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Abstract: - In the recent years, due to electrical energy reduction need, alternative light sources like Compact 
Fluorescent Lamps (CFL) and Light Emitting Diode lamps (LED) are replacing the classical incandescent light 
bulbs. These lamps have the disadvantages of being a significant source of harmonics, although they consume less 
power. This means that the lightning network should be redesigned taking into account the magnitude of the 
current harmonic components and of the null current. To this aim, an accurate model easy to build and a fast 
analysis are very useful. This paper presents three models for different types of energy saving light bulbs, two 
existing ones and a new implementation, a procedure for model parameters identification and a comparison of the 
models. Some errors criteria are considered, both qualitative and quantitative. The periodic steady state response 
is computed using a frequency domain analysis. 
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1 Introduction 

The use of energy saving light bulbs in recent 
years, such as Compact Fluorescent (CFL) and Light 
Emitting Diode (LED) lamps, have reduced 
greenhouse gas emissions. CFLs and LEDs are 
known to be important sources of harmonics. Their 
mass adoption leads to a significant increase of the 
sources of harmonics in the electricity supply 
networks, therefore the impact on the power quality 
needs to be clearly understood. One of the key steps 
in achieving this objective is the development of 
energy saving light bulbs harmonic models, suitable 
for large-scale harmonic studies. Due to harmonics 
in the power grid, some equipment such as 
transformers and cables, may be overheated which 
may lead to premature failure.  

This paper is structured in seven sections, 
followed by acknowledgment and references. In the 
second section, three models for the energy saving 
light bulbs are presented. The procedure used for 
parameter identification of the energy saving light 
bulbs model developed in this paper is presented in 
section 3. After that, the models are implemented in 
Advanced Design System (ADS) software in section 
4. The simulation results are presented in section 5 
and in section 6 some errors are computed. Finally, 
the conclusions are outlined in section 7. 
 

2 Energy Saving Light Bulbs Models 

Besides the fact that it has to reproduce the 
measured results, for a circuit model to be useful it 
must be as simple as possible and easy to implement 
in a circuit simulation software. Simulation with 
such a model must be fast, accurate and efficient 
(from the CPU and memory resources viewpoint). 

Several equivalent models for the energy saving 
light bulbs are available in the literature. In [1] a 
typical CFL circuit is presented (figure 1) together 
with an equivalent CFL circuit (figure 2) and a 
generic CFL circuit is proposed (figure 3). 

 
Fig. 1.  A typical CFL circuit [1]. 
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These models are simulated in the time domain 
and the obtained waveforms are very similar to the 
measurements reported in [1]. 

 
Fig. 2.  An equivalent CFL circuit (two diodes rectifier). 

 
Fig. 3.  Equivalent CFL circuit Proposed in [1] (single 

phase diode bridge rectifier). 

In [2] a current source type linear model has 
been proposed, valid only at a voltage value of 
230V RMS, and in its vicinity, since in normal 
conditions the lamps operate at a constant RMS 
value of the supply voltage. This model uses current 
sources controlled by the input voltage. Each current 
harmonic is described in terms of its amplitude and 
phase, the control parameters being the magnitude 
and phase of the fundamental component of the 
input voltage. This simple model has been 
implemented and validated through simulations in 
ADS software using a Frequency Domain Defined 
1-Port component (FDD1P). This type of model can 
be easily used to model other nonlinear home 
appliance devices [3]. 

 
Fig. 4.  Linear controlled source model [2]. 

The FDD1P component, presented in figure 4, is 
described by the following set of equations where 
V1 is the input voltage and Ik is the k-th harmonic 
component of the current. 
I1=polar(mag(V1)  0.06, 0+1 phase(V1)) 

I3=polar(mag(V1)  4.02E-02, 183.8+3  phase(V1)) 
I5=polar(mag(V1)  2.21E-2, 35.35+5  phase(V1)) 
I7=polar(mag(V1)  2.40E-2, -102.3+7  phase(V1)) 
I9=polar(mag(V1)  2.07E-2, 90.07+9  phase(V1)) 
I11=polar(mag(V1)  1.02E-2, -55.28+11  phase(V1)) 
I13=polar(mag(V1)  1.26E-2, 192.6+13  phase(V1)) 
I15=polar(mag(V1)  1.58E-2, 20.28+15  phase(V1)) 
I17=polar(mag(V1)  9.32E-3, 227.7+17  phase(V1)) 
I19=polar(mag(V1)  1.02E-2, 108+19  phase(V1)) 

 
The ADS implementation of these equations is 

presented in figure 5. 

