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Abstract

The high utilization of nonlinear devices in buildings increases harmonic distortion in the electrical voltage and current signals, which has
led to the requirement of characterizing and predicting the impact of such devices on low-voltage networks using load models. One of the
charges that still performs an important role in the energy consumption of commercial, industrial, and educational buildings is the recessed
fluorescent light with electronic ballast, which is commonly used in Colombia. However, information regarding the modeling of their
behavior in the case of distorted power supply voltages is scarce. Therefore, this work presents the parameter configuration and performance
analysis of two load models in the time domain, i.e., ZIP and exponential, and one model in the frequency domain, i.e., Norton equivalent
model to the coupled admittance matrix method, for two commonly used recessed fluorescent lights.
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Determinacion de parametros y analisis de desempefio de modelos
de carga para fluorescent recessed lightings ante variaciones de la
sefial de alimentacion

Resumen

La alta penetracion de dispositivos no lineales en edificaciones incrementa la distorsion armoénica en las sefiales eléctricas de tension y
corriente, lo que ha originado la necesidad de caracterizar y predecir su impacto en redes de baja tension a partir de modelos de carga. Una
de las cargas que aun tiene una significativa participacion en el consumo energético de edificaciones comerciales, industriales y educativas
son las fluorescent recessed lightings con balasto electronico, tal como es el caso de Colombia. Sin embargo, la informacion sobre el
modelado de su comportamiento ante tensiones de alimentacion distorsionada es escasa. Por tanto, este trabajo presenta la determinacion
de parametros y el analisis de desempeiio de dos modelos de carga en el dominio del tiempo, ZIP y Exponencial, y un modelo en el dominio
de la frecuencia, equivalente Norton con el método de matriz de admitancia acoplada para dos fluorescent recessed lightings de uso comun.

Palabras clave: Z1P; exponencial; Norton; distorsién armdnica; experimental setup; fluorescent recessed lighting; training; validation.

1. Introduction the harmonic distortion of voltage and current signals [1-5].

This causes the malfunction of equipment, heating of

The increase in the use of nonlinear devices such as
luminaires, appliances, computers, electric vehicle chargers,
and photovoltaic inverters in distribution networks increases

conductors and transformers, power demand increases,
interference of communication systems, and audible noise in
the case of certain lamps [6].
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Therefore, the modeling of nonlinear loads is a topic of
interest in the operation of low-voltage electric networks
owing to the possibility of describing and predicting the
behavior of these loads and consequently, estimating their
impact on the networks and analyzing mitigation strategies.

Generally, electric loads can be studied using static
models based on fundamental frequency, such as ZIP and
exponential models, which are mathematical representations
that relate the active and reactive powers consumed as a
function of the supply voltage root mean square (RMS) value
[7]. Multifrequency models such as the Norton equivalent
model may also be used, which are predominantly applicable
to loads with switched-mode power supplies (SMPSs), such
as appliances and lighting loads, and converters, such as
battery chargers or photovoltaic inverters [8].

The ZIP and exponential models tend to be widely used
in the study of electrical network behavior owing to their
simplicity and easy programming in simulation tools; in
contrast, the Norton models are not used because of the
greater programming complexity and computational cost in
these models.

1.1. ZIP and exponential models

The ZIP model is composed of three types of loads: constant
impedance (Z), constant current (I), and constant power (P).
This model is described by polynomial egs. (1) and (2),
which allow the estimation of the active (P;) and reactive (Q;)
powers consumed for a voltage V;, respectively; the
coefficients of both equations must comply with the
restrictions presented in eqgs. (3) and (4) [9,10]. P, and Q,
represent the nominal values of the active and reactive power
for a nominal supply voltage Vj, respectively; Pp, Ip, and Z,
represent the corresponding coefficients of the ZIP model for
active power;, moreover, F,, I;, and Z,represent the
coefficients of the ZIP model for reactive power.

