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Fluorescent Lamp Modelling
for Voltage Fluctuations

C. Catrrillo, J. Cidras

Abstract

The wide use of fluorescent lamps means their influence on the power system needs to be studied. A set of models
that enables the evaluation of the electrical behaviour during steady state is presented in this paper. These models
have different levels of complexity; starting by taking into account all the non-linearities of the lamp, passing through
neglecting the non-linearities of the reactance, supposing the voltage wave shape of the tube to be square and, fi-
nally, treating the variations in the RMS source voltage as an steady-state phenomenon. The most complex model
needs an iterative algorithm to get results, however analytical expressions can be achieved with the other models.
Several situations can be analysed with the different models but special attention is paid to the sinusoidal voltage
source and the modulated voltage source cases. Also, the study presented in this paper is focused on obtaining the
waveshape of current, voltage and power in the tube. These waveforms allow the study of the normal steady-state
functioning and the flicker phenomena. In this paper the simulation results for the above models in the two kinds of
situations are shown. As a result, a performance test between the models is made and it is used to validate them.

1 Introduction on the dynamic behaviour of the Approximate Model 11,
the RMS variations on the source voltage are treated as

The flicker problem is well documented with refer-a static phenomenon. In this way the simplest expres-
ence to incandescent lamps. The international standasitens are reached.

(e.g. IEC60868) are based on this kind of lamp. How- All the above models are studied under two situa-
ever, fluorescent lamps are widely used and the flickéons: the voltage source being a sinusoidal source and a
problem related to them is very important. Moreover, th@odulated source. These situations help the study of the
physical mechanism of electrical energy conversion intiormal steady-state behaviour, i.e. harmonic analysis,
light differs drastically between the two types of lampsand the flicker phenomenon. Special attention is paid to
The fluorescent lamp is a discharge lamp that has a ndlme current and power in the tube because they are close-
liner behaviour, and the incandescent lamp has a lindarelated to the flicker and harmonic study.

behaviour. The first one needs an arc inside the tube, the The results for each Approximate Model are com-
second one uses the Joule-heating process. pared with the Complete Model in order to get a valida-

This paper isintended to cover the steady-state stutiiyn method. The loss of accuracy is the price for the sim-
of fluorescent lamps. Therefore a set of numerical amdicity, thus the Approximate Model Il is expected to be
analytical simulation models is presented. The modetse simplest and most inaccurate model.
have different degrees of complexity and accuracy.

First, the Complete Model [1] is presented. In this
model, the mostimportant non-linearities of the fluore2  Fluorescent Lamp Circuit
cent lamp are represented. These are, the saturation and
hysteresis effect on the reactance, and the arc phenome-The main lamp elements are shown in fg. 1.
non inside the tube. An iterative method is needed to ahhese are: reactance, tube and starter.
alyse this approximation, then simpler models are pro- This circuit has a strongly non-linear behaviour dur-
posed in order to get an easy method to analyse the flug the steady state, as shown selign 2. The arc in-
orescent lamp through analytical expressions. side the tube is the main cause of the distorted voltage

Approximate Model | is intended to be a simpler opshape. Thus the tube is the most important non-linearity
tion. This simplification is achieved supposing the readn the circuit.
tance to be linear. So, the saturation effect and the hys-
teresis effect are not taken into account in this mode!
Then analytical expressions have been achieved and
study is made quickly and easily.

