENERATION: CAPACITY AND LOCATION  

Distributed 
Generation 

Commercial Feeder 
(16 bus system) 

Industrial Feeder  
(43 bus system) 

DG1 DG2 DG1 DG2
Location bus 3 6 4 50 
MVA rating 10 19.58 13 9.75 
Power factor 1 1 1 1 

D.  Optimal capacitor placement and sensitivity indices 
As described in section IIIC, ‘Tabu search’ technique has 

been used to find out the proper location of fixed compensator 
in the system at peak load condition followed from Table III. 
Number of candidate buses has been chosen to 50% with an 
objective function of minimizing grid loss with minimum 
available capacitor banks.  Voltage limits at generator as well 
as load bus has been set to 0.90pu to 1.1pu according to 
steady state voltage operating range in [12]. Table V 
summarizes the results for optimal capacitor places for 16 bus 
system whereas Table VI shows the optimal capacitor places 
for 43 bus test system. Both tables contain sensitivity values 

dQdV /  and RdIdV / at the optimal compensation nodes, 
which minimizes iterations to find best node for dynamic 
compensation These values are calculated numerically with 
small perturbations.  

TABLE V 
OPTIMAL CAPACITOR SOLUTION FOR 16 BUS SYSTEM 

Optimal 
Node 

Capacitor 
Size 

(MVAr) 

Sensitivity index 

dQdV /  
(Vp.u/MVAr) 

RdIdV /  
(Vp.u/Ip.u.) 

7 1.8×2 0.0069 -0.1428 (Inductive) 
5 1.8 0.0038 0.0769 (Capacitive) 
11 1.8 0.0034 0.0667 (Capacitive) 
15 1.8 0.0049 0.1 (Capacitive) 
3 1.2 0.0048 0.11 (Capacitive) 

 
TABLE VI 

OPTIMAL CAPACITOR SOLUTION FOR 43 BUS SYSTEM 
Optimal 

Node 
Capacitor 

Size 
(MVAr) 

Sensitivity index 

dQdV /  
(Vpu/MVAr) 

RdIdV /  
(Vp.u/Ip.u.) 

49 0.6 0.044 0.20 (Capacitive) 
29 0.6 0.046 0.25 (Capacitive) 
21 0.6 0.088 0.33 (Capacitive) 
51 0.6 0.046 0.2 (Capacitive) 
41 0.6 0.048 0.2 (Capacitive) 
25 0.6 0.006 0.03 (Capacitive) 
30 0.6 0.047 0.25 (Capacitive) 
39 1.1 0.044 -0.25 (Inductive) 
17 1.1 0.055 0.25 (Capacitive) 
35 1.2 0.049 0.2 (Capacitive) 
18 1.2 0.048 0.2 (Capacitive) 
37 1.2 0.068 0.33 (Capacitive) 
33 1.2 0.049 0.25 (Capacitive) 

For 16 bus system, even at peak load, bus voltages are not 
out of range of specified limits. But along with maintaining 
the voltage limits at nodes, placing capacitor reduces the grid 
loss significantly. Grid loss has been found to reduce from 
1.20MW to 0.90 MW with an inclusion of total 10.2MVAr of 
fixed capacitor at the listed nodes in Table V.  

In 43 bus system, grid loss is reduced to 0.45MW from 
0.54MW with an inclusion of 11.20MVAr of fixed capacitor, 
which is not very significant. But voltage profile along all the 
load buses have been recovered to specified limit.  

E.  Voltage Recovery and STATCOM placement 
According to [1] and [12], voltage recovery requirement 

specifies that the DG terminal voltage must come back to 90% 
of its normal operating voltage within 2 sec after a fault takes 
place. For the verification of dynamic voltage restoring 
capability of generator and load buses, portion of static loads 
are converted to dynamic motor loads according to proper 
percentages  (as given in Table II). Then, to check the voltage 
profile under abnormal conditions, both systems are subjected 
to a three phase fault (with a fault reactance of 0.05 Ω) near 
the generator bus and the fault is cleared after 12 cycles. The 
following test cases are investigated to find out possible 
solution for supporting above requirement: 
Case 1: Without Capacitors 
Case 2: With Capacitor at optimal locations 
Case 3: Replacing capacitor with STATCOM at a bus with 
highest dQdV /  
Case 4: Replacing capacitor with STATCOM at a bus with 
highest RdIdV / (For both inductive and capacitive values). 

Figs. 5 to 7 show the time domain simulation for 16 bus 
system at peak load condition. Figs. 5 and 6 show excursions 
in voltage at buses 3 and 6 respectively with fault at bus 5. 
Load terminal voltage profile has been plotted for the faulty 
bus 5 in Fig. 7. A STATCOM is placed at bus 7 and bus 3 
alternately to find the effect of placement on voltage recovery 
time and also to investigate effectiveness of sensitivity indices 

dQdV / and RdIdV / . Without capacitors, the system fails to 
reach required voltage after three phase fault takes place. For 
generator bus 3, capacitors at optimal places with optimal 
sizes help to recover the bus voltage within 1.15sec. 
STATCOM at bus 7 reduces the restoring time significantly to 
only 0.26sec. 
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Fig. 5. Voltage at bus 3 for peak load (16 bus system). 

