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This paper presents modeling of Series and Shunt Distribution FACTS devices in load flow calculations for 
the steady-state voltage compensation. For this purpose, Distribution STATCOM (D-STATCOM) and 
Series Static Voltage Restorer (SSVR) are respectively considered as a shunt and a series compensator. An 
accurate model for each device is derived to use in load flow calculations. The rating of these devices as 
well as direction of reactive power injection required to compensate voltage to the desired value (1p.u., for 
example) are derived and discussed analytically and mathematically using pahsor diagram method. Since 
performance of D-STATCOM and SSVR varies when they reach to their maximum capacity, modeling of 
these compensators in their maximum rating of reactive power injection are derived and discussed. The 
validity of the proposed models is examined using two standard distribution systems consisting of 33 and 
69 nodes, respectively. The best location of D-STATCOM and SSVR for under voltage problem mitigation 
in the distribution network is determined. Also, the proposed models are compared with the earlier efficient 
methods in the literature in terms of computational burden and execution time. The results show the 
validity of the proposed models for these distribution FACTS devices in large distribution systems. 
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1. Introduction 
Providing power demand to the entire load while maintaining voltage magnitude at an 
acceptable range is one of the major system constraints. There are two principal 
conventional means of controlling voltage on distribution systems: series voltage regulators 
and shunt capacitors. Conventional series voltage regulators are commonly used for voltage 
regulation in distribution systems [1-3]. These devices are not capable to generate reactive 
power and by its operation only force the source to generate reactive power. Furthermore, 
they have quite slow response and their operations are step by step [4]. Shunt capacitors can 
supply reactive power to the system. Reactive power output of a capacitor is proportional to 
the square of the system voltage which its effectiveness in high and low voltages may be 
reduced. Hence, for improvement of capacitors in different loading conditions, their 
constructions are generally combined of fixed and switched capacitors. Therefore, they are 
not capable to continuously generate variable reactive power. Another difficulty associated 
with the application of distribution capacitors is the natural oscillatory behavior of 
capacitors when it is used in the same circuit with inductive components. This sometimes 
results in the well-known phenomena of ferroresonance and/or self-excitation of induction 
machinery [4]. Hence, when regulators that operate by adjusting their taps to maintain 
predetermined set point voltage levels are coupled with capacitors that are switched on and 
off to regulate voltage, the voltage swings can cause power quality problems for customers. 

With the improvements in current and voltage handling capabilities of the power 
electronic devices that have allowed for the development of Flexible AC Transmission 
System (FACTS), the possibility has arisen in using different types of controllers for 
efficient shunt and series compensation. It should be noted that FACTS devices respond 
quickly to the changes in network condition. The concept of FACTS devices was originally 
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developed for transmission systems, but similar idea has been started to be applied in 
distribution systems. Distribution FACTS (D-FACTS) devices have widely been used for 
compensation of many power quality problems in distribution system such as voltage sag, 
voltage unbalance, harmonics and flicker [5-13] which occurs in short duration in 
millisecond range. In this duration, D-FACTS devices can inject both active and reactive 
power to the system for compensation of sensitive loads and active power injection into the 
system must be provided by energy storage system [7]. Distribution STATCOM  
(D-STATCOM) is a shunt connected voltage source converter which is utilized to 
compensate power quality problems such as unbalanced load, voltage sag, voltage 
fluctuation and voltage unbalance [5-9]. Dynamic Voltage Restorer (DVR) is a series 
connected converter which is used to compensate some of the power quality problems such 
as voltage sag, voltage unbalance [7,10-13]. Almost all of the models reported for DVR and 
D-STATCOM consisting of phasor or other method, have been utilized in a two bus 
distribution system consisting of a sensitive load and the source. These works are applied in 
the small distribution system based on digital simulation (MATLAB Simulink for example) 
analysis which is not applicable in large distribution system. On the other hand, these 
devices are considered dynamically in a short duration (short time interval) for 
compensation of some power quality problems such as flicker, harmonic, voltage 
unbalance, etc and are not considered for a long term. Also, the effects of D-FATCS on the 
voltage of the other buses have not been considered in large distribution system. In [4], 
application of D-STATCOM for distribution voltage regulation on long, voltage-limited 
feeders is considered, but it needs to be case specific which considered one lateral 
distribution system in two specified case loading condition consist of distributed load and 
lumped load and also model of STATCOM in transmission systems is used for  
D-STATCOM in distribution systems. In our paper, effect of distribution FACTS devices 
on static voltage regulation is considered. It is therefore proposed that series device’s name 
should be a Series Static Voltage Restorer (SSVR). 

STATCOM (STATic COMpensator) and SSSC (Static Synchronous Series compensator) 
are Shunt and Series FACTS devices, respectively, which are used in transmission systems. 
Some models are reported for application of these devices in transmission systems [14-17]. 
General structure of D-STATCOM is similar to STATCOM and also SSVR is similar to 
SSSC [14]; however, their application is different in distribution systems and transmission 
systems [14]. One of the simplest and most efficient models for D-STATCOM in the 
steady-state condition is a PV bus model for transmission load flow calculations [14]. Also 
an exact and comprehensive model for SSSC is presented in [16]. Models of STATCOM 
and SSSC are useful in transmission system including some generators and meshed 
configuration. On the other hand, a general a distribution system is fed at one point and the 
branches of the system have wide range of R and X values.  Also the R/X ratios of branches 
in a distribution system are relatively high compared to a transmission system. This makes 
the distribution system ill-conditioned. That is why the conventional load flow method such 
as Newton-Raphson,(NR) and  the Fast Decoupled Load Flow(FDLF) method and their 
modification are not suitable for solving the load flow problem of such an ill-conditioned 
system. For most of the cases NR and FDLF methods failed to converge in solving the load 
flow problem of distribution system or converged in high iterations [18-20]. Therefore in 
distribution system with radial structure these models are not always applicable.   

From the above mentioned reasons, a proper model of D-STATCOM and SSVR in load 
flow calculation has not presented. In this paper, a suitable steady state model for  
D-STATCOM and SSVR is proposed which can be used in the in the backward/forward 
load flow calculations. In other words, in this paper, the model of these devices is used in 
backward/forward sweep load flow which is robust for radial distribution system with high 
R/X ratio. With the proposed model in this paper, one can effectively study distribution 
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system voltage profile by installing DSTATCOM or SSVR (based on the system 
requirement) to have a reliable system which can meet the power quality requirement 
(under voltage violation) of distribution system. Two standard distribution systems consist 
of 33 and 69 nodes are considered and D-STATCOM and SSVR models are applied in load 
flow. Also, the best location of these devices for under voltage problem mitigation in the 
distribution network is determined. The proposed method is compared with the efficient 
methods presented earlier in the literature in terms of computational burden and execution 
time. The results reveal the effectiveness of the proposed models for these devices in large 
distribution systems. 

Section 2 presents steady-state modeling of D-STATCOM and SSVR. In section 3, radial 
distribution system load flow method has briefly been discussed. Models of D-STATCOM 
and SSVR in load flow are represented in section 4. In section 5, the results associated with 
application of D-STATCOM and SSVR models on 33-bus and 69-bus standard distribution 
systems and also comparison between proposed models and the pervious models are 
presented and discussed. Finally, section 6 summarizes the main points and results of this 
paper. 
 
2 Steady-State Modeling of Distribution System FACTS Devices  
 
2.1. Distribution STATic COMpensator (D-STATCOM) 
D-STATCOM is a shunt device that injects or absorbs both active and reactive current. It's 
diagrams are shown in Fig. 1 (a) and 1(b). In Fig. 1 (a), it can be seen that D-STATCOM 
consists of energy storage and voltage source converter. In this model, D-STATCOM is 
capable of injecting active power in addition to reactive power. Since energy storage has a 
capacity limit, it is not capable to inject active power for a long term for voltage regulation 
purpose. Therefore, for the steady-state application, D-STATCOM consists of a small dc 
capacitor and a voltage source converter and the steady-state power exchange between  
D-STATCOM and the ac system is reactive power (Fig. 1 (b)). 
 