 
Fig. 5.  ADS model description [2]. 

The validity extension of the models developed in 
[2, 3] is proposed in [4]. This can be done by 
replicating the current measured not only at the 
nominal supply network voltage, but for a wide 
range of RMS values of the supply voltage [190 V, 
250 V]. Following the measurements performed on 
several home appliances, a new current source type 
model has been suggested. This model will be 
presented and tested in this paper as it has not been 
yet validated by implementing it in a circuit 
simulation software and comparing the results with 
the measured data. 

3 The Procedure for Identifying the 

Model Parameters 

The current harmonic components produced by 
the energy saving light bulbs have been measured 
for a RMS value of the supply voltage from 190V to 
250V with a 10V step. The variation of the odd 
RMS current harmonic components up to the 19th 
harmonic is shown in figure 6 and the variation of 
the phases with the supply voltage is shown in 
figure 7. 

The dependence with the supply voltage of the 
most important odd current harmonic components 
can be computed by linear interpolation, starting 
from these samples, for both amplitudes and phases. 

These equations can be used to simulate the 
model, for example implementing it in the ADS 
software. 

In order to compare the different models, an 
absolute error a

k  and a relative error r
k  can be 

computed for every considered harmonic 
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where N is the number of all considered current 
harmonics and voltage samples. 
 
4 Examples 

In this section two types of energy saving light 
bulbs are modeled, a CFL and a LED. 
 
4.1 The CFL model 

Using the procedure described in section 3, a 
model for a CFL type energy saving light bulb is 
developed in this section. 

The variation of the odd RMS current harmonic 
components produced by a 10W CFL, up to the 19th 
harmonic is shown in figure 6 and the variation of 
the phases with the supply voltage is shown in 
figure 7. With symbols we represent the 
measurement points and with a solid line the linear 
interpolation. 
 

 
Fig. 6.  RMS current harmonics vs. input voltage. 

 

 
Fig. 7.  Phase current harmonics vs. input voltage. 

The dependence with the supply voltage of the 
first 10 odd current harmonic components computed 
by linear interpolation are presented in the 
following, both for amplitudes and for phases: 
mag(I1) = 6E-18  mag(V1) + 0.06 [A] 
mag(I3) = 3E-05  mag(V1) + 0.0402 [A] 
mag(I5) = 4E-05  mag(V1) + 0.0221 [A] 
mag(I7) = 2E-06  mag(V1) + 0.024 [A] 
mag(I9) = 7E-06  mag(V1) + 0.0207 [A] 
mag(I11) = 3E-05  mag(V1) + 0.0102 [A] 
mag(I13) = 2E-07  mag(V1) + 0.0126 [A] 
mag(I15) = -2E-05  mag(V1) + 0.0158 [A] 
mag(I17) = 6E-06  mag(V1) + 0.0093 [A] 
mag(I19) = -9E-06  mag(V1) + 0.0102 [A] 
 
phase(I1) = 0.00  mag(V1) + 0.000 [°] 
phase(I3) = -2.86E-02  mag(V1) + 183.860 [°] 
phase(I5) = -1.11E-01  mag(V1) + 35.357 [°] 
phase(I7) = -1.75E-01  mag(V1) - 102.360 [°] 
phase(I9) = -1.393E-01  mag(V1) + 90.071 [°] 
phase(I11) = -2.143E-01  mag(V1) - 55.286 [°] 
phase(I13) = -3.75E-01  mag(V1) + 192.640 [°] 
phase(I15) = -2.714E-01  mag(V1) + 20.286 [°] 
phase(I17) = -3.00E-01  mag(V1) + 227.710 [°] 
phase(I19) = -4.214E-01  mag(V1) + 108.000 [°] 
 

These equations have been implemented in the 
ADS software as is shown in figure 8: 

 
Fig. 8.  Proposed model implementation in ADS 

 
4.2 The LED model 

The same procedure is used also for a 5W LED 
type energy saving light bulb. As it can be observed 
in figure 9 and figure 10, the harmonic response is 
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visible different from a CFL but the dependence 
with the input voltage is still linear. 