The exponential model is obtained by the functions described
in egs. (5) and (6) to estimate the active (Py) and reactive (Qy)
powers for a voltage V,, respectively. The parameters o and
B describe the behavior of the load; when these parameters
are equal to 0, the load behaves as a constant power; in case
both parameters are equal to 1, the load behaves as a constant
current; and if both parameters are equal to 2, the load
corresponds to a constant impedance [7].
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1.2. Norton equivalent model

The Norton equivalent model based on the coupled
admittance matrix method linearizes the behavior of a
nonlinear load at a reference operating point for various
harmonic orders. Eqgs. (7) and (8) present the model in a
compact and extended matrix form, respectively. / is the
vector of currents, Y is the coupled matrix of admittances, 4V
is the variation of the voltage signals, and I,.f is the vector
of reference currents [11], whose dimensions are given by H
and K, which represent the highest odd harmonic order used
for current and voltage signals, respectively.
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1.3. Load models applications

Based on revised studies [9,12-24], it can be observed
that residential, commercial, and industrial loads are
generally modeled under the measurement approach. This
approach requires the use of monitoring tools to determine
the sensitivity of the load to changes in the level of voltage
and frequency; moreover, it is one of the most reliable
ways to reflect the behavior of real loads.

Static models based on the measurement approach are
widely used for the study of several electrical loads.
Bokhari et al. [9] experimentally determined the ZIP
coefficient model to represent modern loads such as
compact fluorescent lamps (CFLs), and described the
effect of SMPSs on the behavior of certain loads.
Quilumba et al. [10] determined the ZIP coefficients
model of flat-screen televisions to update the models of
these residential loads. Chiang et al. [7] examined the
accuracy of estimation of active power using five load
models, i.e., static power system simulator for
engineering, ZIP, exponential, a model of the Electric
Power Research Institute, and ZIP-exponential, based on
measurements made at substation loads. Pijnenburg et al.
[17] proposed a nonintrusive monitoring approach for
residential loads based on the ZIP model.

Conversely, multifrequency models were applied to
study light loads, inverters, and motors. Sun et al. [18]
calculated the parameters of the coupled admittance
matrix of AC/DC converters based on a frequency analysis
of random electrical signals obtained from simulations.
Zhou et al. [19] estimated the parameters of an admittance
matrix for a charging station for electric vehicles from
measurements. Wang et al. [20] (2011) determined the
Norton model of an inverter to analyze, from simulations,
its harmonic interactions, including harmonic resonance.
Subsequently, Wang et al. [21] (2018) investigated the
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harmonic interactions produced by microinverters and the
stability of a low-voltage power grid using a Norton
model.

One of the frequently studied light loads using the Norton
equivalent model is the CFL. Yon ef al. [22] presented the
Norton equivalent model to assess the collective impact of
several CFLs; further, Watson et al. [23] used a model to
quantify the effect of widespread adoption of CFLs in a
distribution network. Molina et al. [12] (2014) and Molina et
al. [24] (2015) presented Norton models based on the
coupled admittance matrix to estimate the harmonic
distortion produced by CFLs, validated from experimental
laboratory tests.

Molina et al. [13] (2017) calculated the parameters of the
coupled admittance matrix for light-emitting diode (LED)-
type lighting loads to calculate harmonic emissions and
contribute to the development of a procedure for
experimental determination of model parameters.

According to the findings observed in the reviewed
literature, the ZIP and exponential models and equivalent
Norton models are used extensively to model small electrical
charges, including nonlinear charges.

1.4. Scope of the study

Studies on the impacts caused by harmonic distortion
associated with nonlinear loads should consider the diversity
of the existing loads in the electrical network and their
representativeness in energy consumption. In the case of
lighting loads, the current penetration of LED lighting in
commercial, industrial, academic, and residential buildings is
evident, replacing fluorescent lighting and other
technologies; consequently, LED luminaires are the subject
of recent studies in load modeling [13]. However, it is
essential to indicate that such changes are gradual and the
representativeness of fluorescent lighting is still significant in
the energy consumption of buildings, as is the case in
Colombia. Lighting can represent between 20-30% of the
energy consumption of commercial, industrial, and
educational facilities, among others [14]. Therefore, it is
necessary to have load models that describe both LED and
fluorescent luminaires.