2.2. Steady-State Modeling of D-STATCOM 
The single line diagram of two buses of a distribution system and it's phasor diagram are 
shown in Fig. 2 and Fig. 3, respectively. Generally, voltage of buses in the system is less  
 

Voltage
Source 

Converter

STATCOMDI −

Energy 
Storage

SV

 DCV

STATCOMDI −

SV

 
(a) (b) 

 

Fig. 1 A typical model of STATCOM(a) Active and reactive power exchange; (b) Only 
reactive power exchange 

than 1p.u. and it is desired to compensate voltage of interested bus ( jV0 ) to 1p.u. by using  
D-STATCOM.  
In Fig. 2, the relationships between voltage and current can be written as: 
 

0L00i00j0 I)jXR(VV θδα ∠+−∠=∠   (1) 
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Where: 
 

00 α∠jV  voltage of bus j before compensation  

00 δ∠iV  voltage of bus i before compensation 
jXRZ +=  impedance between buses i and j 

00 θ∠LI  current flow in line before compensation 
 

 

Voltages 00 δ∠iV  and 00 α∠jV and current 00 θ∠LI  are derived from load flow calculations. 
 
 

LjLj jQP +
LiLi jQP +

iV0 R X

LI0

jV0

 
Fig. 2 Single line diagram of two buses of a distribution system. Subscript ‘L’ in PL and QL 

refers to the load connected to each bus 
 
 

0α

0θ
iV0

jV0
LIjX 0.−

LI0

0δ

LIR 0.−

 
Fig. 3 Phasor diagram of voltages and current of the system shown in Fig. 2 

 
As noted earlier, in this paper, D-STATCOM is used for voltage regulation in the steady-

state condition and can inject only reactive power to the system. Consequently, STATCOMDI −  
must be kept in quadrature with voltage of the system. By installing D-STATCOM in 
distribution system, all nodes voltage, especially the neighboring nodes of  
D-STATCOM location, and braches current of the network change in the steady-state 
condition. The schematic diagram of buses i and j of the distribution systems, when  
D-STATCOM is installed for voltage regulation in bus j, is shown in  
Fig. 4. Phasor diagram of these buses with D-STATCOM effects is shown in Fig. 5. 
Voltage of bus j changes from jV  to newjV  when D-STATCOM is used.  For the sake of 
simplicity, the angle of voltage iV  , i.e., δ   is assumed to be zero in phasor diagram. It can 
be seen from Fig. 4 and Fig. 5 that: 

 

0,
2

<+=∠ − newnewSTATCOMDI ααπ  (2) 

)
2

()()( παθδα +∠+−∠+−∠=∠ − newSTATCOMDLinewnewj IjXRIjXRVV  (3) 
 

Where: 
 

)
2

(I newSTATCOMD απ
+∠−  injected current by D-STATCOM 
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newnewjV α∠  voltage of bus j after D-STATCOM installation 
δ∠iV  voltage of bus i after D-STATCOM installation 
θ∠LI  Current flow in line after D-STATCOM installation 

 
 

Voltage δ∠iV   and current θ∠LI  are derived from the load flow calculations. Separating 
the real and imaginary parts of equation (3) yields to: 
 

)
2

sin()
2

cos()(Re)(Recos newSTATCOMDnewSTATCOMDLinewnewj XIRIZIalValV απαπθδα +++−∠−∠= −−
 (4)

 
and: 
 

)
2

sin()
2

cos()(Im)(Imsin newSTATCOMDnewSTATCOMDLinewnewj RIXIZIagVagV απαπθδα +−+−∠−∠= −−
 (5)

 
Using the notations shown below, equations (6) and (7) are obtained from equations (4) and 
(5) respectively. 
 

LjLj jQP +
LiLi jQP +

iV
R X

DCV

LI STATCOMDI −

STATCOMD −

newjV

 
 

Fig. 4 Single line diagram of two buses of a distribution system with consideration of  
D-STATCOM 

 
 

newα
α

LI
θ iV

newjV

jV LIjX .−

LIR.−

STATCOMDI −

STATCOMDIjX −− .
STATCOMDIR −− .

 
Fig. 5 Phasor diagram of voltages and currents of the system shown in Fig. 4 

)ZI(alRe)V(alRea Li1 θδ ∠−∠=  
)ZI(agIm)V(agIma Li2 θδ ∠−∠=   

newjVb =  
Rc −=1  
Xc −=2  
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STATCOMDIx −=1  

newx α=2  
 

21221112 xcosxcxsinxcaxcosb −−=  (6) 
 

21121222 xcosxcxsinxcaxsinb +−=  (7) 
 
Where, 1a , 2a , 1c  and 2c  are constants and b is the magnitude of compensated voltage (for 
example 1p.u.) and 1x , 2x are variables and must be determined. Rearranging equations (6) 
and (7) for 1x  yields to: 
 

2221

12
1 xcoscxsinc

axcosbx
−−
−

=  (8) 

 
and: 
 

2122

22
1 xcoscxsinc

axsinbx
+−
−

=  (9) 

 
By equating equations (8) and (9), it can be shown that: 
 

0bcxcos)caca(xsin)caca( 12221121221 =+−−+−  (10) 
 
Considering 2xsinx = and squaring both sides of equation (10), the following equation will 
be derived:  
 

0)kcb(x)bck2(x)kk( 2
2

2
1

2
11

22
2

2
1 =−+++  (11) 

 
Where: 
 

12211 cacak −=  

22112 cacak +=  
 
Therefore: 
 

A
Bx

2
Δ±−

=  (12) 

 
Where: 

AC4B2 −=Δ  
11bck2B =  

2
2

2
1 kkA +=  

2
2

2
1

2 kcbC −=  
 

After identifying x ; newx α=2 (angle of corrected voltage) is defined as: 
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xsinx 1

2
−=  (13) 

 

 

Thus, STATCOMDIx −=1  is defined by (8) or (9). 
It can be seen from (12) that there are two roots for x  and therefore, two values are 
calculated for 2x  and 1x , but one of them is acceptable. To determine the correct answer, 
these roots are examined under the following boundary conditions in the load flow results: 
 
'' if  jnewj VVb 0==  then ( 0Ix STATCOMD1 == −  and  αα == newx2 ) '' 

After testing this condition on load flow results,
A2

Bx Δ+−
=  is selected as the correct 

answer for equation (11) and then 2x and 1x are calculated from (13) and (8), respectively. 
Finally, injected reactive power by D-STATCOM can be written as: 
 

∗
−= STATCOMDnewjSTATCOMD IVQj .. _  (14) 

 

 
Where: 
 

newnewjnewj VV α∠=  

)
2

( πα +∠= −− newSTATCOMDSTATCOMD II  
 

Where, symbol " * " denotes conjugate of complex variable. 
 
2.3. Modeling of D-STATCOM in its Maximum Rating of Reactive Power Injection  
In the pervious section, it is assumed that the voltage magnitude in node j, i.e. newjV , is 
compensated to the specified value of b (for example 1p.u.) and after that, the phase angle of 
voltage in node j, i.e. newα , and injected current and reactive power by D-STATCOM are 
derived from (13), (8) and (14), respectively. However, when calculated reactive power by 
(14) is reached to its maximum limit, it no longer regulates the voltage of node j in 1p.u. at 
all. In this condition, D-STATCOM is considered as a fixed capacitor injecting reactive 
power equal to its maximum rating and considered as a negative constant reactive power 
load in node j. 
 
