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Abstract: - During the last decade power system have been equipped with complex components such as 
Distribution Static Var Compensators (D-SVCs). These components have introduced new possibilities to 
control power systems, D-SVCs can almost continuously change the amount of reactive power from 
capacitor banks. The behavior of these new components is different from 'old' technologies since they 
contain power electronics and detailed representations of them are non-linear. Due to their complexity 
they are difficult also to simulate. When studying power systems including such components, the analyzer 
must decide whether it is necessary to include a detailed model of them or not, i.e. to represent each event 
that takes place, or ignore them. In this paper, the load flow models for the static Var compensator 
distribution (D-SVC) are presented. These models are incorporated into existing load flow harmonic 
(LFH). The models of the D-SVC are based instead on the variable shunt susceptance concept. The D-
SVC state variables are combined with the bus voltage magnitudes and angles of the network. Two 
examples are examined in the principal content of this paper; both of them contain nonlinear loads. 
Conclusion is made concerning the application of harmonic power flow studies. 
 
 
Key-Words: - Static Var compensator in distribution (D-SVC), load flow harmonic (LFH), conventional load flow 
(CLF), fundamental load flow (FLF), harmonic. 
 
 
1 Introduction 
 In electric power systems, bus voltages are 
significantly affected by load variations and by 
network topology changes. Voltages can drop 
considerably and even collapse when the network is 
operating under heavy loading. This may trigger the 
operation of under-voltage relays and other voltage 
sensitive controls, leading to extensive disconnection 
of loads and thus adversely affecting consumers and 
company revenue. On the other hand, when the load 
level in the system is low, over-voltages can arise due 
to Ferranti effect. Capacitive over-compensation and 
over-excitation of synchronous machines can also 
occur. Over-voltages cause equipment failures due to 
insulation breakdown and produce magnetic 
saturation in transformers, resulting in harmonic 
generation. Hence, voltage magnitude throughout the 
network cannot deviate significantly from its nominal 
value if an efficient and reliable operation of the 
power system is to be achieved. Voltage regulation is 
achieved by controlling the production, absorption 
and flow of reactive power throughout the network. 
 This device is essentially a variable reactor that can 
adjust its reactive power consumption. The adjustment 
is realised through the firing angles of thyristors that 

normally operate in partial conducting states, and 
thereby produce harmonics (Miller 1982). 
 The generated harmonics depend critically on the 
control characteristics of a static distribution VAR 
compensator (D-SVC) with a thyristor-controlled 
reactor (TCR). However this makes the firing angles 
dependent on the network load flow conditions and 
harmonic voltage distributions (Xu et al 1991). Poor 
selection of firing angles can lead to increase in the 
amount of effective harmonic production of the TCR. 
From the operation point of view of the system, we 
need to model the harmonics accurately (Uzunoglu et 
al 1999). 

Static VAR compensators (D-SVCs) are applied on 
systems to improve voltage control and system 
stability during both normal and contingency system 
conditions [6]. 

The technical literature is populated with clever 
and elegant solutions for accommodating models of 
controllable plant in Newton–Raphson power flow 
algorithms; load tap-changing and phase-shifting 
transformers are typical examples of such work. The 
modelling approach used to represent controllable 
equipment can be broadly classified into two main 
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categories, namely, sequential and simultaneous 
solution methods [1]. 

The objective of this paper is to solve the 
network at fundamental and harmonic 
frequencies in the presence of nonlinear elements 
and unbalances with a harmonic load flow 
technique and to present a D-SVC model for 
flexible and robustness integration in harmonic 
power flow under balanced conditions. This 
integration is based in a fixed point iteration- 
Newton procedure for the conventional load flow 
(CLF).The D-SVC models have been tested in a 
wide range of power networks of varying sizes. 

2 D-SVC Load Flow Models  
In its simplest form, the D-SVC consists of a TCR 

in parallel with a bank of capacitors pictured in Fig 1. 
From an operational point of view, the D-SVC 
behaves like a shunt connected variable reactance, 
which either generates or absorbs reactive power in 
order to regulate the voltage magnitude at the point of 
connection to the AC network. It is used extensively 
to provide fast reactive power and voltage regulation 
support. The firing angle control of the thyristor 
enables the D-SVC to have almost instantaneous 
speed of response. 