A deeper simplification is made about the las
model. The wave shape of the tube is supposed to e(t) 6
square and the resistance of the reactance is neglec
In this way the Approximate Model Il is shown. :

Finally, a last model is presented, the Approximat Tube
Model Il [6]. This model comes from a simplification Fig. 1. Fluorescent lamp equivalent circuit
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400 i(t) 0.6 Ry, (Hysteresis)

A Reactance R, (Coil resistance)

T L¢(Saturation)
0

/
g —U, - /% \ B,_7L./ i Fig. 4.Equivalent reactance model
-20 M -0.3

400 06 The present non-linearities prevent a direct solution
0 0.01 002 s 003 for a given voltage supply. Instead, an iterative ap-
t —> proach is required for accurate derivation of currents
and voltages in the lamp circuit. The power in the tube
is the main result from the iterative analysis. The study
of the flicker is based on this power, and this is the rea-
The hysteresis and the saturation in the iron core r&sn for its importance.
actance are the other non-linearities taken into account

Fig. 2.\Voltage and current waveforms

for the fluorescent lamp study. 3.1 Model Description
The starter is open during normal tube operation, so
it has not been modelled. In this section the tube and reactance model are de-

In the following models all the parameters are olpicted, because they are the main non-linearities of the
tained from the measurements on a typical 36-W tult@mp circuit.
(see Fig. 2). Asis shownirrig. 3, the tube modelis derived from
a straight lines approximation of its voltage-current
characteristic. In this way, an easy model for computer
3 Complete Model implementation is obtained.
The reactance is the following non-linear element
In this part, the steps to get a simulation method féor the modelling. The model must cover the coil resis-
the fluorescent lamp are depicted [1]. tance and the saturation and hysteresis effects in the
Firstly, a description and modelling of the differeniron core. A series resistance is used to model the coil
elements are made. The study of reactance and tube haagstanceKig. 4). The saturation effectis modelled by
been emphasised, because these are the main non-lireaon-linear inductance, and it has the following equa-

elements. tion [2]:
i(t) =k, @(t) + k@ (1), @

a) 0.6

A % whereg(t) is the flux in the iron core(t) is the current

0.3 across the inductance, akdk, are constants.

Finally, a resistance in parallel with the non-linear
}({S inductance represents the hysteresis. Its value can be cal-

T 0 culated from the equation [3]:

F ’

where@maxis the maximum fluxg, is the fundamental

i(t) Q\%i’ A ?
~03 ax
¥

-0.6 frequency of the source adgdis one half of the hyster-
esis width atp= 0 (sed-ig. 5). As a result, the model of
b) 0.6 U = 240 the reactance is obtained.
A U =220 V]
0.3 U =200 V|
T _l E it
©o Tj&?’ o= Measured
-0.6 %
ut) —» o(t)
Fig. 3.Voltage-current characteristic of the fluorescent tube = 4 Brox
and its approximation !
a) Measuredy =220V) Fig. 5.Comparison between the hysteresis characteristic
b) Approximate and its approximation
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@ paper is to achieve models with ability to represent
power fluctuations. So, the application of the mentioned

curve is out of the scope of the paper.

Calculation of

initial currents |+ Frequency domain

4 Approximate Model |

_ With the Complete Model, the numeric calculation
Calculation of the

: voltage of the tudg— Time domain of the power in the tube can now be obtained. However,
Ca(')?#?élon some simplifications on the model are needed to achieve
current |« Frequency domain an analytical power calculation. In the Approximate

across Model | two simplifications are made:
the starter Calculation of . . .
capacitor | |the current acrosse Time domain: — The reactance is supposed to be linear. Thus, its
the ballast Saturation calculation model is arR-L combination, neglecting the hyster-
Frgﬁjlj(ency domain: esis and saturation effects.
No @ Egss;i;esis — The voltage wave shape of the tube is supposed to be
constant. This simplification is more realistic when
Yes the source has small fluctuations. It must not be for-
gotten to take into account that in the tube, the phase
@ shift between the current and voltage is equal to zero
(see Fig. 2).