2.4. Series Static Voltage Restorer (SSVR) 
D-STATCOM is a shunt device used for improving voltage sag in less than 1 minute or 
voltage regulation in a long term. Dynamic Voltage Restorer (DVR) is a series device used 
to add a voltage vector to the network to improve the quality of the voltage supplied by the 
network. The main function of DVR is to eliminate or to reduce voltage sags, phase 
unbalance and harmonics of the supply seen by the sensitive load. Voltage sag occurs in 
less than 1 minute within which DVR can inject both active and reactive power for voltage 
correction. Injection of active power into the system must be provided by energy storage 
system (Fig. 6). Small voltage sags can usually be restored through reactive power but for 
larger voltage sags, it is necessary to inject active power into the system by DVR to correct 
the voltage sags. Because of limited capacity of energy storage system, it can not inject 
active power to the system for long term voltage regulation. Energy storage system must 
therefore be replaced with dc capacitor for long term applications. Thus, in the 
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DVRV

LoadI

 
Fig. 6 A typical model of DVR 

 
SSVRV

DCV

LoadI

LoadI

SSVRV

 
Fig. 7 A typical model of SSVR and phasor diagram of reactive power exchange operation 

 
steady-state condition, like a D-STATCOM, series compensator consists of dc capacitor 
and voltage source converter. In this paper, we focus on the effect of series compensator on 
static voltage regulation in a steady-state condition. It is therefore proposed that its name 
should be a Series Static Voltage Restorer (SSVR). A typical model of SSVR is shown in 
Fig. 7. Control system in SSVR acts as the steady-state power exchange between SSVR and 
the network is reactive power, in other words, injected voltage by voltage source converter 
in SSVR must be kept in quadrate with LoadI  . 
 
2.5. Steady-State Modeling of SSVR 
Reconsider two buses of a distribution system shown in Fig. 2. In this section, injected 
voltage by SSVR and new angle of compensated voltage are derived as voltage magnitude 
in bus j changes from jV0  to 1p.u. in the steady-state condition. By installing SSVR in 
distribution system, all nodes voltage, especially the neighboring nodes of SSVR location, 
and braches current of the network change in the steady-state condition. Since SSVR is 
used for voltage regulation in the steady-state condition, it can inject only reactive power to 
the system. Therefore, SSVRV must be kept in quadrature with current flow of SSVR, i.e. LI . 
Schematic diagram of buses i and j of a distribution system when SSVR is installed for 
voltage regulation in bus j is shown in Fig. 8. Using SSVR, voltage of bus j changes form 

jV  to newjV  as shown in the phasor diagram of Fig. 9. For the sake of simplicity, the angle 
of voltage iV  , i.e., δ   is assumed to be zero in phasor diagram. It can be seen from Fig. 8 
and Fig. 9 that:  

δθαρ ∠−∠++∠=∠ iLnewnewjSSVR VIjXRVV )(  (15) 
 
and: 
 

0,
2

<+= θθπρ  (16) 
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Where: 
 

−∠ρSSVRV injected voltage by SSVR 
−∠ newnewjV α  voltage of bus j after compensation by SSVR 

 

LjLj jQP +
LiLi jQP +

iV
R X

LI

SSVRV

SSVR
DCV

newjV

 
Fig. 8 Single line diagram of two buses of a distribution system with SSVR consideration  

 
 

newα
α

SSVRV
SSVRV

LI

θ iV

newjV

jV
LIR.−

LIjX .−ρ

 
Fig. 9 Phasor diagram of voltages and current of the system shown in Fig. 8 

 
Separating the real and imaginary parts of equation (15) yields to: 
 

)V(alRe)ZI(alRecosV)
2

cos(V iLnewnewjSSVR δθαθπ
∠−∠+=+  (17) 

 
and: 
 

)V(agIm)ZI(agImcosV)
2

sin(V iLnewnewjSSVR δθαθπ
∠−∠+=+  (18) 

 
 
 

 
Equations (19) and (20) are obtained from equations (17) and (18), respectively by 
considering the following assumptions: 
 

)
2

cos(a1 θπ
+=  

)
2

sin(a2 θπ
+=  

newjVb =  
)V(alRe)ZI(alRec iL1 δθ ∠−∠=  
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)V(agIm)ZI(agImc iL2 δθ ∠−∠=  

SSVRVx =1  

new2x α=  
 

1211 cxcosbxa +=  (19) 
 

 
 
 
 
 

2222 cxsinbxa +=  (20) 
 
 
 

Where, 1a , 2a , 1c and 2c are constants and b is the magnitude of compensated voltage (1p.u. ) 
and 1x , 2x are variables. By equating equations (19) and (20), it can be shown that: 
 

1
2

22
2

11 =⎟
⎠

⎞
⎜
⎝

⎛ −
+⎟

⎠

⎞
⎜
⎝

⎛ −
b

cxa
b

cxa  (21) 

 
Then: 
 

1
b

ccx
b

caca2x
b

aa
2

2
2

2
1

12
22112

12

2
2

2
1 =

+
+

+
−

+  (22) 

 
Therefore: 
 

A2
Bx1

Δ±−
=  (23) 

 
Where: 
 

2

2
2

2
1

b
aa

A
+

=  

2
22112

b
caca

B
+

−=  

2

2
2

2
1

b
cc

C
+

=  

AC4B2 −=Δ  
 
Two roots for SSVRVx =1  are derived out of which one of them is acceptable. To determine 
the correct answer, these roots are examined under the following boundary conditions in the 
load flow results: 
 
'' if jnewj VVb 0==  then 0Vx SSVR1 == '' 

After testing these conditions on the load flow results, the correct answer for 1x  is selected 
as: 
 

A2
Bx1

Δ+−
=  (24) 
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Then, using equations (25) or (26), newx α=2  can be defined as shown below: 
 

⎟
⎠
⎞

⎜
⎝
⎛ −

= −

b
cxacosx 111

2  (25) 

 
or: 
 

⎟
⎠
⎞

⎜
⎝
⎛ −

= −

b
cxasinx 221

2  (26) 

 
Finally, injected reactive power by SSVR can be expressed as: 
 

∗= LSSVRSSVR IVQj ..  (27) 
 
 

Where: 
 

\ )
2

(VV SSVRSSVR
πθ +∠=  

θ∠= LL II  
 
Where, symbol " * " denotes conjugate of complex variable. 
 
 
2.6. Modeling of SSVR in its Maximum Rating of Reactive Power Injection  
The equations of pervious subsection are achieved based on the assumption that SSVR has 
no capacity limit in terms of reactive power injection for voltage compensation (1 p.u.).In 
this section, the effect of SSVR capacity limit on the voltage compensation is considered 
and it is assumed that the maximum injected reactive power is 

maxSSVRQ . Therefore, when 
the calculated reactive power according to (27) is greater than the maximum reactive power 
rating of SSVR, the injected reactive power by SSVR is set to its maximum rating 
(

maxSSVRQ ). In this situation, maximum magnitude of injected series voltage by SSVR,  i.e.  

maxSSVRV , can be expressed as follow by using (27): 
 

L

maxSSVR
maxSSVR I

Q
V =  (28) 

 
Furthermore, the phase angle of injected series voltage by SSVR can be determined from 
(16). Accordingly, the injected voltage by SSVR in this case can be expressed as below: 
 

)
2

(VV maxSSVRmaxSSVR θπ
+∠=  (29) 

 

In this case however, the magnitude of compensated voltage can not be regulated in the 
specified value (for example 1p.u.). The, new voltage magnitude ( newjV ′ ) and phase angle 

( newα′ ) of the compensated node j are formulated by considering (29) in (15) as the 
following equation: 
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)
2

(VI)jXR(VV maxSSVRLinewnewj
πθθδα +∠+∠+−∠=′∠′  (30) 

 
3. Radial Distribution System Load Flow 
Load flow is an important and basic method for analysis, operation and planning studies of 
any power system in a steady-state condition. By using load flow, it can be determined that 
which variables exceed their limits and thus efficient corrective solutions such as shunt, 
series and other compensation techniques must be taken to stir the state variables within an 
acceptable and secured operating zone. Most distribution systems are fed at one point and 
have a radial structure. Several methods have been developed for radial distribution systems 
[18-20]. An efficient and simple load flow method based on backward/forward sweeps is 
used in this paper and is described below [20].  
 
