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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 VVar 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 normally operate in partial conducting states, and
In electric power systems, bus voltages are thereby produce harmonics (Miller 1982).
significantly affected by load variations and by The generated harmonics depend critically on the
network topology changes. Voltages can drop control characteristics of a static distribution VAR
considerably and even collapse when the network is compensator (D-SVC) with a thyristor-controlled
operating under heavy loading. This may trigger the reactor (TCR). However this makes the f|r|_n_g angles
operation of under-voltage relays and other voltage dependent on the network load flow conditions and
sensitive controls, leading to extensive disconnection harmonic voltage distributions (Xu et al 1991). Poor
of loads and thus adversely affecting consumers and selection of firing angles can lead to increase in the
company revenue. On the other hand, when the load amount of effective harmonic production of the TCR.
level in the system is low, over-voltages can arise due From the operation point of view of the system, we
to Ferranti effect. Capacitive over-compensation and need to model the harmonics accurately (Uzunoglu et
over-excitation of synchronous machines can also al 1999). i
occur. Over-voltages cause equipment failures due to Static VAR compensators (D-SVCs) are applied on
insulation  breakdown and produce magnetic systems to improve voltage control and system
saturation in transformers, resulting in harmonic stability during both normal and contingency system
generation. Hence, voltage magnitude throughout the conditions [6].
network cannot deviate significantly from its nominal The technical literature is populated with clever
value if an efficient and reliable operation of the and elegant solutions for accommodating models of
power system is to be achieved. Voltage regulation is controllable plant in Newton-Raphson power flow
achieved by controlling the production, absorption algorithms; load tap-changing and phase-shifting
and flow of reactive power throughout the network. transformers are typical examples of such work. The
This device is essentially a variable reactor that can modelling approach used to represent controllable
adjust its reactive power consumption. The adjustment equipment can be broadly classified into two main

is realised through the firing angles of thyristors that
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categories, namely, 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.

sequential

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 areh =11, 13, which are
normally removed by using tuned filters, satisfying
constraint conditions.

Bus i

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 Q

to a bus, in this case the FACTS is represented like
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P/Q element with P =0 . 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.

Busi B Bus j

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 onB, P;and Q;=f(B).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 IT circuit model of the
network of element. Inserting the variable B in the 1-
and 2-port models for shunt and series element leads
to the 1-port matrix model for the shunt connected
element.

[1;]-1i8; Jui1=[0] @
I I
_>_
1-port | U l lU i

2- port

@) (b)
Fig.3 1-port (a) and 2-port (b) element

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

RS

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 « 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 Bj'=X; =f(z, X, Xc)and

P, Qi = f(a, X, X¢) . Such a function f (e, X, X¢)
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,ap_qc, Or the D-SVC equivalent
susceptance, Bp_gc, are handled as state variables.
This bus is defined to be PVB type. If ap_ g, OF
Bo_svc are within limits, the specified voltage

magnitude is attained and the controlled bus
remains PVvB . However, if ap_qic O Bp_svc 00

outside the limits then these variables are fixed at the
violated limit and the bus becomesPQ . This is, of

course, in the absence of any other controller capable
of providing reactive power control at the bus.

At harmonic frequencies, the equivalent currents
I h_eq Fepresenting the effects of nonlinear elements are

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

into known Y matrices. With these simplifications,
the approximate bus voltages without harmonic
distortion (h=1)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.

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.
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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 (¢) , are given as,[2].

X]= VOV OV OLIA T 3)
In this equation, L is the maximum harmonic

order. The mismatch of real and reactive powers for

the linear buses (whilek e {2,...,(m —1)}) is defined as,

AP =(P) g +F 2

o 4
AQk = (Qk )sp + Fq,k
Where m is the first nonlinear load number and
the first bus is the slack bus.
(P)sp and (Q,)sp are real and reactive powers at bus

F} and
fundamental real and reactive powers. The mismatch

of real and reactive powers can be calculated for
nonlinear buses as,

k respectively, and Fare the line

Ap,nonlinear _ (P ) + ZL: F (h)
k —\k/sp p.k
" ©
Aanonlmear _ (Qk )sp i hz: Fq(,llz
1

Where k e{m,m+1,..,n} and n is total number of
the buses in the system F{ and F[}) can be
calculated from (forh=15,7,...,L).

h _y®seyhy 0 (h) _gh) _ g(h)
Fok =V, jz,:lek'Vj .COS(0y " =y =]

(6)
h h) iy hoyg (h) iy o (h h h
Fole =V, ),Z:lY"k'V"( ) sin(s" - 6" -5V

The harmonic phase voltage for k™ bus is
v =v®Mss" and element (k,j)of the bus
admittance matrix for the h™ harmonic frequency is
shown in phase notation asY™ =Y’ 26} . Here, the
mismatch vector for the harmonic power flow is
defined as [8].