Fluorescent luminaires can be compact or fluorescent tubes;
some of these can be characterized by high levels of total
harmonic current distortion, which is close to 100% [25-27].
Fluorescent recessed lightings are frequently used in buildings,
although there are only limited studies when compared to CFLs.
Therefore, this work presents a modeling study on this type of
load using the ZIP, exponential, and Norton equivalent models
based on the measurement approach. The parameters of the
models were determined from the measurements of the
waveforms of the electrical voltage and current signals, for two
types of single-phase fluorescent luminaires of 2.0 ft x 2.0 ft:
one on-off-type luminaire and one dimmable-type luminaire fed
with distorted voltage signals.

The coefficient of determination R? was used to assess the
degree of adequacy of the ZIP and exponential models, while
the Norton model was verified through the training approach.

The validation of the models regarding the estimation of the
active and reactive powers was based on the calculation of
errors, i.e., absolute and percentage errors, considering 20
special voltage signals. The models were also validated for
the estimation of the current signal based on the calculation
of the RMS error (RMSE) and normalized RMSE (NRMSE)
rates.

2. Experimental methodology

This section describes the selected loads, scenarios for
taking measurements, experimental assembly in the
laboratory, and adequacy and validation methods to analyze
the performance of the established load models.

2.1. Light loads

This work studied two types of fluorescent luminaires,
i.e., the on-off type (constant luminous flux) and dimmable
type (variable luminous flux), installed in the Edificio de
Ingenieria Eléctrica of the Universidad Industrial de
Santander (UIS; Bucaramanga, Colombia). These luminaires
were selected because they represented the highest energy
consumption in the building.

Table 1 lists the general characteristics of the utilized
luminaires based on the rated power, type, and number of tubes in
the case of fluorescent luminaires, active power for each
fluorescent tube, and type of luminous flux control used by
dimmable luminaires.

This study considered three levels of luminous flux: minimum
(0 Vdc), intermediate (5 Vdc), and maximum (10 Vdc).

2.2. Experimental assembly

Fig. 1 illustrates the electrical connection scheme of the
experimental assembly components for the development of this
study, whose primary components are a source (Chroma 61701),
an energy meter (PQube3), and a load. The Chroma 61701
programmable source (1500 VA with three-phase-neutral-ground
output) generated the distorted supply voltage signals for loads
with a maximum error rate of + 0.2%. The PQube3 network
analyzer is a 0.2s accuracy class meter and a high-performance
monitoring instrument on energy quality issues, which recorded
the electrical signals of voltage and current in the load. The
sampling frequency chosen was 7680 Hz, which allowed 128
samples to be obtained per cycle for a fundamental frequency of
60 Hz.

Table 1.
General characteristic of the luminaires
Luminaire Rated Number Active Luminous
type ower and type of power of flux control
yp p tubes each tube
Fluorescent 68 W 4XTS 14w )
on-off
Fluorescent Control signal
. 70 W 4xT8 17W from 0 Vdc to
dimmable
10 Vdc

Source: The Authors.
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Figure 1. Electrical connection diagrams of the experimental assembly
Source: The Authors.

LOAD

Figure 2. Assembly of the equipment in the laboratory for experimental
development
Source: The Authors.

Fig. 2 shows the physical assembly of the equipment and
remote monitoring from a computer.

2.3. Scenarios and test measurement

The experiment involved determining the parameters of
the load models for four operation cases: one case for the On-
off luminaire and three cases for the dimmable luminaire
(minimum, intermediate, and maximum). In each case, four
scenarios or types of test voltage signals were applied. The
number of signals that compose a scenario corresponds to the
number of measurements. The analysis scenarios were as
follows: a) pure sinusoidal signal (9 measurements), b) signal
with third harmonic (54 measurements), ¢) frequency sweep
(181 measurements), and d) special signals (20
measurements). Each case consisted of 264 measurements,
for a total of 1056 measurements taken in this experiment.