3.1. Load Flow Equations  
It is assumed that the three-phase radial distribution system is balanced. The single line 
diagram of two buses of a given distribution system is shown in Fig. 10. Voltage of node i 
can be expressed as: 
 

11 −−
+

ii LL jQP ii LL jQP +

1−iV
iR iX

iI

iV

 
Fig. 10 Single line diagram of two buses of a distribution system 

 
)i(Z)i(I)1i(V)i(V −−=  (31) 

 

Where: 
 

−)(iV voltage of node i 
−− )1(iV voltage of node i-1 

−)(iZ impedance of line i 
−)(iI  current flow in line i 

The load current of node i, )(iI L , can be written as: 
 

)i(V
)i(Q)i(P)i(I *

LL
L

−
=  (32) 

 
Where, )(iPL and )(iQL are active and reactive power of the load connected to node i , 
respectively. 
The current through branch i, ),(iI  is equal to load current of node i, )(iI L , plus the sum of 
the branch currents which are connected to this line, i.e.: 

∑
∈

+=
iBj

L )j(I)i(I)i(I  (33) 

 
Where, set iβ  consists of all branches which are connected to node i. Node i is designated 
as an end node for which set iβ  is empty and thus, current through branch i which is 
connected to the end nod i can be expressed as: 
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)()( iIiI L=  (34) 

 
3.2. Backward/Forward Sweeps in Load Flow and Convergence Criterion  

Initially, a constant voltage of all nodes is assumed to be ( 01 .u.p ∠ ). Then all load currents 
are computed using equation (32). After that, branch currents are computed using equations 
(33) or (34) in backward sweeps. Thereafter, voltage of each node is calculated using 
equation (31) in forward sweeps. Once the new values of voltages of all nodes are 
computed, convergence criterion of the solution is checked. If it does not converge, then 
load currents are computed using the most recent values of voltages and the whole process 
is repeated. The convergence criterion is that, in successive iterations the maximum 
difference in voltage magnitudes must be less than 0.0000l p.u.. 
 
4. Modeling of Distribution System FACTS Devices in Load Flow 
 
4.1. Modeling of D-STATCOM in Load Flow 
For modeling D-STATACOM in load flow calculations, in any iteration in forward sweep, 
at first, it is assumed that the voltage magnitude of the compensated node is 1p.u.. Then, the 
phase angle of compensated voltage and rating of injected reactive power by D-STATCOM 
are calculated from equations (13) and (14), respectively. Then, the new voltage magnitude 
and phase angle of the compensated node are utilized to determine voltage of  
D-STATCOM location down stream nodes in the forward sweep of load flow. If calculated 
reactive power by (14) is greater than the maximum reactive power rating of  
D-STATACOM, injected reactive power of D-STATCOM is set to its maximum rating and 
is considered as negative constant value in load model and load flow program is solved in a 
normal way as if there is no D-STATCOM. The updated voltage of nodes and injected 
reactive power by D-STATACOM are used to determine the load currents using equation 
(32) in the next backward sweep of load flow. These procedures are continued until load 
flow is converged. 

 

4.2. Modeling of SSVR in Load Flow 
As mentioned before, SSVR is a series device that injects a series voltage to the distribution 
system to improve voltage of interested node in the steady-state condition. Therefore, for 
modeling of SSVR in any iteration of load flow in forward sweep, at first, it is assumed that 
the voltage magnitude of the compensated node is 1p.u.. Then, the phase angle of 
compensated voltage and rating of injected reactive power by SSVR are calculated from 
equations (25) and (27), respectively. If calculated reactive power is greater than the 
maximum reactive power rating of the SSVR, the magnitude and phase angle of 
compensated voltage are derived from (30) and injected reactive power by SSVR must be 
set to its maximum rating. Then, in the forward sweep of the load flow, new magnitude and 
phase angle of compensated node are utilized to determine voltage of SSVR location down 
stream nodes. Then, updated voltages of nodes are used for the determination of load 
currents using equation (32) in the next backward sweep. These processes are continued 
until the load flow is converged. 
5. Simulation Results 
Two distribution systems consisting of 33 and 69 buses are selected and the proposed 
models associated with D-STATCOM and SSVR are used to examine the applicability of 
D-STATCOM and SSVR and illustrate the proposed approach. The results obtained in 
these systems are briefly summarized in the following sections. 
 

5.1. D-STATCOM and SSVR installation in 33-Bus Test System 
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The single line diagram of the 12.66 kV, 33-bus, 4-lateral radial distribution system is 
shown in Fig. 11. The data of the system are obtained from [21]. The total load of the 
system is considered as (3715+ j 2300) kVA. A summery of load flow solution before D-
STATCOM and SSVR installation is presented in Table 1. It is assumed that the upper and 
lower limits of voltage magnitude are 1.05 p.u. and 0.95 p.u., respectively. It can be seen that 
21 nodes out of 33 nodes of the distribution system (63.63 %) have under voltage problem. 
 

22 23 24

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

3231302928272625

21201918

22 23 24

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

3231302928272625

21201918  
Fig. 11 single line diagram of 33 bus distribution system 

  
 

In order to illustrate and compare the effects of D-STATCOM and SSVR implementing 
in the distribution system, different locations are selected for installation of D-STATCOM 
and SSVR. For this purpose, nodes 17 and 32 as the end nodes, nodes 12 and 28 in the 
laterals, and nodes 3 and 5 in the main feeder of the distribution system are selected. In fact, 
D-STATCOM and SSVR are utilized to compensate voltage at the selected nodes to 1p.u. 
and to improve voltage of other nodes in the system. Also, effect of capacity constraint in 
D-STATCOM and is considered and compared to the case that they have no capacity limit. 
It should be noted that the compensators are not installed at selected node simultaneously 
and only one compensator is used at a time while performing load flow calculations.  

Table 2 shows the result of load flow calculations with Un Limited SSVR (SSVR without 
capacity limit for reactive power injection) consideration for compensation of voltage in the 
selected nodes. It is observed from Table 2 that when SSVR is installed in each line of the 
distribution system, only the voltage of the downstream nodes is improved, whereas that of 
the upstream nodes is slightly improved. For example, by installing an SSVR in line 32, in 
order to compensate voltage at node 32 (the end node), only the voltage of node 32 is 
improved and regulated at 1p.u. while the voltage of other nodes are affected rarely. In other 
words, SSVR installation in line 32 mitigates under voltage problem of only one node out 
of 33 nodes (3.03 %). Similarly, the same results are achieved by SSVR installation in line 
17(Table 2). In the next stage of simulation, the effect of SSVR installation in the laterals of 
the distribution system is considered. For this purpose, an SSVR is installed in line 12 for 
voltage compensation at node 12. The results show that SSVR installation in this line, 
strongly improves the voltage of neighboring downstream nodes (13, 14, 15, 16 and 17) and 
therefore mitigates under voltage problem of these nodes. Furthermore, the voltage of 
upstream nodes is slightly improved. For example, only voltage of node 5 (an upstream 
node) is compensated from 0.9497 p.u. (Table 1) to 0.9509 p.u. (Table 2) and its under voltage 
problem is mitigated. Similar result is obtained by SSVR installation in line 28 (Table 2). 
Afterwards, the effect of SSVR installation in the main feeder of the distribution system is  

 
 
 
 

 Table 1 Voltage magnitude and phase angle in 33 bus distribution system without 
implementing D-STATCOM  and SSVR 

Node 
No. 

Voltage 
Magnitude 

Pahse 
Angle 

Node 
Number

Voltage 
magnitude 

Pahse 
Angle 

Node 
Number

Voltage 
Magnitude 

Pahse 
Angle 

Node 
No. 