The lowest harmonic orders reaching the primary 
winding of the transformer are , 13, which are 
normally removed by using tuned filters, satisfying 
constraint conditions.

11h

Fig.1 D-SVC circuit. 

The D-SVC is taken to be a variable-shunt 
susceptance, which is adjusted in order to achieve a 
specified voltage magnitude while satisfying 
constraint conditions. We will use three models of D-
SVC.

1.  DSVC injection model. 

2. D-SVC total susceptance model. 
3. D-SVC firing angle model.

2.1 The Injection Model 
The model of injection describes the FACTS as 

device which injects a quantity of reactive power 
to a bus, in this case the FACTS is represented like 

 element with

Q

QP / 0P

B ijP ijQ )(Bf

B

 . The model can be applied 
in the calculation of the load flow and in the 
calculation of the optimal power flow.  

In this model, it is independent of the internal 
design of the FACTS.     

2.2 Shunt Variable Susceptance Model 
In practice, the D-SVC can be seen as an 

adjustable reactance with either firing-angle limits or 
reactance limits. The equivalent circuit is used to 
derive the D-SVC nonlinear power equations and the 
linearised equations required by Newton’s method. 

The changing susceptance represents the total D-
SVC susceptance necessary to maintain the bus 
voltage magnitude at the specified value.  

Fig.2 Total susceptance model 
This model interprets the FACTS as a shunt (for 

shunt compensation) or series element (for series 
compensation), the power flow through the FACTS 
depends on , and = .Fig 2 shows a 1- 
port and 2-port black box. In network analysis every n 
port is represented by the impedance matrix which can 
be stated from the T or  circuit model of the 
network of element. Inserting the variable  in the 1- 
and 2-port models for shunt and series element leads 
to the 1-port matrix model for the shunt connected 
element. 
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Fig.3 1-port (a) and 2-port (b) element 

The 2-port model for the series element can be 
stated as: 

                           (2) 

Since it is well know how to implement the 1-
port and 2-port models in a power flow 
computation, this model is proper for a power 
flow computation with Newton-Raphson. Like 
the Injection Model, the Total Susceptance Model 
does not describe the internal design of the 
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FACTS. It does not contain the dependence of B 
from any internal value, for example firing angle. 
 
 
2.3 Firing-angle Model 

An alternative D-SVC model, which avoids the 
additional iterative process, consists in handling the 
firing angle α  of the thyristor-controlled reactor 
(TCR) as a state variable in the power flow 
formulation.  

The Firing Angle Model includes the dependence 
of the FACTS impedance or power values from the 
variable firing angles of semiconductor switches. 

The firing angle is now considered as a state 
variable, so that and ),,(1

CLijij XXfXB α==−

),,(, CLijij XXfQP α= . Such a function ),,( CL XXf α  
can be inserted in the injection model as well as the 
total susceptance model.  

With the firing angle model, we consider the 
internal circuit as well as values which affect the 
power flow through the device, like capacitance, 
reactance and especially the firing angle.  
3 Bus voltage magnitude control using 
    D-Svc    

The D-SVC connecting bus is a voltage-controlled 
bus where the voltage magnitude and active and 
reactive powers are specified and either the D-SVC 
firing angle, SVCD−α , or the D-SVC equivalent 
susceptance, , are handled as state variables. 
This bus is defined to be  type. If 

SVCDB −

PVB SVCD−α  or 
SVCD−β  are within limits, the specified voltage 

magnitude is attained and the controlled bus 
remains . However, if PVB SVCD−α  or SVCD−β  go 
outside the limits then these variables are fixed at the 
violated limit and the bus becomes . This is, of 
course, in the absence of any other controller capable 
of providing reactive power control at the bus. 

PQ

At harmonic frequencies, the equivalent currents 
representing the effects of nonlinear elements are 

set to zero. For the fundamental frequency load flow 
solutions, the  and components are modified 
into known 

eqhI −

PV PQ
Y  matrices. With these simplifications, 

the approximate bus voltages without harmonic 
distortion are obtained in one-iteration. 
Because the voltage harmonics are relatively small 
compared with the fundamental frequency 
components, using the bus voltages as initial 
conditions is quite reliable. 