The determination of the ZIP and exponential parameter
models was based on 63 measurements for each of the four
cases, which corresponds to the measurements obtained for
the 9 pure sine signals and the 54 voltage signals formed by
a fundamental component and a third harmonic, respectively.
The determination of the Norton model is based on the
samples of 181 measurements (1 measurement of pure sine
signal and 180 measurements of the frequency scan). Finally,
the validation of the load models consisted of analyzing their
performance against 20 special voltage signals.

a) Pure sine signal. The RMS value of the fundamental
component consisted of values ranging from 100 to 132
V, with a step of 4 V and phase of a blow, to guarantee a
considerable amount of data in the determination of the
ZIP and exponential parameter models. In the four cases
that were analyzed, these 9 signals were applied for a total
of 36 measurements in this scenario.

b) Signal with third harmonic. This scenario consists of
voltage signals with a fundamental component and third
harmonic component; both components had the same
phase angle, ¢; = @3 = 0°. We considering the nine
signals of the previous scenario and six RMS values for
the third harmonic, which are 1, 3, 5, 10, 15, and 20 V;
then, 54 measurements were taken per case, for a total of
216 measurements. Fig. 4b shows one of the waveforms
obtained by adding the third harmonic order to a
fundamental component signal.

c) Harmonic sweep of the supply voltage signal. Each signal
consisted of a fundamental component (120£0° V) and
harmonic component of the 3rd, 5th, 7th, 9th, or 11th
order, each of which took RMS voltage values of 1, 3, 5,
10, 15, or 20 V with phase angles of 0, 60, 120, 180, 240,
or 300°. For each case, 180 measurements were taken for
a total of 720 measurements.

d) Specific voltage signals. We selected 20 specific voltage
signals to analyze the performance of the load models,
i.e., two voltage signals obtained in the low-voltage bus
bar of the Edificio de Ingenieria Eléctrica (Signals 1 and
2); a voltage signal from the power grid of the Edificio de
Alta Tension - UIS Campus (Signal 3); a voltage signal at
the residential level in the city of Bucaramanga (Signal
4); two typical voltage signals in BT distribution
networks: flat-top signals present in residential networks
(Signal 5) and pointed-top signals present in industrial
networks (Signal 6) [28]; three voltage signals
corresponding to research articles (Signals 7, 8, and 9)
[22]; a set of three voltage signals (Signals 10, 11, and
12); and eight signals obtained from the Appendix of
Nassif et al. [11] (Signals 13-20).

2.4. Power and harmonic distortion parameters estimation

The single-phase active power can be determined using
eq. (9), where v,, and i,, are the sample vectors of N values
of the voltage signals and current, respectively, obtained
from the meter.

P=(ZX1vnin)/N ©
The apparent power per phase is determined using eq.

(10), where the RMS values of the voltage and current signals
can be calculated using egs. (11) and (12), respectively.

(10)
an

S = Vems * Lrms,

Vims = ngzlvnz[i]/N
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Figure 3. Flowchart of the developed study
Source: The Authors.

N L2l/N (12)

lrms =

The power factor (FP) was calculated as P/S. The

reactive power (Q) can be calculated as VS? — P2,
corresponding to the Fryze model [29].

The total harmonic distortion index of the voltage and
current can be determined using eqgs. (13) and (14),
respectively, where k is the harmonic component number, V;
and I; are the RMS values of the fundamental voltage and
current components, respectively, and V}, and [, are the RMS
values of the harmonic components k of voltage and current,
respectively.

THD, = |Y5.,VZ2/V,-100 % (13)

THD; = Y-, 12/1; - 100 % (14)

The calculation of the power and distortion parameters
and the parameters of the load models, i.e., ZIP, exponential,
and Norton equivalent, was performed based on the analysis
of the measurements in a tool developed in MATLAB. Fig. 3
presents the structure of this study, from the assembly of the
equipment to obtaining the results.

2.5. Adequacy and validation methods

The adequacy of the ZIP and exponential models was
analyzed based on the coefficient of determination R2, while
the training approach was used in the case of the Norton
model. Training is a technique used to evaluate the
uncertainty or possible errors of a model or simulation based
on the data that was used to create it. This approach allowed
the analysis of the magnitude and phase angle deviations,
taking into account the calculation of percentage errors in the
case of the magnitude and absolute errors in the case of the
phase angles.

The models were validated based on the calculation of
absolute errors between the measured and estimated values
of the obtained active and reactive powers. The quality of the
current signal estimation by the Norton model was also
validated based on the calculation of the RMSE and NRMSE
error indices.

3. Analysis results and discussion

This section describes the characterization of the
parameters of the power and current signal of the luminaires
when they are fed by the special voltage signals
(aforementioned scenario d), determination of the ZIP,
exponential, and Norton equivalent load model parameters,
validation of the established load models, and a performance
comparison of the load models.