 
Fig. 9.  RMS current harmonics vs. input voltage. 

The diference between the measured samples and 
the linear interpolation, more visible in figure 10, 
for some harmonic components is due to 
measurement errors and THD of the input voltage. 

 
Fig. 10.  Phase current harmonics vs. input voltage. 

The dependence with the supply voltage of the 
most important 10 odd current harmonic 
components has been computed by linear 
interpolation, both for amplitudes and for phases: 
mag(I1) = -1.450E-18  mag(V1) + 0.02 [A] 
mag(I3) = 1.793E-05  mag(V1) + 1.299E-2 [A] 
mag(I5) = 3.629E-05  mag(V1) + 4.557E-3 [A] 
mag(I7) = 2.943E-05  mag(V1) + 2.680E-3 [A] 
mag(I9) = 1.086E-05  mag(V1) + 5.246E-3 [A] 
mag(I11) = 1.564E-05  mag(V1) + 3.153E-3 [A] 
mag(I13) = 2.721E-05  mag(V1) - 8.186E-4 [A] 
mag(I15) = 1.964E-05  mag(V1) - 2.786E-4 [A] 
mag(I17) = 1.864E-05  mag(V1) - 1.090E-3 [A] 
mag(I19) = 9.143E-06  mag(V1) + 1.529E-3 [A] 
 
phase(I1) = 0.00  mag(V1) + 0.00 [°] 
phase(I3) = -5.710E-02  mag(V1) + 186.00 [°] 
phase(I5) = -1.679E-01  mag(V1) + 32.643 [°] 
phase(I7) = -3.964E-01  mag(V1) - 82.929 [°] 
phase(I9) = -4.893E-01  mag(V1) + 135.93 [°] 
phase(I11) = -4.786E-01  mag(V1) - 33.143 [°] 
phase(I13) = -6.429E-01  mag(V1) + 197.14 [°] 

phase(I15) = -9.464E-01  mag(V1) + 105.5 [°] 
phase(I17) = -9.857E-01  mag(V1) + 315.29 [°] 
phase(I19) = -9.786E-01  mag(V1) + 149.57 [°] 
 
5 Results 

The steady state solution is of interest usually in 
circuit design. Several methods were developed, 
either in the time domain or in the frequency 
domain. The most used method in the time domain 
is the transient analysis in which the circuit 
equations are integrated until the transient 
components decay. Another time domain method is 
shooting with Newton-Raphson which directly 
computes the steady state solution generally in 3 up 
to 5 iterations. Another method that directly 
computes the steady state solution but in the 
frequency domain, is the harmonic balance. In the 
harmonic balance method [5], the nonlinear circuit 
is split into a linear sub-circuit and a nonlinear sub-
circuit. The linear sub-circuit is solved in the 
frequency domain and the nonlinear one is solved in 
the time domain. The two sub-circuits are related by 
the direct and the inverse discrete Fourier 
transforms. Another frequency domain analysis that 
directly computes the steady state solution is 
presented in [6]. For very simple circuits, an 
analytical approach can be used to find the periodic 
steady state [7]. 
 
5.1 The CFL model 

In this paragraph, three CFL models were 
implemented in the ADS software and their validity 
has been verified in comparison with the results 
obtained by amplitude and phase measurements. 

By implementing in ADS the model from paper 
[1], a two diode rectifier, the following graphs are 
obtained for the odd RMS current harmonic 
components up to the 19th harmonic (figure 11), 
and phase for the same harmonic components 
(figure 12): 

 
Fig. 11.  RMS current harmonics vs. input voltage for the 

first model. 
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Fig. 12.  Phase current harmonics vs. input voltage for the 

first model. 

