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Abstract : In this paper a developed technique basad on
Newton—Raphson a2lgorithm with improved convergence characteristic
is derived for +the _harmonic analyszsis of system containing
nonlincar loade. This technique ds able +to <calculate voltage
spectra, power components (P, 0, S5) and power Tactor at each
Tead point under harmonic distortion. Additionally, the proposed
technigque can handle all types of nonlinear leoads assuming that
V-1 characteristic is known for these loads.

1. INTRODUCTION

Waveform distortion has always been present to some
extent in electric power systems. However, there dJs a growing
concarn for this problem because of the {dncreasing numbers and
sizes of the nonlinear electreonic devices used in the control of
power apparatus and systems. Harmonics superimpose themselves on
the fundamental waveform, disterting it and changing its
magnitude. The distortion c¢sused by superimposing harmonics +to
the fundamental 4is determined not only by their freguency, but
also by their amplitude and phase ralationship to the
fundamental.
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The distorted waveforms are usualiy composed of harmonics

and cause bad effects on the power ¢ircuits. These effects are
summarized as, series and parallel resonances, failure of +the
power factor 1improving capacitor, interference to control
circuits and communicatieon systems, metering error, and

malfunction of harmonic sensitive electronic equipment.

The harmonie analysis metheds c¢an be grouped 1in  two
general categories : fFrequency Domain Analysis methods and Time
Domain Analysis metheds. In Time Domain metheds, the system
model is in the form of differential equations. Selution s
obtained by assuming a set of initial conditions and integrating
the system equations over time. After +the system has reached
steady state, the wvoltage and current waveforms of dinterest are
sub jected to Fourier Analystis in order +to derive the harmonic
spectrum [1-2]. The method %3 capable of simulating power system
nonlinearities. However, it is computationalily demanding and
practically limited to the siudy of small systems.

The most widely used method for harmondic analysis in  power
systems is the Linear Frequency Domain Analysis methoed (3]. This
methed is based on the assumption that +the harmonic current
generated by any nontinear devices, are dndependent of the
voltaje waveform and the system harmonic impedances. Thus, the
converter is modelled as an ideal harmonic current generator. The
power systam s represented with an admittance matrix equation at
each harmonic of interest. The above method can deal with a large

power system due to dits computational efficiency. However,
modeling the converter as a constant harmeonic current source
introduces fnaccuracies. A method +that overcomes +the above

Timitations is the Nonlinear frequency Domain Analysis method.
This method couples a nonlinear ceonverter model with a linear
model of the power systam [4~7]. The solution 1is found using
Gauss method. Another papers [8-9) extends +the Newton—-Raphson
power flow technique to {dinclude harmoniecs by +dincreasinag the
number of algebraic nonlinear equations to reflect the power and
v31t amperes mismatches. When this is done, the Jacobjan matrix
i3 considerably large.

The Nonlinear Frequency Domain Analysis 19s a promising
method from the computational and accuracy point of wview. This
paper extends the principle of HNonlinear Frequency Domain
Analysis with a developed +technigue based on Newton—Raphson
algorithm. The proposed technique has improved convergence
characteristic and can handle all +types of nonlinear locads
assuming that V-1 characteristic is known for these loads.
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2. PROBLEM FORMULATION

2.1. System Components Models

e e et e e e o et o e e e e e

In this section, models of are furnaces and converters are
presented. Others such as transmission J1ines., transformers,
synchronous and induction machines are described in [6].

Arc Furnace

An are furnace has a continuous harmenic spectral. It
present two harmenic band widths:
- sub harmonics {0 - 25 ) hz

- harmonics {( 56 - 1000) hz
In this paper. only harmonics are considered and therefore the
model shown in fig. 1 dis used ?ﬁ)1n [71. The ratiol)r of the
harmonic current of order h, 1 , to fundamental, I , s given
by:
-0.4(h-2
r = 0.15 + 3.5 e ( ? h even (1>
~0.45(h-3
r =0.15 + 7.5 e ( ) h odd (2)
v—e}
the [ i
1 ya =R + J X
fig. 1 Arc Furnace Model
Converter