Voltage 
Magnitude 

Pahse 
Angle 
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(p.u.) (degree) (p.u.) (degree) (p.u.) (degree) (p.u.) (degree) 
0 1.0000 0 9 0.9292 -0.1959 18 0.9965 0.0037 27 0.9337 0.3112 
1 0.9970 0.0145 10 0.9284 -0.1887 19 0.9929 -0.0633 28 0.9255 0.3891 
2 0.9829 0.0961 11 0.9269 -0.1772 20 0.9922 -0.0827 29 0.9219 0.4944 
3 0.9755 0.1617 12 0.9208 -0.2685 21 0.9916 -0.1030 30 0.9178 0.4100 
4 0.9681 0.2283 13 0.9185 -0.3472 22 0.9794 0.0651 31 0.9168 0.3869 
5 0.9497 0.1339 14 0.9171 -0.3849 23 0.9727 -0.0236 32 0.9166 0.3792 
6 0.9462 -0.0964 15 0.9157 -0.4081 24 0.9694 -0.0673   
7 0.9413 -0.0603 16 0.9137 -0.4854 25 0.9477 0.1734   
8 0.9351 -0.1334 17 0.9131 -0.4950 26 0.9452 0.2296   

 
 

Table 2 Voltage magnitude in 33 bus distribution system with Un Limited SSVR consideration 
The line where SSVR installed in it The line where SSVR installed in it Node 

No. 3 5 12 28 17 32 
Node
No. 3 5 12 28 17 32 

1 0.9971 0.9971 0.9971 0.9971 0.9970 0.9970 17 0.9393 0.9654 0.9929 0.9143 1.0000 0.9132 
2 0.9832 0.9834 0.9832 0.9832 0.9830 0.9830 18 0.9965 0.9966 0.9965 0.9965 0.9965 0.9965 
3 1.0000 0.9763 0.9759 0.9759 0.9756 0.9755 19 0.9930 0.9930 0.9930 0.9930 0.9929 0.9929 
4 0.9928 0.9692 0.9687 0.9686 0.9682 0.9681 20 0.9923 0.9923 0.9923 0.9923 0.9922 0.9922 
5 0.9749 1.0000 0.9509 0.9508 0.9500 0.9498 21 0.9916 0.9917 0.9916 0.9916 0.9916 0.9916 
6 0.9715 0.9967 0.9479 0.9473 0.9467 0.9463 22 0.9796 0.9799 0.9796 0.9796 0.9794 0.9794 
7 0.9668 0.9921 0.9433 0.9425 0.9419 0.9415 23 0.9730 0.9732 0.9730 0.9729 0.9728 0.9727 
8 0.9607 0.9862 0.9376 0.9362 0.9358 0.9352 24 0.9696 0.9699 0.9696 0.9696 0.9694 0.9694 
9 0.9550 0.9807 0.9325 0.9304 0.9302 0.9294 25 0.9730 0.9982 0.9490 0.9490 0.9481 0.9479 

10 0.9542 0.9799 0.9317 0.9296 0.9293 0.9285 26 0.9705 0.9957 0.9464 0.9465 0.9455 0.9453 
11 0.9528 0.9784 0.9303 0.9281 0.9279 0.9270 27 0.9594 0.9849 0.9349 0.9358 0.9341 0.9339 
12 0.9468 0.9727 1.0000 0.9220 0.9220 0.9209 28 0.9514 0.9771 0.9267 1.0000 0.9258 0.9258 
13 0.9446 0.9705 0.9979 0.9197 0.9199 0.9186 29 0.9479 0.9737 0.9232 0.9967 0.9223 0.9222 
14 0.9432 0.9692 0.9966 0.9183 0.9186 0.9172 30 0.9439 0.9698 0.9190 0.9929 0.9181 0.9182 
15 0.9419 0.9679 0.9954 0.9169 0.9174 0.9159 31 0.9430 0.9689 0.9181 0.9920 0.9172 0.9173 
16 0.9399 0.9660 0.9935 0.9149 0.9158 0.9138 32 0.9427 0.9687 0.9178 0.9918 0.9169 1.0000 

 

 
investigated. It is observed from Table 2 that when SSVR is installed in line 5, under 
voltage problem in all nodes are mitigated. 
Also, the effect of SSVR installation in each line of the distribution system is studied and 
the results are shown in Table 3. This table includes Rate of Under Voltage Mitigated 
Nodes (RUVMN) and the amount of injected reactive power by Un Limited SSVR and 75 
kVA SSVR. The plus sign for reactive power rating of SSVR indicates that the injected 
voltage by SSVR leads by 90º with respected to its current. From the voltage profile 
improvement viewpoint, SSVR installation in lines 21, 24, 17, and 32 for voltage 
compensation respectively at nodes 21, 24, 17, and 32(the end nodes), has a small 
effectiveness in the distribution system. Also, SSVR installation for voltage compensation 
at nodes 18, 19, 20, 21, 22, 23 and 24 can not improve voltage of the other nodes 
significantly. The reason for this is that voltage at these nodes are within limits before 
installation of SSVR (Table 1) and moreover are located far from theunder voltage nodes. 
Based on the results shown in Table 3, the best location for Un Limited SSVR installation 
for under voltage mitigation is line 5 because RUVMN is 63.63% in this location. In order 
to study the effect of capacity limit for reactive power injection in SSVR, it is assumed that 
the maximum injected reactive power by SSVR is 75 kVA. Table 3 shows that the ability of 
SSVR in voltage compensation is decreased when its reactive power rating is limited. The 
results show that the RUVMN by 75 kVA SSVR installation is decreased in many places as 
compared toUn Limited SSVR installation. Also the usefulness of SSVR decreases much 
more when the difference between required reactive power and maximum rating of reactive 
power of it becomes greater. For example, 75 kVA SSVR installation at lines 3, 4, 5, 6 and 
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7 causes RUVMN decrease from 33.33% to 18.18%, from 54.54% to 21.21%, from 63.63% 
to 21.21%, from 39.39% to 21.21%, and from 36.36% to 21.21%, respectively. In the best 
case, 75 kVA SSVR can mitigate only 33.33% of under voltage problem in the system and 
it is achieved when it is installed in line 8. 
 

Table 3 Rate of Under Voltage Mitigated Nodes (RUVMN) and injected reactive 
power by Un Limited SSVR and 75 kVA SSVR in 33 bus distribution system 

SSVR 
Location 

Un Limited 
SSVR 

75 kVA 
 SSVR 

SSVR 
Location

Un Limited 
SSVR 

75 kVA 
 SSVR 

Line No. RUVMN
(%) 

RPR 
(kVA)

RUVMN
(%) 

RPR 
(kVA) Line No. RUVMN

(%) 
RPR 

(kVA)
RUVMN 

(%) 
RPR 

(kVA) 
1 6.060 +25.86 6.060 +25.86 17 6.060 +34.80 6.060 +34.80 
2 21.21 +127.7 15.15 +75 18 0 +3.419 0 +3.419 
3 33.33 +122.1 18.18 +75 19 0 +5.203 0 +5.203 
4 54.54 +149.4 21.21 +75 20 0 +3.825 0 +3.825 
5 63.63 +223.8 21.21 +75 21 0 +2.076 0 +2.076 
6 39.39 +167.9 21.21 +75 22 0 +51.06 0 +51.06 
7 36.36 +153.8 21.21 +75 23 0 +62.03 0 +62.03 
8 33.33 +137.8 33.33 +75 24 0 +35.27 0 +35.27 
9 30.30 +135.1 30.30 +75 25 27.27 +99.37 27.27 +75 
10 27.27 +119.9 27.27 +75 26 24.24 +97.33 24.24 +75 
11 24.24 +118.1 24.24 +75 27 21.21 +108.0 21.21 +75 
12 21.21 +122.0 21.21 +75 28 18.18 +111.7 18.18 +75 
13 18.18 +121.9 18.18 +75 29 15.15 +99.65 15.15 +75 
14 15.15 +91.19 15.15 +75 30 12.12 +106.3 12.12 +75 
15 12.12 +81.98 12.12 +75 31 9.09 +67.47 9.09 +67.47 
16 9.090 +44.47 9.090 +44.47 32 3.03 +12.19 3.03 +12.19 

           RUVMN: Rate of Under Voltage Mitigated nodes; RPR: Reactive Power Rating 
 
Table 4 shows the result of load flow calculations to illustrate the effect of Un Limited  

D-STATCOM (D-STATCOM without capacity limit for reactive power injection) 
installation for voltage compensation approach. From the voltage profile improvement 
viewpoint, D-STATCOM is more effective as compared to SSVR. The results show that  
D-STATCOM not only improves the voltage of the nearby downstream nodes, but also 
improves the nearby upstream nodes. This particularly happens for the nodes which are 
located between D-STATCOM and the source. D-STATCOM installation in node 32 (the 
end node), for example, causes the voltage of node 32 to regulate to 1p.u, and additionally it 
can improve voltage of nodes 31, 30, 29, 28, 27, 26, 25 and 5 which are located between  
D-STATCOM and the source, and also the nodes 6, 7, 8 and 9 which are located in nearby 
feeder. In other words, D-STATCOM installation in line 32 mitigates under voltage 
problem of 13 nodes out of 33 nodes (39.39 %) which is much greater than the case when 
SSVR is installed for compensation of node 32 (3.03 %). It is observed from Tables 4 and 2 
that the D-STATCOM has a better effectiveness to solve under voltage problem compared 
to SSVR. 