Using the model from [2] for a CFL, a current 
source type linear model, the following graphs were 
obtained for RMS, figure 13, and phase, figure 14: 

 
Fig. 13.  RMS current harmonics vs. input voltage for the 

second model. 

 

 
Fig. 14.  Phase current harmonics vs. input voltage for the 

second model. 

With the model suggested in [4] and developed 
in [11], the following graphs were obtained for the 
RMS value, figure 15, and phase, figure 16: 

 
Fig. 15.  RMS current harmonics vs. input voltage for the 

third model. 

 

 
Fig. 16.  Phase current harmonics vs. input voltage for the 

third model. 

For a qualitative comparison, below are the 
measured and the simulated waveforms over the 
measured RMS input voltage interval. 

In figure 17 it can be observed the waveform of 
the voltage and current, measured for a 10W CFL at 
a value of 220V RMS of the input voltage. 

 
Fig. 17.  CFL voltage and current waveform - measured 

at 220V. 

Figure 18 a) shows the simulated waveform of 
the voltage (in blue) and current (in red) of the first 
model for a 10W CFL, with a two diodes rectifier. 
Figure 18 b) shows the simulated current spectrum. 
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Fig. 18.  First model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 
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Fig. 19.  Second model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 

In figure 19 a) we present the simulated voltage 
(in blue) and current (in red) waveform of the 
second model for a 10W CFL, the voltage 
controlled current source proposed in the paper [2]. 
Figure 19 b) shows the simulated current spectrum. 

Figure 20 a) presents the simulated voltage (in 
blue) and current (in red) waveform for the voltage 
controlled current source developed in this paper 
which also models the same 10W CFL. Figure 20 b) 
shows the simulated current spectrum. 
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b) 

Fig. 20.  Third model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 

5.2 The LED model 
The same three types of models used to simulate 

the CFL, are used to simulate a LED energy saving 
light bulb. The models are implemented also in the 
ADS software and the obtained results are more or 
less similar with the ones obtained for the CFL 
models. The amplitude and phase measurements are 
used to validate the results obtained by simulation. 

The two diode rectifier model from paper [1] 
leads to the following graphs for the first 10 odd 
RMS current harmonic components, figure 21, and 
phase for the same harmonic components figure 22. 

Using the second model, the current source type 
linear model proposed in [2], the following graphs 
were obtained for RMS, figure 23, and phase, figure 
24, of the first 10 odd harmonics. 
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Fig. 21.  RMS current harmonics vs. input voltage for the 

first model. 

 
Fig. 22.  Phase current harmonics vs. input voltage for the 

first model. 

 
Fig. 23.  RMS current harmonics vs. input voltage for the 

second model. 

 
Fig. 24.  Phase current harmonics vs. input voltage for the 

second model. 

Finally, but not least, with the model developed 
in this paper the following graphs are obtained for 
the RMS value, figure 25 and phase, figure 26, for 
the same harmonic components. 

 
Fig. 25.  RMS current harmonics vs. input voltage for the 

third model. 

 
Fig. 26.  Phase current harmonics vs. input voltage for the 

third model. 

Below are the measured and the simulated 
waveforms over the measured RMS input voltage 
interval. 

In figure 27 we observe the waveform of the 
voltage and current, measured for a 5W LED at a 
value of the input voltage of 220V RMS. 

 
Fig. 27.  LED voltage and current waveform - measured 

at 220V. 

Figure 28 a) shows the simulated waveform of 
the voltage (in blue) and current (in red) of the first 
model for a 5W LED with a two diodes rectifier. 
Figure 28 b) shows the simulated current spectrum. 
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Fig. 28.  First model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 
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Fig. 29.  Second model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 

In figure 29 a) we present the simulated voltage 
(in blue) and current (in red) waveform of the 
second model for a 5W LED, the voltage controlled 
current source proposed in the paper [2]. Figure 29 
b) shows the simulated current spectrum. 

Figure 30 a) presents the simulated voltage (in 
blue) and current (in red) waveform for the voltage 
controlled current source developed in this paper 
which also models the same 5W LED. Figure 30 b) 
shows the simulated current spectrum. 
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Fig. 30.  Third model - simulated. a) the voltage and 
current waveform. b) the current spectrum. 