The exper-imental converter model used rapresents the

copverter as in [7]. Thg ratio rc of harmonic current of order h,
[ i

I , to fundamental, Iil‘. is given by
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1
re = 1.2 h= 5,7,11,13, .. .. (3)
(h -5/h ) °

2.2. Harmonic Load Flow Equations

Consider a power system of N busses. Let bus 1 to be
a slack bus, busses 2 through MNL are conventional locad busses
(Linear Tloads), busses NL+1 through N as nonlinear load busses.
Busses 1 +through NL are handled in usual way. For busses NL+1
through N , the injected harmonic currents st these busses are
required. The injected harmonic current a2t & nonlinear bus s
dependent on the nature of nonlinear load at this bus. In this
paper, we consider the source of harmenic 1ds a converter
although co¢ther nonlinear Toads of known characteristics are
also analyzed 1in the same WaY . The Hdnjectad harmonic
current at bus i can be written as

|

Ii = Vo (il + yNLu ) + T Yij . V) (4)
JENL+t
Lf

wher

Ny : {i-j) bus admittance element evaluated at h harmonic

order.

yNLL @ the equivalent admittance of nonlinear load at bus + at
h harmonic order.

Ii : injected harmonic current at bus 1.

In polar form,

vioo= ] v | &% (5)
Yir = | Yo | e‘?lj (6)
yNLi = | YNLu | eJ¢NLL 7
i o= | I | RE (8)

Supstituting in equation (4), then,

I. =|Vi]|YLL{ 63(91+¢i£) +|Vt!|yNLL ! eJ(Gi+¢NLL)

Y (9

+ T IY‘JE}VJI eJ(@J+?L;)

J=MLa L

o
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The current It can be resolved into active component Tau

and reactive component Ir.,

Iav = Vi ]|[ViCOS(O + ¢ i) + |Va||yNLe| COS(8U+¢NLL)
N (10
+ L | Yoi||Va] cOS(ei+gr)) )
J=NL+4
th]
Irv = Vi | [Yiv|Sdn(er + 2vr) + |[Vi||yNLo| Sin(€: +gnpy)
. (11)
) [Yeil|vil Sin(sr + ¢uy)

JENL+1

vy
The Newiton—Raphson method is used to solve the harmonic lead
flow:

¥ o v ax (12>
F(x) = —-J.aAX {13)
or
N S RN % (18)
where & s the diteration pumber, J the jacobian, and,
€2) {2 tho th T
F(x)= [AP , AQ, Ala LAlr ,....... JATa . Alr ] (1)
AX = [av t, ket Cavt™ aet™ (16)

and where, ép(h§Q, arﬁjthe fundamental active and reactive power
mismatch, Ala , AlIr ,are the active and reactive current
mismatch at h harmonic order due to injected harmonie current at
nonlinear busses. Te enhance the convergence of the scheme, an
adaptive factor & can be added to (14) os,

U kM —a s TR (17)

the value of o is

0 <a <1 (18)
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2.3. Power Calculations

The solution of (17) gives the bus voitages, currents flow
and power flow at each harmonic order. The non-sinusoidal bus
voltage V. and current It are

H [
Vi =¥ Voo {193
E¥
tho N (o
It =.£1 Iig Lh=1.2.3,4, .. ... ... L4 (20)
1=
or . LF
B th
I = ¢ g (1)

=4

where, H 1is highest harmeonic order of faterest. The bus wvoltage
Vi({t) and current I.(t) expressed in terms of its rms harmontic
components are

H (s th

Vodt) = 1 Vi sin(hwt + ) (22)
h=1
" Ry ths

It =T @i sin (hwt + 5 ) (23)
bz

The active power Pi (average power) at bus 1,

H tho {hy th (o
PL = ¥ Vi . Iv . cos (o - 7L ) (24)
h=i
The term  reactive wvolt ampere = Q ' is used for a

mathematical quantity which should not be confused with power.
This quantity does not possess the conservation property of P.
The reactive volt ampere Qv at bus 1,

H (h» (s i hos thy
Qi = L Vi . Iv .sin (&1 = i) (2%)
=1

also the apparent voit ampere SiL at bus + ,

/ " 2th> o Z(hl
sio =Y [ L v DHILE (10 )] (26)

HES1 LER
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In the case of sinuscidal voltage and current,

SE - P2 . QE (27)

In the non—-sinusoidal case equation (27} does not hoid. A term Dt
called a distortion volt ampere at bus . is given by

2 2 2
Di =7 Si -pi - QL (28)

also, the power fTactor PFfiL at bus i with non—-sinusoidal voltages
and currents 1s,

PFv = Pr /f S (29)

3. SOLUTION TECHNIQUE

The steps used to solve the harmonic load flow of the power
system subject to harmonic sources will be as follows:

1} Load flow calculaticons of the power system subject to power
sources at fundamental frequency.