Fig. 6.Simulation flow diagram ) S L
The equivalent lamp circuit with the above simplifi-

cations is shown in theig. 7. The circuit behaviour fol-
3.2 Iterative Harmonic Analysis lows the differential equation:

Once the lamp has been modelled an iterative algeft) — u(t) = Ri(t) + L—= dl(t) 3
rithm is used to derive the steady-state voltage and cur- dt
rent wave shapes in the circuit. The algorithm called ltwvheree(t) is the source voltage. One condition for the
erative Harmonic Analysis [4] is illustratedHig. 6. equation solution is the zero value for the phase shift
The Iterative Harmonic Analysis involves a hybridbetweeri (t) andu(t).
technigue which formulates the non-linear elements in If the phase reference is the current or voltage in the
the time domain (saturation and tube response), and thbe, the harmonic spectrumwuf(t) is constant. How-
linear system in the frequency domain. The commaver, the usual phase reference is the voltage source, so
current is used as the interface between the two systetims harmonic factoring is:

in each iteration. Operations in the time domain and in o
the frequency domain are matched in order to obtain thit) = 5 U, sin(na;t +6, - ny), 4
steady-state response of the lamp circuit. n=0

The current, instead of the voltage, has been chosgherew; is the fundamental frequency of the soutdg,
as an interface to improve the Iterative Harmonic Ana&ndg, are constant values because of the above simplifi-
ysis rate of convergence. Since the tube voltage hasaions and is the phase shift between the source volt-
shape which is too distorted to be achieved with a iteragee(t) and voltage in the tuhgt) (or the current across

tive algorithm. the tubse (1)).
Asis shown in eq. (4), the voltagé) only depends
3.3 Power in the Tube on the phase shift

Any voltage or current can be calculated via Itera4.1 Sinusoidal Voltage Source
tive Harmonic Analysis. However, the current and volt-
age in the tube are particularly interesting in order to ob- The usual and simplest situation in which to study
tain the electric power. the fluorescent lamp behaviour is when the voltage
When there is a flicker phenomenon this is closelyource is pure sinusoidal, thus:
connected with the electric power in the tube. Moreover
the human eye can detect oscillations between 0 Hz aﬁg) =+2U sin(@t),
35 Hz, as an approximation of a Butterworth filter [SivhereU is the RMS source voltage.
with a cut frequency of 35 Hz. So the power variations

(5)

between 0 Hz and 35 Hz are related to luminous flu Reactance it
variations that the eye can detect.
Therefore, the powex(t) related to the visible lumi- ., R L +
nous flux variations is calculated by filtering the instane(t) @ u() @ \oltage of
taneous powaey; (t) in the tube. The filter is an ideal low- the tube

pass one with a cut-off frequency of 35 Hz.
The powelP(t) could be weighted according to the
flickermeter curve. However, the main purpose of thiFig. 7. Approximate Model 1, constant an& = R+ L)
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The frequency domain is more appropriate in order -J2U (1_ a/2)
to study the steady-state behaviour. So, eq. (5) gives:i(t) = T ) cos(wt — 6(awy))
c\*1
(@) = E(w) "!(w) , ©) _J2aU cos((w, + Q)t -6, (w, + Q)
R+jwl 4 Z.(w,+ Q)

whereE (w) andU (w) are the Fourier transformse(t)
(see eq. (5)) and(t) (see eq. (4)), and-L are the val-
ues for the reactance simplification.

_+2aU cos((w, - Qt - 6,(w, - Q))

4 Zc(wl_-Q)

00

The solution of eq. (6) gives an expression for the > n cos(na)lt +6,-ny - GC(nwl)).
current: i=1Zc(Ny) (13)
i(t) = ~—v2U cos(e;t - 6, (ew;)) At this point, the use of the conditidfy/cw;) = 0

Z.(w) results in:

= 6,(nw) +6, - ny),
(7

whereZ.(w) and@.(w) represent the module and phase

2 0)1) cos(naw;t

f(y) =i(y/w)
_ -J2U(1-2a/2)

Z (@) cos(y - 6.(w,))

shift of theL-Rimpedance. Their expressions are: Eku +Q 6. (o + O
I E— _ \,E au B & ( ! )E
Z(w) =R +(wlL)", 4 Zc(ol)0 + Q)

(8)