3.1. Characterization of voltage and current signals and
power parameters

Tables 2 and 3 list the values of Vs, Lims, P, QF, S,
THDy, and THD; measured from the operation of the
luminaires using the 20 special voltage signals (scenario d).
These data indicate that the luminaires have a capacitive
behavior, where the magnitude of Q corresponds to the
application of the Fryze model; the power factor is measured
to be at values over 0.97 in all cases. Similarly, it is possible
to observe that the intermediate operation (5 Vdc) of the
dimmable luminaire does not represent a value close to half
of the nominal power as the current and powers demanded
are close to 0.4 A and 52 W, respectively, which are values
similar to those obtained during the maximum operating state
(10 Vdc), which are 0.5-0.6 A and 71 W.

Table 2.
Characteristic values of voltage and current obtained during the operation
of the luminaires

On-off Dim -0 Vdc Dim -5 Vde Dim - 10
Signal Vems THDy Vde

[V] [%] Irms THDI Irms THDI lrms THDI Irms THDI

Al [%] [Al [%] [A]l [%] [A] [%]

1 12928 053 7.74 0.17 20.12 0.41 12.50 0.55 10.18 6.95
2 128.67 053 7.23 0.17 20.23 041 1232 0.55 10.00 6.97
3 131.09 056 7.47 0.17 20.19 040 1298 0.55 10.45 7.09
4 12622 0.54 876 0.18 20.10 0.43 12.61 0.57 10.43 6.60
5 11673 057 647 0.19 1546 045 8.74 0.60 6.53 5.77
6 120.15 056 7.47 0.18 23.36 0.44 14.03 0.59 11.32 6.68
7 127.00 0.54 5.70 0.17 22.37 042 12.46 0.57 10.03 7.07
8 127.00 0.54 849 0.17 19.62 0.42 11.65 0.57 9.56 6.81
9 11998 0.57 742 0.19 19.07 045 11.49 0.61 9.24 596
10 114.00 0.63 9.73 0.19 16.71 047 10.42 0.63 8.64 498
11 126.05 0.58 9.27 0.18 18.10 042 10.77 0.57 9.38 6.24
12 132.07 0.55 10.53 0.17 18.42 040 11.60 0.55 10.06 6.48
13 120.05 0.59 11.67 0.18 21.17 045 14.36 0.60 12.01 6.19
14 120.05 0.60 11.69 0.18 21.93 0.44 14.80 0.60 12.57 6.40
15 120.05 0.60 11.72 0.18 21.92 0.44 14.65 0.60 12.39 6.47
16 120.04 0.59 11.41 0.18 20.99 0.44 14.20 0.60 11.85 6.26
17 120.04 0.60 11.46 0.18 21.56 0.44 14.48 0.60 12.10 6.27
18 120.04 0.60 11.88 0.18 21.70 0.44 14.98 0.59 12.61 6.29
19 120.04 0.61 11.12 0.18 21.19 0.44 14.18 0.60 11.86 6.45
20 120.04 0.61 11.51 0.18 21.33 0.44 14.34 0.60 11.98 6.24
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Table 3.
Characteristic values obtained during the operation of the luminaires
On-off Dim-0Vde Dim-5Vde Dim-10Vdc
Signal P Q2 S P Q S P Q S P Q S
[WI] [VAr] [VA] [W] [VAr] [VA] [W] [VAr] [VA] [W] [VAr] [VA]
1 67.6 62 67.821.5 493 22.0522 6.6 52.6 70.1 6.9 70.4
2 674 62 67.6213 494 219524 6.6 528 699 69 70.2
3 734 6.5 73.621.5 497 22.0522 6.7 526 71.7 7.1 72.0
4 673 6.1 67.521.7 479 222533 63 53.671.5 6.6 71.7
5 66.8 5.6 67.021.3 423 21.752.1 5.6 524 70.1 5.7 70.3
6 66.7 59 669213 492 21.8 524 64 52.7 704 6.7 70.6
7 677 59 67921.6 532 222534 6.8 53.871.7 7.1 72.0
8 67.7 63 679216 5.1 22.1527 65 53.071.6 68 719
9 677 57 679219 45 224533 58 53.6 723 59 725
10 712 5.7 71.421.8 39 22.153.4 49 53.671.9 49 72.0
11 722 62 725217 47 22.1528 6.0 53.1 714 62 71.6
12 727 63 72921.6 49 22.1525 63 528 71.6 6.5 718
13 708 64 71.021.6 4.5 22.053.1 59 534716 62 719
14 716 64 719214 47 219529 62 533715 64 718
15 715 64 718214 47 21.852.7 6.2 53.1714 65 71.6
16 70.1 63 704214 45 218527 6.0 53.071.6 62 71.8
17 72.1 64 723213 47 21.8526 6.1 529 71.8 63 72.0
18 723 6.5 725217 45 22.1526 59 529710 63 713
19 729 64 73.121.5 47 220526 62 529714 65 71.6
20 725 64 728215 45 219529 59 532714 62 71.7