[AM] = [aW1,[A1 O1,[A1 O] (a1 1191 (7)

Where AW is the mismatch power vector and

AI™ is the mismatch current vector for the h™
harmonic. The mismatch power is given by,
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[AM]=[AP,,AQ, ..., AP, ;, AP,
AQ nonlin AP nonlin AQ nonlin]
m 1erny n , n

®)

The mismatch current vector for the fundamental
component (h=1) and the harmonic components
(h=5,7,...,L), which are the elements of the mismatch

vector is given respectively by:

(a197= 19, + 9%, 1% + o)

190+l 08: 400, @
S EREEH R
[ O1= [,
RN L) SN
1820+ 0 b0+ 900 ).

(192492000 490

In these equations, 1) and 1{} are to be zero for

the  harmonic linear  buses

(k=12,..m-1).

components  at

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.

i(t) =X (i coslat+i! sinleat) (11)
|
=1571113,.....
if =2/7["“i, (t)coslat dat (12)
ij =2/ 7], (t)sinlot dat (13)

Then the integration in (12-13) is divided in to six
periods in each of which i, (t) is known and presented

in some detail in [3]. After calculation, we found the
results of the currents.
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Eiainp) =" k-1

m

g2 [Z Y My, [cos((k+|)a)t+cl>k +9ém))}

. #ZI\(Q’Uk cos((k - ot + @ +6™
Kk 2 —k+1

Y, My
+'T't sin(g, +6™

r,s —Z ” 2 “Kk—I

m

02 [ka<m>uk [sin((k+|)wt+q)k+¢9lfm))}

.\ #ZIYkmuk sin((k - ot + @ +6™
2 k-1

Yl(m)ul

+ t cos(g; + Hl(m)} (14)

The objective of this paragraph, but note that the
partial derivatives of 1 through 1®) will be required

in Newton—-Raphson method power flow solution.

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 n+1 buses. The first is a
slack bus; buses 2 through m -1 are conventional load
buses, and buses m to n 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 AP and AQ at all non slack buses is zero for all

harmonics. The form of APand AQ, as a function of
bus voltage and phase angle, is the same as in
conventional load flow, except that Y,, is modified

for harmonics. The current balance for fundamental
frequency is written as:

lem gr,m(vriwvrrsw ------- V% Pm)
o |_| im0V )|
Ii*” gi,n(vnlvvn57 """" Ay Pr)

Where 1, and I; are real and imaginary bus

injection currents at bus m at the fundamental, « is
the firing angle, and g is the commutation parameter.

This equation is modified for buses with harmonic
injections as:
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0

k 0

Iilfm—l _ 0

1k grvmévr}],vrﬁ,...,am,ﬂm;
9 Vs Vim o @i B

(16)

| Iilfn 1 L gi,n(vr%’\/ns"”’an’ﬂn)_

Where 1/, is the real and 1 is the imaginary part

of the current at the k™ harmonic, g{ and g are the
imaginary and real parts of the current equation at the
k™ harmonic and V,, with superscript is the voltage at

the harmonic.
The final equations for the harmonic power flow
become:

faw] [ gt 35 g7 o[ avt]
At | yct yGh yG? HY| AvS®
Al |=lYG> YG>® YG> . H°®

AT lyG™ vG7c vGg' HT | .

L 11 1 Aa ]

17)

Where all elements in equation (10) are sub-
vectors and sub-matrices partitioned from AM
(apparent mismatches), J , and AU , i.e AM =JAU |
AW - mismatch active and reactive power.

Al* mismatch, fundamental current.

Al
Jl
Jk

. . kth .
: mismatch, harmonic current at harmonic.
. conventional power flow Jacobian.
: Jacobian at harmonick .