)1( =h

 The technique consists of two basic parts. The first 
part is the construction of harmonic equivalent circuits 
for the nonlinear elements (a TCR is used as an 
example). The second part performs the network 
solutions at the fundamental and harmonic 
frequencies. These two parts are interfaced through 
the process of harmonic iteration. 

 

 
4 Harmonic power flow algorithm 

Network voltages and currents can be expressed by 
Fourier series for the harmonic power flow analysis, 
which was developed by Xia and Heydt [4]. Voltages 
and nonlinear element parameters form the bus 
variable vector )(φ , are given as,[2]. 

 
[ ] [ ]ThVVVX ][],[...,],........[],[ )()5()1( φ=     (3) 

 
In this equation,  is the maximum harmonic 

order. The mismatch of real and reactive powers for 
the linear buses (while

L

({ 1,...,2 − )}∈ mk ) is defined as, 
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Where  is the first nonlinear load number and 

the first bus is the slack bus. 
m

spPk )(  and are real and reactive powers at bus 
k respectively, and and are the line 
fundamental real and reactive powers. The mismatch 
of real and reactive powers can be calculated for 
nonlinear buses as, 
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Where { }nmmk ,...,1, +∈  and  is total number of 

the buses in the system  and  can be 
calculated from (for

n
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The harmonic phase voltage for  bus is 

 and element of the bus 
admittance matrix for the  harmonic frequency is 
shown in phase notation as . Here, the 
mismatch vector for the harmonic power flow is 
defined as [8]. 

thk
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Where WΔ  is the mismatch power vector and 

)(hIΔ  is the mismatch current vector for the  
harmonic. The mismatch power is given by,  

thh
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The mismatch current vector for the fundamental 
component ( ) and the harmonic components 

 which are the elements of the mismatch 
vector is given respectively by: 
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In these equations, and are to be zero for 

the harmonic components at linear buses 
. 

)(
,
h
krI )(

,
h
kiI

)1,...,2,1( −= mk
 
 
4.1 Reformulation of the Newton Raphson 

method to allow for harmonics 
Before proceeding to the principal objective of this 

paper the reformulation of the power flow problem to 
include harmonics, it is necessary to investigate the 
tension and current relation ships at nonlinear buses. 

In the reformulation of the power flow problem 
below, it will be assumed that the load apparent volt-
amperes at non linear load buses are know [3]. 

Having completed this analysis, it will be possible 
to proceed directly to the reformulation of the power 
flow study. The load phase currents are expressed in 
Fourier series with odd terms only. 
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Then the integration in (12-13) is divided in to six 

periods in each of which  is known and presented 
in some detail in [3]. After calculation, we found the 
results of the currents. 
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The objective of this paragraph, but note that the 

partial derivatives of  through  will be required 
in Newton–Raphson method power flow solution. 
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The Newton–Raphson method can be applied to 
harmonic current flow. This is based on the balance of 
active and reactive powers, whether at fundamental 
frequency or at harmonics. The active and reactive 
power balance is forced to zero by the bus voltage 
iterations. 

Consider a system with  buses. The first is a 
slack bus; buses 2 through  are conventional load 
buses, and buses m   to  have no sinusoidal loads. It 
is assumed that the active and reactive powers balance 
is known at each bus and that the nonlinearity is 
known. The power balance equations are constructed 
so that 

1+n
1−m

n

PΔ and QΔ  at all non slack buses is zero for all 
harmonics. The form of PΔ and , as a function of 
bus voltage and phase angle, is the same as in 
conventional load flow, except that  is modified 
for harmonics. The current balance for fundamental 
frequency is written as: 

QΔ
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Where  and are real and imaginary bus 

injection currents at bus  at the fundamental, 
mrI , miI ,

m α  is 
the firing angle, and β  is the commutation parameter. 
This equation is modified for buses with harmonic 
injections as:    
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Where is the real and is the imaginary part  k
rI 1,

k
iI 1,

of the current at the  harmonic,  and are the 
imaginary and real parts of the current equation at the 

 harmonic and with superscript is the voltage at 
the harmonic. 

thk k
ig k

rg

thk mV

The final equations for the harmonic power flow 
become: 
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Where all elements in equation (10) are sub-
vectors and sub-matrices partitioned from MΔ  
(apparent mismatches), , and J UΔ , i.e UJM Δ=Δ . 