Source: The Authors.

Fig. 4 illustrates the results of the current signals for the
four cases in the operation of the luminaires, where they are
inputted with six specific voltage signals. Visually, a
significant distortion of the current signal is not appreciated.
Specifically, the values of THD; vary between 5.70 and
12.00% for the on-off and dimmable luminaires with
maximum luminous flux; however, the value of this
parameter increases when the dimerization of the luminous
flux is intensified, reaching maximum values of 15.45 and
23.35%.

The two fluorescent luminaires are characterized by a
marginal distortion of the current signal when compared to
the CFLs, which can produce highly distorted currents with
THD; values of up to 100% [15,22,30].
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Figure 4. Behavior curves of demanded currents by the luminaires
for the four cases of operation when they are fed by four specific
voltage signals (1, 6, 11, and 13)
Source: The Authors.
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3.2. ZIP and Exponential models

Fig. 5 illustrates the behavior of the ZIP and exponential
models for the on-off luminaire. The values of the
determination coefficients indicate that the adequacy of the
models is satisfactory for estimating the active (R?>=0.87 and
R? = 0.83) and reactive (R?> = 0.9989 and R? = 0.97) powers,
for the ZIP and exponential models, respectively, when the
voltage signal is pure sinusoidal. However, these values are
unsatisfactory (R?=0.76, R>=0.50, R>=0.57, and R = 0.49,
for the ZIP and exponential models, respectively) when the
voltage signal is distorted with the presence of the third order
harmonic component.

Table 4 lists the parameters of the ZIP and exponential
models for the four operation cases of the luminaires.
Additionally, it relates the values of R? in two shades of gray,
dark and light, which indicate that the model may or may not
result in a good estimate of the power, respectively. The
values of the model parameters show the significant
sensitivity of the ZIP and exponential models to the harmonic
distortion of the voltage signal, which undermines their
estimation quality.
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Figure 5. Active and reactive power values and estimation curves of

the ZIP and exponential models: On-off luminaire case

Source: The Authors.

The distortion of the voltage signal significantly affects the R?
values as they vary between 0.5 and 0.7 for the on-off luminaire
and between 0.4 and 0.7 for the dimmable luminaire. Therefore,
these values show that the ZIP and exponential models exhibit
unsatisfactory behavior in the presence of distorted power voltage
signals.

These results are in line with the conclusions of Asres ef al.
[31] and Bagheri et al. [32], who claim that the ZIP and
exponential models do not consider the effect of nonsinusoidal
supply voltages, which can cause the accuracy of exponential and
polynomial load models to degrade in the presence of distortion.
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Table 4.
ZIP and exponential model parameters for the On-off luminaire and
three operation states of dimmable luminaire

Case Power fo fo+3fo fo fo+3fo
P, 095 P, 028 P, 101 P, 101
p o 018 [ 165 a 005 a 01

Z, 012 Z, -092 _, 2
et o8 & o076 R 083 R 057
n-0 P, -059 P, -048 Q, -043 Q, -0.40
9 I, 062 I, 041 B 058 B 054

Z, -046 Z, -033 _, 2
R® 100 R® 049 097 R 049
P, 050 P, -004 P, 029 P, 029
p I 045 I, 021 @ 00018 a 002

Z, 023 Z, 018 _, )
Dim. R 050 RE o009 K 000047 R 026
0 Vde P, 026 P, -027 Q, -043 Q, -0.39
9 I, 004 I, 032 P 130 B 136