L awlO Lo, — Q 1l
O.(w)=—=+tan~ —, ~ cosg+ -0, (w, - Q
(=775 0RO J2au °H @ (e )E

At this moment, the parametgrcan be obtained 4 Z(wy — Q)
and, in this way, the voltag#t) of eq. (4) and current ® B
i(t) of eq. (7) are completely known. For this purpose the le (nwy) cos(6, - 6(nwy)) = 0 (14)

zero shift condition is used:

The above non-linear equation must be solved by an
iterative method. The well-known Newton-Raphson
method is chosen, which means that, before calculation,
the following conditions are needed:

Oy O
IEKZE_O- ()]

Substitution of eq. (9) in eq. (7) results in:
y = ec(wl)
U2 U, Z(w) 0
1 n c
+cos — cos(6,- 6. (nw
D:1«/2U Z.(nw,) (6,-6:( 1))5
(10)

The procedure shown in Section 3.3 is used in order
to get the power in the tube:

° 2Z ()

usin(y -6,- 6g(@)) + U, sin(6e(@))]. QD)

4.2 Modulated Voltage Source

In order to study the flicker phenomenon in the flu-
orescent lamp, we assume that the supply voltage is
modulated by sinusoidal voltage of a lower frequency:

&t) = 22U gt— g + 2 cos(Qt)gsin(wlt), (12)

whereQ s the modulation frequency2(< wy/2) anda

is the modulation factor (0&< 0.2). 0~

Proceeding as in the previous section the following
expression for the current is achieved:

122

— The derivative , for which the equation is:

f'(y) =

df(y)

dy
2U(1-4a/2)
:ﬁsn(y—ec(wl))
L, N2aUl  w+Q
4Z (w0 +Q)

(oo, + Q 0
[tos y —6.(w, + Q)
H w, o H
J2aU  w, -Q
4Z (- Q) w

oo —Q N
OSBle 6. (v, -Q)E- (15)

An initial guess fol. This value is calculated from
eq. (14), supposing= 0 and the a Newton-Raphson
algorithm is applied.

The power in the tube is:

p(t) = Ry + Pa(1), (o)
= o[- ar2)sin(y -6, ~6,w)
+U, sin (9c(w1))] ' (160
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-J2auu, gn(gt +6,-y+0,(w - _Q)) 5.1 Sinusoidal Voltage Source
8 Z(w, - Q)

Pa(t) =
If the source voltage expression s eq. (5), an expres-

i sion for the current is reached with similar steps to those
L -v2aly, sn(Qt-6,+y -6.(@ + Q) in previous sections:
8 Zo(w + Q) ’

(16c) i(t) = _ﬁLU cos(wit)

wherePyis the mean power, af}(t) is the alternating 0
component. LA, 2 cos[(2n + (ot - V)] (18)
The fluctuations that the eye can see are represented by ey L & (2n+1)°
Po(t), whose fundamental frequency is sim@yand
whose amplitude iB,. The phase shift betweeft) (oru(t)) ande(t) is:

. cosy = —2—. (29)
5 Approximate Model I 2J2U

In order to obtain simpler analytic power and current So, the power is:

expressmns more simplifications have been be madeon 2./2 uu, .

the previous model. In this model the voltage of the tub® = Tsm y. (20)
Wy

is supposed to be a square wave. This wave has a zero

phase shift with regard to the current, as is shown in

Fig. 8. The coil resistance is neglected in order t6.2 Modulated Voltage Source

achieve a higher degree of simplification.

The square voltage in the tube is: When the source voltage has the expression shown
in eq. (12), then the current is:
au, = sin[(2n+1)(wt - y)]
u(t) = —2 : 17) . -2U(1-4a/2
® T nZO 2n+1 7 i(t) = # cos(wt)
1
whereU,is the maintenance voltage of the arc inside the J2au Etos(wl + Q)t COS(wl - Q)t d
; - +
tube (see Fig. 2). Al B w+Q w - Q E

The above expression comes from Fourier factoring
ofa square wave whose extreme values are ua and -Ua. 4U w cos[ 2n + 1)(w1t _ y)]
The resulting wave forms after the new simplifications .