WΔ  : mismatch active and reactive power. 
1IΔ  :  mismatch, fundamental current. 
kIΔ :  mismatch, harmonic current at harmonic. 

thk

  :  conventional power flow Jacobian. 
1J

kJ  :  Jacobian at harmonic . k
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Where kkY , is an array of partial derivatives of 

injection currents at the  harmonic with respect to 
the  harmonic voltage, and are the partials of 
the  harmonic load current with respect to the  
harmonic supply voltage; 

thk
thk jkG ,

thk thi
kH  are the partial 

derivatives of no sinusoidal  loads for real and 
imaginary currents with respect to α  and β . 
 
 
5 EXAMPLES 

To illustrate the harmonic power flow algorithm, 
two examples are presented.  
 

5.1 Example 1 
It adopted the network in Fig.1. In which it has 

been selected one base of 100 KV and 100 MVA. 
In this scheme, the generators respectively regulate 

the voltages of the buses 1 and 2 to the values of 1.06 
(pu) and 1.04 (pu). The bus 1 is taken like oscillating 
bus whereas the node 2 is type PV with a generated 
power of 40 MW and one load PQ conventional of 20 
and 10Mvar. The rest of the buses are of type PQ, 
having bus 4 one loads PQ conventional of 40 MW 
and 5 Mvar.  
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig.1. The network of five buses. 
 

Table 1 Parameters of lines 
Lines )( puR  )( puX  )( puB  
1-2 0.02 0.06 0.06 
1-3 0.08 0.24 0.05 
2-3 0.06 0.18 0.04 
2-4 0.06 0.18 0.04 
2-5 0.04 0.12 0.03 
3-4 0.01 0.03 0.02 
4-5 0.08 0.24 0.05 

 
 
Case 1: System without non linear loads. 

With these input data, is realised the fundamental 
load flow. For simulation a closing error of has 
been used. Table 2 shows the results of voltages at 
fundamental load flow, before the incorporation of the 
load nonlinear.  

510−

 
Table 2 Fundamental load flow 
 )( puVk  )(°ikθ  
Bus 1 1.060 0.00 
Bus 2 1.040 -2.40 
Bus 3 0.960 -3.97 
Bus 4 0.960 -4.14 
Bus 5 0.980 -4.45 

 
According to these results, there is a dynamic 

problem of stability and quality of voltages in buses 3, 
4 and 5.  
 
 
 
 

2

1 4 3

5 
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Case 2: System with non linear loads. 
The loads nonlinear are connected respectively at 

buses 3, 4 and 5. Whereas the sub transitory reactance 
of the generators have a value of 0.125 pu 
 
 
 
 
 
 
 
 
 
 

       
 
 Fig.2. The network of five buses. 
The nonlinear loads are defined of the following 

way: 
The D-SVC with compensator TCR has a capacity 

of 100 MVAR to the nominal voltage of 100 KV; the 

point of operation is defined by means of a specific 
reactive power of 47.3 MVAR.     

The installation of an electric furnace include a 
transformer 100 KV /700 V with the reactance x = 
80% on the basis of the 100 MVA. The point of 
operation is adjusted while taking as consigns a 
current of 0.8 pu for the fundamental component. 

The rectifier has a transformer of 100 KV/1KV, 
the reactance respectively take the values from the 
20% to 80% on the basis of 100 MVA. 

With these input data, is realised the load flow 
harmonic. For simulation, the 17 first harmonics 
characteristics were considered, i.e, until k=49, a 
closing error of has been used. The determination 
of the passages by zero of control of firing in element 
TCR is made taking the fundamental component from 
voltage. The results of simulation are shown in Table 
3 shows the harmonics currents generated by the loads 
nonlinear and from Table 4, can be observed the 
harmonics voltages in buses of the network. 