Table 5 shows the Rate of Under Voltage Mitigated Nodes (RUVMN) and injected 
reactive power by Un Limited D-STATCOM and 2 MVA D-STATCOM when it is 
installed in each node of 33-bus distribution system. It can be seen from Tables 5 and 3 that 
RUVMN is considerably increased by using D-STATCOM installation as compare to 
SSVR installation. Additionally, it is observed that reactive power rating needed for Un 
Limited D-STATCOM is much greater than Un Limited SSVR. Table 5 shows that the best 
locations for Un Limited D-STATCOM installation for under voltage problem 
 

Table 4 Voltage magnitude in 33 bus distribution system with Un Limited D-STATCOM 
consideration  

Node The node where D-STATCOM installed in Node The node where D-STATCOM installed in 
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it it 
No. 

3 5 12 28 17 32 
No.

3 5 12 28 17 32 
1 0.9993 0.9986 0.9977 0.9980 0.9974 0.9977 17 0.9393 0.9654 0.9929 0.9450 1.0000 0.9349 
2 0.9978 0.9932 0.9872 0.9893 0.9855 0.9873 18 0.9988 0.9981 0.9972 0.9975 0.9969 0.9972 
3 1.0000 0.9923 0.9823 0.9859 0.9797 0.9826 19 0.9952 0.9945 0.9936 0.9939 0.9933 0.9936 
4 0.9928 0.9919 0.9777 0.9827 0.9740 0.9781 20 0.9945 0.9938 0.9929 0.9932 0.9926 0.9929 
5 0.9749 1.0000 0.9702 0.9804 0.9621 0.9706 21 0.9939 0.9932 0.9923 0.9926 0.9920 0.9923 
6 0.9715 0.9967 0.9766 0.9770 0.9645 0.9672 22 0.9943 0.9897 0.9836 0.9857 0.9820 0.9838 
7 0.9668 0.9921 0.9751 0.9723 0.9616 0.9625 23 0.9877 0.9831 0.9770 0.9791 0.9753 0.9771 
8 0.9607 0.9862 0.9803 0.9663 0.9621 0.9563 24 0.9844 0.9798 0.9736 0.9758 0.9720 0.9738 
9 0.9550 0.9807 0.9863 0.9606 0.9632 0.9507 25 0.9730 0.9982 0.9683 0.9808 0.9602 0.9702 
10 0.9542 0.9799 0.9864 0.9598 0.9629 0.9498 26 0.9705 0.9957 0.9658 0.9814 0.9576 0.9698 
11 0.9528 0.9784 0.9869 0.9584 0.9625 0.9483 27 0.9594 0.9849 0.9546 0.9917 0.9463 0.9729 
12 0.9468 0.9727 1.0000 0.9524 0.9674 0.9424 28 0.9514 0.9771 0.9466 1.0000 0.9382 0.9757 
13 0.9446 0.9705 0.9979 0.9503 0.9722 0.9402 29 0.9479 0.9737 0.9431 0.9967 0.9347 0.9762 
14 0.9432 0.9692 0.9966 0.9489 0.9759 0.9388 30 0.9439 0.9698 0.9390 0.9929 0.9306 0.9871 
15 0.9419 0.9679 0.9954 0.9476 0.9798 0.9374 31 0.9430 0.9689 0.9381 0.9920 0.9297 0.9919 
16 0.9399 0.9660 0.9935 0.9456 0.9949 0.9355 32 0.9427 0.9687 0.9378 0.9918 0.9294 1.0000 
 

 
Table 5 Rate of Under Voltage Mitigated Nodes (RUVMN) and injected reactive power 

by D-STATCOM in 33 bus distribution system 
D-STATCOM 

Location  
Un Limited 

D-STATCOM 
2 MVA 

D-STATCOM 
D-STATCOM 

Location 
Un Limited 

D-STATCOM 
2 MVA 

D-STATCOM 
Node 
 No. 

RUVMN
(%) 

RPR 
(MVA)

RUVMN
(%) 

RPR 
(MVA)

Node 
 No. 

RUVMN
(%) 

RPR 
(MVA)

RUVMN 
(%) 

RPR 
(MVA) 

1 6.060 10.139 3.030 2 16 45.45 1.6827 45.45 1.6827 
2 21.21 9.2845 9.090 2 17 45.45 1.5926 45.45 1.5926 
3 33.33 8.2763 12.12 2 18 3.030 2.7574 3.030 2 
4 54.54 7.7436 15.15 2 19 0 0.7285 0 0.7285 
5 63.63 5.8910 21.21 2 20 0 0.6128 0 0.6128 
6 63.63 4.2864 30.30 2 21 0 0.4540 0 0.4540 
7 63.63 4.2610 33.33 2 22 15.15 5.5440 9.090 2 
8 54.54 3.5848 48.48 2 23 12.12 3.3813 9.090 2 
9 51.51 3.1556 48.48 2 24 9.090 2.4791 6.060 2 

10 51.51 3.1520 48.48 2 25 63.63 5.7136 21.21 2 
11 51.51 3.1433 48.48 2 26 63.63 5.4894 21.21 2 
12 48.48 2.6401 48.48 2 27 60.60 4.1806 36.36 2 
13 48.48 2.3644 48.48 2 28 51.51 3.6768 36.36 2 
14 48.48 2.2075 45.45 2 29 48.48 3.5853 36.36 2 
15 48.48 2.0738 45.45 2 30 45.45 2.9796 36.36 2 
12 48.48 2.6401 48.48 2 31 45.45 2.7883 36.36 2 
13 48.48 2.3644 48.48 2 32 39.39 2.5173 36.36 2 

       RUVMN: Rate of Under Voltage Mitigated nodes; RPR: Reactive Power Rating 
 
mitigation are nodes 7, 6, 26, 25 and 5, respectively which have RUVMN equals to 
63.63%. The suggested locations for Un Limited D-STATCOM are ordered in terms of 
RUVMN as well as required reactive power for compensation. In order to study the effect 
of capacity limit for reactive power injection in D-STATCOM, it is assumed that the 
maximum injected reactive power by D-STATCOM is 2 MVA. Table 5 shows that the 
ability of D-STATCOM in voltage compensation is decreased when its reactive power 
rating is limited. Table 5 shows RUVMN by 2 MVA D-STATCOM installation is 
decreased in many places as compared to Un Limited D-STATCOM installation. Also the 
usefulness of D-STATCOM decreases much more when the difference between required 
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reactive power and maximum rating of reactive power of D-STATCOM becomes greater. 
For example, 2 MVA D-STATCOM installation at nodes 5, 6, 7, 25 and 26 causes 
RUVMN decrease from 63.63% to 21.21%, 30.30%, 33.33%, 21.21% and 21.21%, 
respectively. Table 4 shows that the best locations for 2 MVA D-STATCOM installation 
for voltage compensation are nodes 8, 9, 10, 11, 12 and 13 which have RUVMN equals to 
48.48% . 

 
5.2. D-STATCOM and SSVR installation in 69-Bus Test System 
The 12.66 kV, 69-bus, 8-lateral radial distribution system based on new node numbering 
with few modifications in active and reactive power demand is considered as another test 
system. The data of the system are obtained from [22]. The load of the system is considered 
as (4.0951+ j 2.8630) MVA. New and basic node numbering is presented in  
Table 6. The upper and lower limits of voltage magnitude are considered 1.05 p.u. and 0.95 
p.u., respectively. A summery of load flow solution before D-STATCOM or SSVR 
installation shows that 18 nodes out of 69 nodes of the distribution system (26.08%) have 
under voltage problem. These nodes consist of the nodes with numbering from 18 to 26 and 
45 to 53 (based on new node numbering). 