(21)
are shown irFig. 9. TtwlL (2n +1)?

The Newton-Raphson algorithm is used again in

Tube in Tube in order to obtain the phase shiftThe following expres-
Approximate  Approximate sions are used:
i(t) Reactance Model Il Model IlI
"""""""" -J2U(1- a2
L . e R 107 I Cui. L peey
e @ "
T " =G .
y O y OC
[eosrfw, + Q)—( cos@w Q —D[
{ _J2au @ )am+ 9 @, OC
"""""""" a0 w+Q w-Q L
Fig. 8. Approximate Model Il and Approximate Model lII 5 E
+ UaTt _ =0; (22)
400 . 0.6 20,1

V e(t)\ QS A

df(y) _~v2ul a a

t ol 9 /e i
0

A\ |
U _u, \ L / | i (23)
e
RN . .
_20 03 So the power in the tube is:
p(t) = Ry + Py (b), (24a)
~% 0.01 0.02 003"
. . s .
‘. _2J2UU,(1-9a/2) .
. : T siny, (24b)
Fig. 9.\oltage and current waveforms in the simplified circuit Tw, L
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= : _ : a) 19 :
P(1) = - v2auu, E‘an(.Qt y) _sin(Qt+ y)% " Aproximate ||
2nk g w-Q w+Q | /Aproximate Il
(24c) 17 - / Aproximate Il1
whereP, is the mean power in the tube dwlt) is the T 16 X
alternating power in the tube. L, <
L R U/ /4
] 14 i
6 Approximate Model IlI Complete
13 Measured |
Another simplification level is when the modulation 12 ‘
frequency is very low@ << 0). Then the voltage fluctu- 0 0.02 0.04 0.06 s 008
ations can be considered as a static phenomenon. T t—
simplification is referred to as Approximate Model 1110) 2333 ‘
[6]. 181 5283 g m Complete _
Wl 2w E G0 B Approximate |
. . — = A imate Il |
6.1 Sinusoidal Voltage Source 14 E Agg:gi:mgtg -
T 12 [0 Measured _
With the source as sinusoidalthe resultsarethesa |
as those shown in eq. (20) for Approximate Model Il. P 8
6.2 Modulated Voltage Source 6 z E;EE
4 LS W ©
o S-220 [ 33222 22222
When a modulated voltage source is applied to th 5 *ﬁ 38eez 122822

model, the power can be obtained by simply substitutir 0 125 o5 H 35
eg. (12) in eq. (20) which results in: z

1 a a Fig. 10.Power with the different models
p(t) = —\/SU 2Ua2§— > + ECOS(Qt)EZ_ T[ZU: . (Q=12.5Hza=0.2)
T L a) Time-domain power
(25) b) Frequency-domain power (0 Hz ... 35 Hz)