510−

 
 

Table3 Harmonics current absorbed by the no linear load  
Harmonic 1 5 7 11 13 17 19 

)( puI k  
80.00 2.79 1.82 1.12 0.80 0.10 0.68 Bus 3 

 )(°ikθ
 

-50.93 -169.20 103.51 -58.88 -142. 48.26 -17.58 

)( puI k  
49.26 3.40 1.72 0.88 0.82 0.17 0.57 

Bus 4 
)(°ikθ

 
-94.42 -122.12 56.39 22.03 -143.57 -164.83 -2.59 

)( puI k  
51.02 11.10 4.72 2.96 2.11 0.56 1.32 

Bus 5 
)(°ikθ

 
-39.61 -19.73 90.26 -71.01 -150.58 -133.51 166.09 

 
 

Table4 Harmonics voltages at no linear loads 
Harmonic 1 5 7 11 13 17 19 

)( puVk  96.34 7.09 5.00 3.68 2.40 2.38 7.66 
Bus3  

)(°ikθ  -3.97 -169.0 127.6 33.4 -59.7 -57.2 87.2 

)( puVk  96.03 7.43 5.04 3.59 2.13 1.89 7.12 
Bus 4 

)(°ikθ  -4.14 -168.2 129.1 31.3 -60.4 -58.4 82.5 

)( puVk  98.15 10.65 8.17 1.99 0.72 4.34 8.19 
Bus 5 

)(°ikθ  -4.45 -141.2 149.8 97.6 70.4 122.9 -72.2 

 
 

Table 5 Final values of the control variable 
 Harmonic load flow 
Furnace 57.296=arcV  
Rectifier °= 56.280α  
TCR °= 66.1130α  

 
 
 
 

2 

1 4 3 

5 

Furnace TCR 

Rectifier 
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Table 6 Power at fundamental 
 Harmonic load flow 
 )(MWP  var)(MQ  
Rectifier 52.60 56.33 
TCR 40.94 28.83 

 
The point of operation of the loads nonlinear 

comes defined by the final value that reaches the 
indicated control variables. In Table 5, is observed 
that the harmonics interaction appreciably modifies 
the firing angles of TCR.  

On the other hand, discrepancies in the final values 
of the fundamental powers are obtained, for the 
furnace and the rectifier. This fact is shown in Table 
6, where it is verified as it influences interaction 
harmonic in consummations PQ of the loads 
nonlinear.  

Reliable results from technical point of view, an 
admissible distortion since it does not exceed the level 

of Electromagnetic compatibility established in the 
standards.   
 
 
5.2 Example 2       

This example is more complicated which adopted 
the network of 13 buses; the bus 1 is taken like 
oscillating bus whereas the node 6, 7, 8, 9 and 10 is 
type PV. The rest of the buses are of type PQ.  The 
scheme and parameters of network is shown at Fig3 
and in Tables 2 and 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 

Fig.3. The network of 13 buses 
 

Table 7 Parameters of lines 
Lignes )( puR  )( puX  )( puB  

1-2 0.0042 0.08925 0.00 
1-3 0.0044 0.10417 0.00 
5-4 0.0044 0.10417 0.00 
4-3 0.0074 0.14300 0.436 
6-2 0.0481 0.4590 0.246 
6-7 0.0090 0.1080 0.016 
8-3 0.0121 0.2330 0.712 
7-8 0.0000 0.1500 0.00 
9-10 0.0105 0.2020 0.620 

10-11 0.0000 -0.1500 0.00 
11-12 0.0086 0.16650 0.508 
12-13 0.0075 0.14650 0.448 
13-8 0.0000 -0.1500 0.00 

 

 
Table 8 Data Powers 

Bus ( )MWPcons  ( )varMQcons  
1 0.00 0.00 
2 0.00 0.00 
3 0.00 0.00 
4 0.00 0.00 
5 0.00 0.00 
6 -450.00 0.00 
7 0.00 0.00 
8 0.00 0.00 
9 -500.00 0.00 

10 0.00 0.00 
11 50.00 30.00 
12 50.00 32.00 
13 0.00 0.00 

 

 

9

11

12

13

8 

7 

6 
4 

1 

5 

3 
2 

10

WSEAS TRANSACTIONS on POWER SYSTEMS Larbi Boumediene, Mounir Khiat and Mustapha Rahli

ISSN: 1790-5060 316 Issue 5, Volume 3, May 2008



The per-unit (p.u) values of lines in the example 
system have been obtained for 66 KV and 10 MVA 
base values.  The D-SVC with compensator TCR is 
connected to bus 9. There are no filters at all. The 
values in the application have been taken as per-unit; 
Hence the reactance of TCR , capacitor 
reactance  

pu  25.0=rX
pu  5.22=cX

 
 
Case 1: The system without nonlinear loads.  