 
6 Error computation 

Because a large amount of data is hard to follow, 
the best solution is to display it as a comparative 
diagram. For example, using the formula (1) for 
every measured value, would result in 70 points (10 
harmonics x 7 voltage samples) only for the RMS of 
one model. The same is available for formula (2). 

 
6.1 Error computation for the CFL models 

The absolute errors computed by (1) for the RMS 
values of the CFL are presented in figure 31, for all 
the considered models. In red are presented the 
errors for the first model, the two diodes rectifier, in 
blue are the errors for the second model, the current 
source type linear model, and in green are presented 
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the errors computed for the third model, developed 
in this paper. 

 
Fig. 31.  The absolute errors [A] for the considered 

models of a CFL 

The relative error computed by (2) for the RMS 
values of the CFL are presented in figure 32. 

 
Fig. 32.  The relative errors [%] for the considered 

models of a CFL. 

6.2 Error computation for the LED models 
The absolute errors computed by (1) for the RMS 

values for all the considered models of the LED 
energy saving light bulb are presented in figure 31. 

 
Fig. 33.  The absolute errors [A] for the considered 

models of a LED. 

The relative errors computed by (2) for the RMS 
values of the LED are presented in figure 34. 

 
Fig. 34.  The relative errors [%] for the considered 

models of a LED. 

From the qualitative point of view, from all the 
above figures it can be clearly observed that the 
third model (the green surface) introduces the 
smallest errors for both types of energy saving light 
bulbs modeled in this paper. 

As an overview, the errors norms computed for 
the RMS with the (3) and (4) formulae are 
summarized in Table 1 and Table 2. 
 
Table 1. The RMS absolute errors norms 
 1st model 2nd model 3rd model 
CFL 7.387E-4 5.974E-4 6.041E-05 
LED 3.689E-4 1.097E-4 5.018E-05 
 
Table 2. The RMS relative errors norms 
 1st model 2nd model 3rd model 
CFL 4.074 3.494 0.497 
LED 3.609 1.762 1.252 

 
From the tables above, we observe that the 

results obtained with the models developed in this 
paper (the 3rd model) are more accurate than the 
previously designed ones. It is expected that similar 
results can be obtained and for the phases of the 
considered harmonics. 
 
7 Conclusions 

Two energy saving light bulbs, a Compact 
Florescent Lamp (CFL) and a Light Emitting Diode 
(LED) lamp, have been modeled in this paper by 
two existing approaches and a new frequency 
domain model. The new model parameters were 
obtained by amplitude and phase measurements for 
all harmonic components of interest (the first 10 odd 
current harmonics) for an input voltage in the range 
of [190V, 250V]. The models developed in this 
work are characterized by an affine dependence 
between the amplitude of the current harmonic and 
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the voltage amplitude of the fundamental frequency. 
This model has been validated by simulations in the 
voltage range of [190V, 250V], the results obtained 
being in accordance with the measured ones and 
more accurate than the previously designed models. 
The accuracy of the models has been checked by 
comparative graphical representations and by 
absolute and relative error computation relative to 
the measurements. The errors between the measured 
samples and the linear interpolation used by the 
models is also due to measurement errors, and the 
THD (Total Harmonic Distorsion) of the input 
voltage that introduces suplementary  distorsion of 
the current. 

To further improve the accuracy of the model, 
the number of harmonics considered can be 
increased. It can be observed that only for the 
models designed in this paper the current waveform 
is not influenced by the input voltage variation 
(figure 20 and figure 30). If the parameters for the 
analyzed models are computed starting from an 
extended set of measurements, the validity range of 
the model can be extended for more than [190V, 
250V] of the input voltage. This type of model 
could be more efficient than some other types of 
model, like the behavior ones [8]. 

It was observed that the reduction of the 
simulation time is greater in case of weakly 
nonlinear devices in comparison to the classical 
methods. This makes Frequency Domain (FD) 
models also suitable to simulate electrical drives [9] 
in steady state. The current waveform obtained with 
this approach is similar with those obtained for a 
variety of energy saving light bulbs models and 
methods [10, 11]. 
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