6.3 Simulation

?) 180 mf '6.25 Hz
The simplicity of th(_a Appr_oximate_ Model Il e_lllows_ 1\;\(5,3 z Z 0 fng = 1250 Hz
an easy way to get a simulation equivalent. This equi ~so >z B fyoq = 25.00 Hz
alent is depicted in Fig. 8. 17.0 200 = 7
T165 889 5330 2
. g — 8 g 5 > ; g ;
P - 0 ®=q
7 Results ?16.0 SR TR
n w0 A O
155 =l BN
All the models have been simulated under sever 2
modulation frequencie@=3.125 Hz, 6.25 Hz, 12.5 Hz 15.0 ﬂ
25.0 Hz, and modulation factaxs 0.00 p.u., 0.05 p. u., 14.5
0.10 p.u., 0.15 p.u., 0.20 p.u. In the following figure 0 0.05 0.1 0.15p.u. 0.2
the results from these simulations are represented. a-—
b) 3;,5 B fyoq= 6.25Hz > .
_ | 1 fyiod = 12.50 Hz =9 2
8 Conclusions 557 @ fyoq = 25.00 Hz = 832
N
The results from measurements (Measured Powz 4.5 s ¢ 8
on a typical 36-W tube under the same conditions as t % z 2
simulation models are includeBig. 10andFig. 11). 5 3 S 8
The analysis of the simulation results presented " =3
the above-mentioned figures leads to the following col 25233 % =
clusions: °5 3
15—
— As can be shown in Fig. 10, the mean powgy is TI
the most important power component. The secor 0.5 0.05 0.1 015 p.u. 0.2
one is the compone,(t) whose oscillation fre- a —»
quency ig2. Different terms of frequency are presenrig. 11.Measured power
only in the Complete Model and in the Measurea) Time-domain power
Power, but they can be neglected. b) Frequency-domain power (0 Hz ... 35 Hz)
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%) 185 e a) 185 332 -
=== .fMd: 6.25 Hz W :DD === .fMOd: 6.25 Hz
180reg 3 ) fyog = 12.50 Hz | 18.0 g @ B EB 50 o= 1250 Hz
NGNS ~ N —
17.5,:::,,§§;7 ] fMod:25-00 Hz | 175 555 7822 [ | fMod—25.OOHZ
222 | 5% 220
17.0 EEERETE 17.0 i8S oz
T16.5 833 TlGS = ,a_w.;,
P 888 | 2323 By EE
016.0 LI I 016.0
K8y z
155 225 15.5
Q=<
15.0 -3 S 15.0
14.5 14.5
0 005 01 015p.u. 02 0 005 01  015p.u. 0.2
= a —»
b) 65 | §7 b 65
) . I
w | B fyeg= 6.25Hz 235 W B fyog= 6.25Hz s
5.5+ ) foa = 12.50 Hz__ =188 551 O fyoq = 12.50 Hz g
B fyoq = 25.00 Hz 239 S~ B fyoq = 25.00 Hz > <
45 S 2 | 25
' x| 82 45 =l
f 23 | 2° 1 .38 | 8o
o 35 =38 3.5 21 =3
Q,p R 3 PQ p ™ f\" o
> | oo : 223 | S
25—=224 2.5 2 8
N3 =z 2 @ =
@0 -~ =i
1L5—2= 15—5 83
0.5 0.5
0.05 01 015 pu 02 0.05 01 0.15 p.u. 0.2
a —»

Fig. 12.Mean and alternating power with the Complete ModeFig. 14.Mean and alternating power with Approximation I

a) Time

-domain power

b) Frequency-domain power (0 Hz ... 35 Hz)

a) Time

b) Frequency-domain power (0 Hz ... 35 Hz)

-domain power

a) 185 ‘ ‘ a) 18.57§
Wi sss B fyog= 6.25Hz wi 2 2
18.0r 55 & 0 fvod = 12.50 Hz| 18.0 2
A === _ ~ =
NS B fyoq = 25.00 Hz =
175 w538 s | M 8 175 E
NN | 335 ~ z
17.0 —5 8¢ 17.0 =
go2 | 234 = >
T 16.5 FSEe 23 T 16.5 = o —
P, S E oo P, ©
016.0 EER 016.0 =
15.5 15.5
15.0 15.0
14.5 14.5
0 005 01  0.15p.u. 0.2 0 005 01  0.15p.u. 0.2
a — a —»
b) 65 ‘ b) 65
W | B fyeg= 6.25Hz 3 W
55 [ fyog=12.50 Hz g — 55
B fyoq = 25.00 Hz s | scm z
4.5 2T 58 4.5 S
=N @ w = =
! 35 s | cim B ! 35 2
Pa,p z 3 5 N a.p 2 =
2.5 S 2Sm 2.5 g
=5 o = ha
IR ~
15/ §R 15 E I
S o o
o.sJ:. o5 Il
0.05 0.1 015 p.u. 0.2 0.05 0.1 0.15 p.u. 0.2
a —» a —»