 
Fig. 6. Voltage at bus 6 for peak load (16 bus system). 
 

 
Fig. 7. Voltage at bus 5 for peak load (16 bus system). 
 

It is interesting to find that, though bus 3 is a DG bus, 
placing STATCOM on bus 3 results in longer recovery time 
(1.26sec) than that on bus 7. Table VII summarizes the 
voltage recovery time for both generator buses of 16bus 
system. As the simulation results for 16 bus system under 
peak load condition does not reflect any problem of slow 
recovery of voltage on DG buses, base case has not been 
considered. 

 
TABLE VII 

VOLTAGE RECOVERY TIME FOR 16BUS SYSTEM (PEAK LOAD) 
DG node Without 

Capacitors 
With 

Capacitors 
With 

STATCOM 
at bus 3 

With 
STATCOM 

at bus 7 

3 (DG1) N/A 1.15 Sec 1.26 Sec 0.26 Sec 
6 (DG2) N/A 1.59 Sec 1.97 Sec 1.26 Sec 

 
Time domain simulations for 43 bus system has been 

plotted with two cases- base load and peak load. Simulation is 
carried out for all four cases mentioned earlier.  

Figs. 8 and 9 show the simulation results for generator bus 
voltages with a three phase fault at bus 31 at base load 
condition. Sensitivity indices, dQdV / and RdIdV /  
(capacitive), both have their highest value at bus 21. RdIdV /  
(inductive) is found only at bus 39 with a value of 0.25 
(Vp.u/Ipu) as shown in Table VI.  

 
Fig 8. Voltage at Bus 4 for base load (43 bus system). 
 

 
Fig 9. Voltage at Bus 50 for base load (43 bus system). 
 

Table VIII summarizes the voltage recovery time at base 
loading, which shows that other than STATCOM at bus 39, 
no controller arrangement can support grid requirement at bus 
4 as they have recovery time greater than 2sec. For bus 50, 
recovery time is found less than 2sec in all arrangements 
considered. 

TABLE VIII 
VOLTAGE RECOVERY TIME FOR 43BUS SYSTEM (BASE LOAD) 

DG node Without 
Capacitors 

With 
Capacitors 

With 
STATCOM 

at bus 21 

With 
STATCOM 

at bus 39 

4 (DG1) 3.12 Sec 2.35 Sec 2.49 Sec 1.61 Sec 
50 (DG2) 0.71 Sec 0.54 Sec 0.42 Sec 0.37 Sec 

 
Figs. 10 and 11 show the simulation results with a three 

phase fault at bus 31 at peak load condition. Table IX 
summarizes the voltage recovery times at peak load.  

 
Fig 10. Voltage at Bus 4 for peak load (43 bus system). 
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Fig 11. Voltage at Bus 50 for peak load (43 bus system). 
 

TABLE IX 
VOLTAGE RECOVERY TIME FOR 43BUS SYSTEM (PEAK LOAD) 

DG node Without 
Capacitors 

With 
Capacitors 

With 
STATCOM 

at bus 21 

With 
STATCOM 

at bus 39 

4 (DG1) 4.25 Sec 2.94 Sec 4.18 Sec 2.06 Sec 
50 (DG2) 0.68 Sec 0.52 Sec 0.36 Sec 0.36 Sec 

 
It shows that placement of STATCOM on bus 39 results in 

reduced voltage recovery time though it fails to meet grid 
requirement establishing the need for optimal size of 
STATCOM and proper tuning of control parameters. 
Analyzing the voltage recovery time from all three Tables 
VII-IX, it can be concluded that, STATCOM should be placed 
at a bus with the highest inductive RdIdV /  to support voltage 
recovery requirement of DG units in the system. This works 
efficiently as during the post fault recovery capacitive VAR is 
required which is made available by STATCOM.  

For a small radial system like 16 bus system, it has been 
found that STATCOM is not even necessary to support 
voltage recovery, though wrong placement of STATCOM 
leads to longer recovery time. But for 43 bus system with 
large mesh configuration, STATCOM is required at both base 
and peak loading condition to support voltage recovery.  

V.  CONCLUSIONS 
In this paper, we have investigated a new sensitivity index 

based methodology for placement of shunt reactive power 
compensators. This approach helps in placing capacitor banks 
and STATCOM in distributed manner to improve voltage 
profile at DG and load bus. Results show that dynamic 
compensation might not be necessary for a small radial 
distribution system though further investigations are required 
to generalize this finding. The new sensitivity index 

RdIdV / has been proved to be effective in detecting 
appropriate location of STATCOM in presence of fixed 
compensation. As a result, small scale DG units remain 
connected to grid under abnormal conditions improving their 
uptime. Further work is required to obtain a precise and 
quantitative relationship between disturbance magnitude, post 
fault recovery of voltage and the required controllable range. 
Future work will focus on the optimal mixture of static and 

dynamic compensation and sizing of STATCOM for 
achieving voltage control with maximum DG uptime. 
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