2} Load fiow calculations of the power system subject to
harmonic source.

3} Power calculatiens in system with non-sinusoidal veltages
and currents.

4. APPLICATIONS

4.1. Test System

The proposed technique has been tested on 7- bus gsystem
f19] which 4is given in fig. 2. Tables 1 and 2 1llustrates the

main data of the test system. A 18 MW converter has been
used as source of harmonic at bus & +to analyze the wvolfage
harmonic spectra. )
|
& 0
? Ly
6 2 1

|
5 - 4_}ﬁh 3

Fig. 2 The sample 7-bus power system
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Table 1. Impedance and Tine charging feor the sample 7-bus system

on 100 MVA Dbase
r -
|  Bus code Impedance Line charging
Ziyg (p.u ) ye /2 (p.u)

1-2 0.082 + ]0.192 0.0G00

Z2-3 0.067 + J0.171 D.0173

- 2-5 0.058 + jO.176 0.0187

-7 0.013 + j0.D47 0.0064

3-4 0.024 + 3j0.100 0.010¢0

4=5 0.024 + jO.100 0.0%00

5-6 0.019 + j0.059 0.0260

57 ¢.057 + J0.174 0.0170

6-7 0.054 + jQ.223 0.0250
Table 2. Scheduled generation and loads

Generation (p.u) Load (p.u)
bus coce
P Q P Q

1 0.9 0.3 0.000 0.000

2 6.0 0.0 0.478 0.039

3 0.0 0.0 0.942 0.1350

4 0.0 0.0 0.135 0.058

S 0.0 0.0 0.180 0.129
|

6 - - 0.000 0.000

7 g.0 0.0 0.0756 6.016
4.2. Results and Discussions

The obtained results using the proposed technigue are

i1lustrated in Fig. 3 and Table 3.

The magnitudes of the harmonic voltages are given in

Figure 3

shows the harmonic
spectra at each lcad bus with the presence of converter at bus 5.

percent

of

the fundamental. Teble 3 illustrates the power components ( P, Q,
5. 0 ) and the power factor at each

harmonic distortdion.

under

the effect

of
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The following remarks are regarded while dealing with this

test system:
- Using the proposed technique, convergence towards a minimum
with a mismatch varying between 0.0001 and 0.0G071 ds

cbhtained.
- The number of iterations wvaries between { 3- 10 ).
- The maximum distoertion of the wvoltage cccurs at  the

nonlinear locad bus.

- The bharmonic voltage distortion generated by a nearby
customer could produce. +to another customer, a Jlow power
factor operating problem.

Table 3. Power components and PF at each Jead point under

harmonic distortion

bus no. Progp.u Qip. w2 Scp.u Dip. u: PF
1 0.8919 0.2880 0.9415 0.0399 0.947 lag.
2 0.4776 0.0334 0.478% 0.0093 0.973 lesad
3 0.939%6 0.1909 0.9592 0.0291 D.795 lag.
4 0.1386 0.0383 ¢.150% 0.0065 0.208 1lag.
5 0.1920 0.1254 0.2304 0.0574 0.102 iag.
6 1.0596 0.1911 1.0789 0.0700 0.820 Tlead
7 0.0758 0.G144 0.0773 0.0029 0.815 leag.
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5. CONCLUSIONS

A developed technique based on Newton—Raphson algorithm
with improved convergence characteristic is successfully extended
and implemented to analyze harmonic spectra and calculate ali
power components snd power factor at each bus under harmonic
distortion in a power system. The proposed technigue ds general

enough te be used with power system of any size, any type of
harmonic sources as well a5 any number of generated harmonic
signals. Finally harmonic power flow calculations, which can

assist in locating harmonic sources are easily carried out for a
test system.