Table 6 shows the results of D-STATCOM and SSVR installation in each location of 69-
bus distribution. This table includes the Rate of Under Voltage Mitigated Nodes (RUVMN) 
and the injected reactive power by Un Limited SSVR, 75 kVA SSVR, Un Limited  
D-STATCOM and 2 MVA D-STATCOM. The plus sign for reactive power rating of SSVR 
indicates that the injected voltage by SSVR leads by 90º with respected to its current. From 
the voltage profile improvement viewpoint, the results show that Un Limited D-STATCOM 
is more effective as compared to Un Limited SSVR, 75 kVA SSVR and 2 MVA  
D-STATCOM. Also, it is observed that 2 MVA D-STATCOM has a better effect in many 
locations rather than 75 kVA SSVR and 2 MVA. Additionally, the results show that 
reactive power rating needed for D-STATCOM is much greater than SSVR. Based on the 
result shown in Table 7, the best locations for Un Limited SSVR for under voltage problem 
mitigation are lines 7, 8 and 45, respectively which have RUVMN equals to 15.94%. 
Furthermore, the best locations for 75 kVA SSVR are lines 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18 and 19 which have RUVMN equals to 13.04%. Moreover, the best location 
for Un Limited D-STATCOM are nodes 53, 45, 52, 46, 47, 51, 50, 48 and 49, respectively 
due to RUVMN is equals to 26.08% in these locations. Also, the best locations for 2 MVA 
D-STATCOM are nodes 45, 46, 47, 48, 49, 50, 51, 52 and 53 which have RUVMN equals 
to 14.49%. The suggested locations for Un Limited SSVR and Un Limited D-STATCOM 
are ordered in terms of RUVMN as well as required reactive power for compensation. 
Besides, Table 6 shows that the ability of D-STATCOM and SSVR in voltage 
compensation is decreased when their reactive power rating are limited.  

Totally, in comparing the effect of SSVR and D-STATCOM installation in the two 
cases, it is concluded that the performance of these devices in the system as well as their 
effectiveness are similar. 

 
5.3. Comparison of the proposed model with the pervious models 

As mentioned above, D-STATCOM and SSVR are Shunt and Series Distribution 
FACTS devices, respectively. On the other hand, STATCOM (STATic COMpensator) and 
SSSC (Static Synchronous Series Compensator) are Shunt and Series FACTS devices, 
respectively, which are used in transmission systems. General structure and model of  
D-STATCOM is similar to STATCOM and also SSVR is similar to SSSC [14]; however,  

 

Table 6 Rate of Under Voltage Mitigated Nodes (RUVMN) and injected reactive power by  
Un Limited SSVR, 75 kVA SSVR Un Limited D-STATCOM and 2 MVA D-STATCOM 

 in 69 bus distribution system 
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RUVMN (%) Reactive Power Injection RUVMN (%) Reactive Power Injection 
CN CN 

SSVR 
(kVA) 

D-
STATCOM

(MVA) 
SSVR  
(kVA) 

D- 
STATCOM 

(MVA) 
SSVR 
(kVA) 

D-
STATCOM

(MVA) 
SSVR  
(kVA) 

D- 
STATCOM 

(MVA) Node 
No. 

Node 
No. 

new basic 
UL 75 

kVA UL 2 
MVA UL 75 

kVA UL d 2 
MVA new basic

UL 75 
kVA UL 2 

MVA UL 75 
kVA UL 2 

MVA 

1 1 0 0 0 0 +0.33 +0.33 4.791 2 35 35 0 0 0 0 +0.39+0.39 2.476 2 
2 2 0 0 0 0 +0.66 +0.66 4.791 2 36 36 0 0 0 0 +2.63+2.63 1.055 1.055
3 3 0 0 0 0 +1.50 +1.50 4.605 2 37 37 0 0 0 0 +8.60+8.60 0.910 0.910
4 4 2.89 2.89 2.89 1.44 +7.46 +7.46 4.867 2 38 38 0 0 0 0 +4.76+4.76 0.826 0.826 
5 5 13.0 13.0 13.0 13.0 +75.1 +75 7.947 2 39 40 0 0 14.4 13.0 +2.28+2.28 7.567 2 
6 6 14.4 13.0 14.4 13.0 +143. +75 8.268 2 40 41 0 0 14.4 13.0 +0.18+0.18 6.316 2 
7 7 15.9 13.0 15.9 13.0 +157. +75 8.298 2 41 42 5.79 1.44 17.3 13.0 +115. +75 7.859 2 
8 8 15.9 13.0 15.9 13.0 +158. +75 8.294 2 42 43 5.79 1.44 17.3 13.0 +128. +75 7.495 2 
9 9 13.0 13.0 14.4 13.0 +67.2+67.2 6.982 2 43 44 7.24 1.44 18.8 13.0 +144. +75 7.134 2 
10 10 13.0 13.0 14.4 13.0 +67.6+67.6 6.803 2 44 45 10.1 1.44 21.7 13.0 +160. +75 6.879 2 
11 11 13.0 13.0 14.4 13.0 +58.1+58.1 6.130 2 45 46 15.9 1.44 26.0 14.4 +247. +75 7.651 2 
12 12 13.0 13.0 14.4 13.0 +42.9 +42.8 5.328 2 46 47 14.4 0 26.0 14.4 +289. +75 8.264 2 
13 13 13.0 13.0 13.0 13.0 +45.7 +45.7 4.849 2 47 48 13.0 0 26.0 14.4 +305. +75 8.62 2 
14 14 13.0 13.0 13.0 13.0 +48.4 +48.4 4.554 2 48 49 11.5 0 26.0 14.4 +307. +75 9.369 2 
15 15 13.0 13.0 13.0 13.0 +49.0 +49.0 4.514 2 49 50 10.1 0 26.0 14.4 +334. +75 9.419 2 
16 16 13.0 13.0 13.0 13.0 +43.5+43.5 4.432 2 50 51 5.79 5.79 26.0 14.4 +88.6 +75 9.272 2 
17 17 13.0 13.0 13.0 13.0 +34.2+34.2 4.431 2 51 52 4.34 4.34 26.0 14.4 +82.7 +75 9.060 2 
18 18 13.0 13.0 13.0 13.0 +25.2+25.2 4.329 2 52 53 2.89 2.89 26.0 14.4 +84.7 +75 8.202 2 
19 19 13.0 13.0 13.0 13.0 +25.4+25.4 4.269 2 53 54 1.44 1.44 26.0 14.4 +13.4+13.4 6.952 2 
20 20 11.5 11.5 13.0 13.0 +25.5+25.5 4.180 2 54 55 0 0 14.4 13.0 +2.56+2.56 6.408 2 
21 21 8.69 8.69 13.0 13.0 +8.69+8.69 4.175 2 55 56 0 0 14.4 13.0 +1.28+1.28 6.400 2 
22 22 7.24 7.24 13.0 13.0 +7.89+7.89 4.118 2 56 57 0 0 14.4 13.0 +4.55+4.55 5.152 2 
23 23 5.79 5.79 13.0 13.0 +7.92+7.92 4.000 2 57 58 0 0 14.4 13.0 +2.27+2.27 5.147 2 
24 24 4.34 4.34 13.0 13.0 +3.73 +3.73 3.755 2 58 27e 0 0 0 0 +0.03+0.03 1.038 1.038
25 25 2.89 2.89 13.0 13.0 +3.74 +3.74 3.664 2 59 28e 0 0 0 0 +0.08+0.08 0.243 0.243
26 26 1.44 1.44 13.0 13.0 +1.63 +1.63 3.613 2 60 65 0 0 0 0 +0.11+0.11 0.227 0.227
27 27 0 0 0 0 +0.01 +0.01 0.955 0.955 61 66 0 0 0 0 +0.13+0.13 0.225 0.225
28 28 0 0 0 0 +0.02 +0.02 0.142 0.141 62 67 0 0 0 0 +0.10+0.10 0.225 0.225
29 29 0 0 0 0 +0.02 +0.02 0.144 0.144 63 68 0 0 0 0 +0.21+0.21 0.157 0.157
30 30 0 0 0 0 +0.02 +0.02 0.144 0.144 64 69 0 0 0 0 +0.26+0.26 0.150 0.150
31 31 0 0 0 0 +0.03 +0.03 0.145 0.145 65 70 0 0 0 0 +0.27+0.27 0.150 0.150
32 32 0 0 0 0 +0.05 +0.05 0.145 0.145 66 88 0 0 0 0 +0.25+0.25 0.150 0.150
33 33 0 0 0 0 +0.05 +0.05 0.123 0.123 67 89 0 0 0 0 +0.27+0.27 0.147 0.147
34 34 0 0 0 0 +0.01 +0.01 0.095 0.095 68 90 0 0 0 0 +0.13+0.13 0.147 0.147
CN: Compensated Node; RUVMN: Rate of Under Voltage Mitigated nodes; UL: Un Limited 
 