Zy 002 Z, 044 _, 2
028 R g0 R 099 R  0.69
P, 170 P, 056 P, 068 P, 0.7l
p o 205 I, 035 a 000 a -0.04

Z, 102 Z, -020 _, 2
i, R oss kb ose K 046 R 050
5 Vde P, 122 P, 040 Q, -057 Q, -0.5
9 I, 269 I, -096 g 178 B 177

Z, 089 Z, 005 _, )
R 099 R .
R2 099 R2 0.5 075
P, 311 P, 121 P, 092 P, 0.96
p I 449 I, 261 a 007 a 006

Z, 229 Z, 0.8

R? 1 R? .39
Dim. R* 094 R? 0.99 0.18 03
10 Vde P, 152 P 116 Q, -0.60 Q, -0.52
9 I, -112 I, -242 B 192 B 211

Zy 055 Z, 072 2
R* 051 R® 080 099 R 08

Source: The Authors.

3.3. Norton equivalent model

Fig. 6 shows the admittance matrices of the Norton
model for the four cases that were studied (on-off
luminaire and the three operating states of the dimmable
luminaire), which allow us to appreciate that the diagonal
has a dominant presence with respect to the other
components of the matrix, which is owing to the greater
intensity of the relationship between the harmonic
voltage and current components of the same order.

The verification of the Norton model was performed
using the training approach. Fig. 7 shows the boxplots,
which allow us to appreciate the distribution of the error
deviations in the magnitude and phase angles. For
example, Fig. 7a indicates that 50% of the error values
between quartiles 1 and 3 are between 3 and 13% and are
represented by the box; the line inside the box indicates
that 50% of the errors are less than 7%. This value is
closer to the first quartile (errors less than 3%), which
indicates the existence of a positively biased data
distribution. Finally, the extremes indicate that the
minimum and maximum errors are 1 and 19%,
respectively.

X

Admittance (8)

X
=
Renaa T,

Admittance (8)

Admittanee (S) x

2) Real part-Dim 10 V case

hyImaginary part-Dim 10 V case
Figure 6. Graphical representation of the coupled admittance
matrices for the four operation cases of the luminaires
Source: The Authors.
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Table 5.

Training approach parameters for the on-off luminaire and maximum
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operation case of the dimmable luminaire

Paramete Co

On-off luminaire

Dimmable luminaire

Maximum flux

r m Min Max Me :‘)ﬂa Min Max Me lea
074 2532 8.3 349 o, 142
1st % % % + % 9.30% %
0.04 2941 8.54 0.02 28.97 5.58
+
d Syl Ty g % % %
0.05 o, 0.06 0.05 2995 3.83
Value 5th % 29.01% % + % v % +
RMS 0.09 o, 325 0.11 11.53 2.76
Tth % 9.70% % + % o % +
0.00 o, 412 0.05 18.88 3.90
9th % 14.93% % + % % % +
0.01 o, 247 0.10 11.90 2.62
+
11th % 10.00% 9% % % % +
Ist 0.01° 1.50° 0.47° + 0.13° 1.55° 0.55° +
3rd 0.00° 10.40° 1.09° + 0.00° 14.92° 2.65° +
Phase 5th 0.01° 9.43° 125° + 0.00° 10.25° 1.20° +
angle 7th  0.00° 4.96° 095° + 0.00° 4.94° 0.85° +
9th 0.00° 5.82° 0.88° + 0.00° 591° 0.89° +
11th 0.00° 2.93° 045° + 0.01° 7.19° 1.15° +

Source: The Authors.

Each admittance matrix obtained in this study demanded
181 laboratory measurements with an average current
estimation error of 2.4%, which is a significantly small
amount of data when compared to the Norton model for the
14 W CFLs developed by Molina et al. [24], who used data
from 100,000 Monte Carlo simulations and obtained average
errors of less than 2%; however, they considered relative
errors of magnitude and phase angle of load currents of up to
5% and 10°, respectively, as acceptable.