(Y6} =Y+ G (k= J) 18)
=G*I (k= )

Where Y*¥is an array of partial derivatives of
injection currents at the k™ harmonic with respect to
the k™ harmonic voltage, and G*! are the partials of
the k™ harmonic load current with respect to the i™

harmonic supply voltage; H* are the npartial
derivatives of no sinusoidal loads for real and
imaginary currents with respectto « and g.

5 EXAMPLES

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

2 5_|—_

Fig.1. The network of five buses.

Table 1 Parameters of lines

Lines  R(pu)  X(pu) B(pu)
1-2 0.02 006  0.06
1-3 0.08 024 005
2-3 0.06 018  0.04
2-4 0.06 018  0.04
2-5 0.04 012  0.03
3-4 0.01 003  0.02
4-5 0.08 024  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 107° has
been used. Table 2 shows the results of voltages at
fundamental load flow, before the incorporation of the
load nonlinear.

Table 2 Fundamental load flow

Vie(pu) 6y (°)
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.
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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

Furnace TCR
— 3
1T TTT 4T
2 5 -
Rectifier

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

Larbi Boumediene, Mounir Khiat and Mustapha Rabhli

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 107 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.

Table3 Harmonics current absorbed by the no linear load

Harmonic 1 5 7 11 13 19
Bus 3 I, (pu) 8000 279 182 1.12 0.80 0.10 0.68
6y (°) 5093 -169.20 10351 -58.88  -142. 4826  -17.58
I (pu) 4926 340 172 0.88 0.82 0.17 0.57
Bus 4
& () 9442 12212 5639 2203  -14357 -164.83  -2.59
I (pu) 5102 1110 472 2.96 211 0.56 1.32
Bus 5
&y (°) -39.61  -19.73 9026  -71.01  -150.58 -13351  166.09
Table4 Harmonics voltages at no linear loads
Harmonic 1 5 7 1 13 17 19
Vi (pu) 9634 709 500 368 240 238 7.66
Bus3
6y (°) 397 -169.0 127.6 334 -59.7 -57.2 87.2
Vi (pu) 9603 743 504 359 213 189 7.12
Bus 4
6y (°) 414 -1682 1291 313 -604 -584 825
Vi (pu) 9815 1065 817 199 072 434 819
Bus 5
0y (°) 445 -1412 1498 976 704 1229 -722

Table 5 Final values of the control variable

Harmonic load flow

Furnace Vare = 296.57
Rectifier o,y = 28.56°
TCR oy =113.66°
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Table 6 Power at fundamental

Harmonic load flow

Rectifier
TCR

P(MW) Q(M var)
52.60 56.33
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

1

3
4= —
S—— 13 =
12 —

11—

10—

0

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  R(pu)  X(pu) B(pu)
12 0.0042 008925 0.0
1-3 00044 010417 0.00
5-4  0.0044 0.10417 0.00
4-3  0.0074 0.14300 0.436
6-2  0.0481 04590 0.246
6-7  0.0090 0.1080 0.016
83 00121 02330 0712
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 0.0
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Table 8 Data Powers

Bus Pcons (MW ) QCOI’]S (M Var)
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

Issue 5, Volume 3, May 2008



WSEAS TRANSACTIONS on POWER SYSTEMS

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 X, =0.25 pu, capacitor

reactance X, = 22.5 pu

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 10~%has
been used. Table 9 shows the results of voltages at
fundamental load flow, before the incorporation of the
load nonlinear.

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

O =

Larbi Boumediene, Mounir Khiat and Mustapha Rabhli

Table 9 Fundamental load flow

Vi (pu) O (°)

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.

TCR

Fig.4.The network of 13 buses

Table 10 Harmonics current absorbed by the nonlinear load

Harmonic 1 5 7 11 13 17 19
Bus 9 I (pu) 50.1 2.98 1.58 0.90 0.71 0.15 0.55
&y (°) -90.93 -11920 6021 3024  -1302 -159.30  -3.52
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Table 11 Harmonics voltages at nonlinear loads

Harmonic 1 5 7 11 13 17 19
Vi (pu) 9430 695 455 368 235 220 7.66

Bus 9
6, (°) 312 -1652 1191 253 -562 -462 73.1

Table 12 Final values of the control variable

Harmonic load flow

TCR

a, =112.65°

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
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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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