their application is different in distribution systems and transmission systems. Some models 
are reported for these FACTS devices in transmission system [14-17]. One of the simplest 
and the most efficient model for STATCOM in the steady state application is a PV bus 
model in Newton Raphson (NR) load flow method. In this model, STATCOM is modeled 
with its active power equal to zero and the lower bound and upper bound of reactive power 
of the PV bus is set to the lower and upper reactive power limit of STATCOM, 
respectively. This model is similar to the proposed model for D-STATCOM in this paper. 
In [16] model of static synchronous series compensator (SSSC) for Newton Raphson power 
flow algorithm was presented. This paper presented a multicontrol functional model of the 
SSSC for power flow analysis, which can be used for steady state control of one of the 
following parameters: 1) the active power flow on the transmission line; 2) the reactive 
power flow on the transmission line; 3) the voltage at the bus; and 4) reactance of the 
transmission line. For comparing this method with the SSVR proposed model in this paper, 
the bus voltage control mode is considered. Model of SSSC in this control mode is similar 
to the proposed model for SSVR in this paper. It should be noted that all of the four control 
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modes described in [16] are applied to the Jacobin matrix. Thus, because of ill conditioned 
of Jacobin matrix in radial structure, this method may not be converged or converged in 
high iterations in radial distribution system. In the following, the proposed models and the 
pervious models in the literature are compared with each other in terms of computational 
burden and execution time. For this approach 33-bus and 69-bus test system is considered. 
The proposed method is coded in MATLAB 7.4 environment on a Core 2 Duo processor,  
2 GHz CPU, 1 GB RAM of a personal computer. For the NR load flow calculation, the 
Newton Rapphson method program coded by Hadi Sadat [23] is used for modeling of the 
STATCOM and SSSC. A convergence tolerance is 1e-6 P.u. on bus voltage magnitude 
mismatches for backward/forward method and 1e-6 P.u. on active and reactive bus power 
mismatches for NR method. 
Tables 7 show number of iterations and CPU time needed for 2MVA D-STATCOM and 
2MVA STATCOM modeling convergence in the load flow calculations. Furthermore, these 
parameters are demonstrated in Table 8 for 75 kVA SSVR and 75 kVA SSSC. The results 
of Tables 7 and 8 show that the proposed models for D-STATCOM and SSVR are usually 
converged with fewer numbers of iterations as compared to the previous methods and  
 
 

Table 7 Comparison of the proposed model for  2 MVA D-STATCOM with the 2 MVA 
STATCOM model in 33 bus distribution system in term of Number of iteration and CPU time 
Location Number of 

iterations
CPU time 

(Sec) Location Number of 
iterations CPU time Location Number of 

iterations CPU time 

Node No. PM NRM PM NRM Node No. PM NRM PM NRM Node No. PM NRM PM NRM 
1 22 244 0.1251 1.95 12 8 1687 0.02687.457 23 12 1084 0.0182 4.852 
2 20 1331 0.0354 5.835 13 8 1097 0.01584.945 24 19 567 0.0239 2.511 
3 17 1834 0.0196 7.987 14 10 677 0.01823.058 25 6 3255 0.019214.524
4 25 2313 0.0337 10.53 15 10 259 0.01911.185 26 6 3315 0.016514.539
5 11 3205 0.014416.046 16 10 4 0.02820.078 27 29 3226 0.031614.212
6 45 2751 0.04 12.82 17 12 4 0.02140.078 28 6 3125 0.021 13.65 
7 6 2945 0.033813.775 18 14 101 0.02060.515 29 6 3137 0.018513.837
8 27 2664 0.0346 12.09 19 15 4 0.02120.063 30 8 2424 0.022211.279
9 8 2381 0.032710.795 20 28 4 0.03410.078 31 8 2092 0.0146 9.126 

10 8 2380 0.018510.187 21 13 4 0.01920.062 32 8 1513 0.0147 6.552 
11 8 2388 0.017710.452 22 7 1300 0.01455.803   

PM: Proposed Method; NRM: Newton Raphson Method 

 
Table 8 Comparison of the proposed model for  75 kVA SSVR with the 75 kVA SSSC  model in 

33 bus distribution system in term of Number of iterations and CPU time 

Location Number of 
iterations CPU time Location Number of 

iterations CPU time Location Number of 
iterations 

CPU 
time 

Line No. PM NRM PM NRM Line No. PM NRM PM NRM Line No. PM NRM PM NRM 
1 6 60 0.0107 0.3299 12 16 56 0.0181 0.302 23 6 26 0.0102 0.181 
2 5 25 0.02 0.19 13 22 53 0.0216 0.312 24 7 22 0.011 0.159 
3 5 29 0.0096 0.1967 14 202 51 0.142 0.276 25 6 53 0.0103 0.294 
4 5 34 0.0099 0.2129 15 202 45 0.1421 0.257 26 6 49 0.0101 0.274 
5 6 56 0.0106 0.312 16 202 45 0.1421 0.259 27 6 57 0.0103 0.304 
6 9 47 0.0124 0.2741 17 41 40 0.0339 0.241 28 6 64 0.0103 0.336 
7 9 51 0.0128 0.2933 18 6 8 0.0112 0.095 29 6 60 0.0106 0.318 
8 11 53 0.0137 0.2995 19 6 5 0.0104 0.08 30 13 64 0.0148 0.337 
9 11 76 0.0136 0.3963 20 6 5 0.0101 0.082 31 13 57 0.0147 0.3 

10 11 61 0.0136 0.3335 21 6 5 0.0103 0.079 32 8 59 0.0114 0.313 
11 12 53 0.0143 0.2884 22 6 23 0.0107 0.16   

PM: Proposed Method; NRM: Newton Raphson Method 
taking lower CPU time. Even in the cases that the pervious method converge in fewer 
numbers of iteration than the proposed method, these models take more CPU time than the 
proposed method, showing the efficiency of the proposed models in terms of computational 
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burden and elapsed CPU time. The same results are obtained for 69 bus test system that is 
not taken due to space limitation. 
 
6. Conclusion 
In this paper, models of Distribution FACTS devices consist of Distribution STATCOM 
(D-STATCOM) as shunt device and Series Static Voltage Restorer (SSVR) as series 
compensator in load flow are derived In these models rating and direction of reactive power 
injection designated as D-STATCOM and SSVR for the voltage compensation in desired 
value (1p.u.) is derived and discussed as analytically and mathematically through pahsor 
diagram method. Also, models of these devices in their maximum rating of reactive power 
injection are derived and presented mathematically. Models of D-STATCOM and SSVR 
are applied in load flow program in 33 and 69 bus test systems. Moreover, the best 
locations of D-STATCOM and SSVR for under voltage problem mitigation approach in the 
test systems are derived. The results presented indicate that D-STATCOM is more effective 
as compared to the SSVR, while rating needed for D-STATCOM is much greater than 
SSVR. The results also illustrate that the ability of D-STATCOM in voltage compensation 
is decreased when its reactive power rating is limited. Furthermore, the proposed models 
are compared with the earlier efficient methods in the literature in terms of computational 
burden and execution time and results show that they are usually converged with fewer 
numbers of iterations as compared to the previous methods and taking lower CPU time. The 
results indicate the validity of the proposed models for these devices in large distribution 
systems. 
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