IrmsM=0.525 [A]
THDI=7.73%
ImsN=0.611 [A]
THDI=745%

(b) Signal 5—On-off
case

(a) Signél 1-On-off
case

(c) Signal 1-Dim.
10Vdc case

06

AT

4

Table 5 lists the data of the percentage and absolute errors
of estimation of the magnitude and phase angle, respectively,
for each fundamental and harmonic component of the current
signals for the on-off and dimmable luminaries in their
maximum operating state.

Most of the established models have a positive bias in the
deviations of magnitude and phase angles in the fundamental
and harmonic components, with errors in magnitude between
0 and 18% for the on-off luminaire and between 0 and 15%
for the dimmable luminaire. In the case of phase angles, 50%
of the errors in estimating the phase angles of the components
of the on-off luminaire and dimmable luminaire are
predominantly between 0 and 2° and between 0 and 4°,
respectively.

The Norton model validation consisted of evaluating the
quality of estimation of the current signal for 20 specific
voltage signals. Fig. 8 shows a comparison of the RMS
values and phase angles of the fundamental and harmonic
components obtained from the measurement (dark bars) and
the estimation (light bars) for three specific signals. In
general, the results show a satisfactory performance of the
established Norton models, with relative error percentages of
less than 11 and 16%, respectively.

Fig. 9 shows a comparison of the RMSE and NRMSE
indices that evaluate the ability of the Norton equivalent
model to estimate the current of the on-off and dimmable
luminaires in three states. RMSE estimation errors are less
than 0.08 A for all cases, while NRMSE errors range between
0.30 and 7.20%, whose average errors are significantly
similar in the four cases (2.78, 2.27, 2.32, and 2.31%), which
indicates a satisfactory performance of the Norton models. In
short, this model describes the harmonic interaction between
voltage and current; therefore, it is a useful tool to study the
harmonic distortion effect caused by nonlinear loads.
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Figure 8. Current demanded spectra by the luminaires for the four
operation cases when they are fed by the specific signals 1 and 5
Source: The Authors.
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6 7 8

3.4. Models performance comparison

Fig. 10 illustrates the calculated percentage errors
between the measured and estimated values of active and
reactive powers using the three models for the four operation
cases that were analyzed. In the case of the on-off luminaire,
the average percentage of active power estimation for each
model was similar (3.55, 3.57, and 3.82), while the reactive
power was estimated with a lower average error of 2.85%
using the Norton model. The comparison of the errors of
active and reactive powers obtained from the three analyzed
load models for the on-off luminaire are illustrated in Figs.
10a and 10b.

For the intermediate and maximum operation of the
dimmable luminaire, the exponential and Norton models
recorded average errors of estimation of the active power of
0.84 and 3.73%, respectively, and 1.3 and 1.6%, respectively,
and the values were less than 6 and 10% for reactive power,
as shown in Figs. 10c-10f. Figs. 10g and 10h show the power
estimation errors for the dimmable luminaire operating at 0
Vdc. The exponential and Norton models estimated the
powers with maximum errors that were primarily less than
12%, while the estimation errors of the ZIP model were up to
41.91% for the reactive power.

In summary, the exponential and Norton models allow us
to estimate the power consumed by the four cases of
operation of the fluorescent luminaires; however, the ZIP
model is inefficient in describing reactive power owing to the
high estimation errors in the minimum state of the dimmable
luminaire.
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Figure 10. Average estimation errors of the active and reactive
power for the three load models for the 20 specific voltage signals
Source: The Authors.

4. Conclusions

This article presented the determination of the parameters and
performance analysis of the ZIP, exponential, and Norton
equivalent models for two types of luminaires, i.e., on-off and
dimmable luminaires, using an experimentation process.

Therefore, the following conclusions can be presented:

It was determined that the ZIP and exponential models do not
exhibit a satisfactory behavior when the waveform of the voltage
signal changes owing to the presence of harmonics.

The Norton model, obtained from the frequency sweep,
managed to describe the behavior of the on-off and dimmable
luminaires when the supply voltage signal had more than one odd
harmonic.

The Norton model allowed the estimation of the behavior of
the luminaires using measurements taken under different RMS
values in the fundamental component of the supply voltage signal.

The results showed that the model in the frequency domain
reliably simulated the real behavior of the luminaires, both in
terms of current and power.
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