In order to illustrate the accuracy of the program, 
the study was similar to the one discussed by Heydt et 
al [10].    

With these input data, is realised the fundamental 
load flow. For simulation a closing error of has 
been used. Table 9 shows the results of voltages at 
fundamental load flow, before the incorporation of the 
load nonlinear. 

310−

According to these results there is a dynamics 
problem of stability of voltages in bus 9. 

 
 
 
 
 

Table 9 Fundamental load flow 
 )( puVk  )(°ikθ  

Bus 1 1.0000 0 
Bus 2 1.0000 -2.089 
Bus 3 1.0000 -6.289 
Bus 4 1.0000 -14.558 
Bus 5 1.0000 -16.440 
Bus 6 1.0370 -5.580 
Bus 7 1.0630 -6.448 
Bus 8 1.1000 -7.413 
Bus 9 0.9430 -6.217 

  Bus 10 1.1000 -6.662 
  Bus 11 1.0000 -6.713 
  Bus 12 1.0000 -7.562 
 Bus 13 1.0000 -7.761 

 
Case 2: The system with non linear loads. 

The loads nonlinear are connected at buses 9.  
Tables 10 and 11 illustrate the harmonics current 

absorbed by the no linear load, the harmonics voltages 
at no linear load, Table 12 is observed that the 
harmonics interaction appreciably modifies the firing 
angles of TCR. The results are very similar to the one 
obtained by the proposed methodology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.4.The network of 13 buses 
 
 
 

Table 10 Harmonics current absorbed by the nonlinear load  
Harmonic 1 5 7 11 13 17 19 

)( puI k  
50.1 2.98 1.58 0.90 0.71 0.15 0.55 Bus 9 

 )(°ikθ
 

-90.93 -119.20 60.21 30.24 -130.2 -159.30 -3.52 
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Table 11 Harmonics voltages at nonlinear loads 
Harmonic 1 5 7 11 13 17 19 

)( puVk  94.30 6.95 4.55 3.68 2.35 2.20 7.66 
Bus  9  

)(°ikθ  -3.12 -165.2 119.1 25.3 -56.2 -46.2 73.1 

 
 
 

Table 12 Final values of the control variable 
 Harmonic load flow 
TCR °= 65.1120α  

 
 
The study was actually carried to the 19 th 

harmonic, the program calculate the percent harmonic 
distortion (% HD)   in the bus voltage (bus 9) and line 
current. We calculate also commutation angle at bus 
9. 

Note that in this example, significant harmonic 
distortion occurs in line current particularly at light 
loading.  

The distortion factor is obtained gives the 
information nature of the voltage waveform at a 
system bus. Such information is of vital importance to 
a protection engineer in order to design an optimum 
protection system and avoid its malfunction due to the 
harmonics. 

The distortion factor can be also be used to 
monitor the pollution of the frequency of the power 
system.   
 
 
 
6 Conclusion 

The analysis performed in this study indicates that 
the bus with nonlinear element is the one most 
affected by the harmonics. The reactive power 
compensation is very important in terms of voltage. 
Perfect compensation cannot be achieved when the 
effects of harmonics are not taken into consideration.  

 
The simulation results show that there are 

significant harmonic distortions within the 
compensator system. When the system connected with 
distribution static VAR compensator including TCR is 
examined, it is noticed that some differences occur in 
critical values steady-state stability analysis 
depending on the presence of the harmonic 
component. This case clearly shows that harmonic 
components have non-negligible importance in 
stability and quality of voltage. 

 
The program makes use of the virtual buses in the 

system and as a result the distribution voltage profile 
is made available. As shown in this paper such 
information can be used to investigate the standing 

wave pattern on distribution lines. 
The distortion factor can also be used to monitor 

the pollution of the frequency of the power system.    
In future, FACTS device (D-SVC) will be 

incorporated with another device in network of 
distribution.     .    
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