Fig. 13.Mean and alternating power with Approximation |
a) Time-domain power
b) Frequency-domain power (0 Hz ... 35 Hz)

Fig. 15.Mean and alternating power with Approximation Il|
a) Time-domain power
b) Frequency-domain power (0 Hz ... 35 Hz)
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Mean power a(Q)  Approximation error _(K) mogu:ation ]]:aCtor

Complete 122397 0.2028% U \r/ncl)t u atilr??h retq‘éency
Approximation | ~7.9597 0.0179% u, oftage €lube o
Approximation II _8.0175 0.0194% U, maintenance voltage of the arc inside the tube
Approximation Ill —9.8069 0.0099% &, E source voltage
Alternating power B(Q) Approximation error i current across the tube

p, P power composed by frequency components

Complete 30.0579 2.5150% ;
Approxir?wation | 24.7630 0.1654% between 0 Hz and 35 Hz of the instantane-
Approximation Il 24.3783 0.1666 % ous powep(t)
Approximation Il 19.6559 0.2424% pi power befpre filtering

0= 125 Hzandi= 0.2 Q flux in the iron core of the reactance
~ioomzan@= 0o pu. y phase shift between the source voltagad

Tab. 1. Approximation by the Least-Square Method of the

the voltage in the tube

Mean and Alternating Power Coefficiemt$Q) andf(Q) f(y) current across the tube whieny/c,

Z., 6. module and phase of the reactance impedance
i one half of the hysteresis whext) = 0
In the simulation models, the mean poRgand the k,, k, saturation curve constants

alternating power amplitud@, have linear depen- X reactance

dence on the modulation facter (see Fig. 12, R coil resistance of the reactance

Fig. 13 Fig. 14andFig. 15). If the modulation fre- R, resistance that represents the hysteresis in
guencyQ is constant then the mean power and the the reactance

alternating power amplitude are: L inductance for the reactance

P = Po|a=0 ra(@a, Py, =pQ)a, 26) N harmonic order

wherePg|a-ois the mean power (with=0),Pyisthe 9.2 Subscripts
mean power anl, , is the alternating power ampli-

tude. The coefficients (Q), B(Q) are calculated via 0 mean power

the Least-Square Method, and the results are shown fundamental component

in Tab. 1. This linear behaviour in not so clear in they rrth harmonic

Measured Power (Fig. 11). s with saturation

The mean powd, decreases with the modulation fac<2 alternating power

tor and increases with the modulation frequency. Wherg- keth iteration in the Newton-Raphson algo-
as the alternating power amplitude increases with the rrlrtlgr;imum

modulation factor and with the modulation frequency. M .
peak value or amplitude

When low values of modulation factor and modula-

tion frequency are used, the lowest difference®.3 Abbreviations

between the Approximate models and Complete

Model are achieved. However, in all simulations theeC International Electrotechnical Commission
Complete Model has had the lowest error with rellRMS root mean square

tion to the Measured Power.

The difference between the models and the measuREferences
ments are not negligible because of the dependeritkCidras, J.; Carrillo, C.; Arrillaga, J.:An lterative Algo-
on the frequency and amplitude of characteristic of rithm for the Analysis of the Harmonic Currents Produced
the tube (see Fig. 3). by Fluorescent Lamps. 7th Int. Conf. on Harmon. and
Quality of Power (ICHQP), Las Vegas/USA 1996, Proc.
In summary pp. 687-692
. . [2] Watson, N.; Robbies, A.; Arrillaga, JRepresenting
— The lamp behaviour under voltage fluctuations " Transformer Saturation in Iterative Harmonic Analysis.
cannot be derived from the steady state with sinu- Int. Conf. on Harmon. Power Syst. (ICHPS-VI), Bologna
soidal voltage. [Italy 1994, Proc. pp. 318-324
) . . . 3] Electromagnetic Transient Program (EMTP)/ATP Refe-
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