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Abstract: The use of electronically controlled loads is the way used 
to improve the efficiency as well as the power factor of normal elec- 
tric loads, obtaining thus energy efficient loads. This electronic con- 
trol changes the load’s global behavior resulting in a strongly non- 
linear one, at this regards, the available models used to represent 
loads are not accurate enough, especially in the context of an iterative 
frequency domain harmonic penetration program/algorithm. 

In this article, we propose an extension of the crossed-frequency 
admittance matrix, in order to get a better representation of these 
electronic loads. The extension is done by adding another dimension 
to the matrix, the harmonic phase. The model is obtained using a 
programmable power source connected to a PC, and by means of an 
acquisition board, we measure voltage and intensity. Due to the large 
number of tests needed we have developed a software tool that auto- 
mates the process giving as result the load model. 

Therefore, the proposed model linearizes loads according to three 
variables: Amplitude, Frequency and Phase of the harmonic with 
regard to the fundamental. 

Keywords: Power system harmonics, Load Modeling. 

I. INTRODUCTION 

The use of electronics in order to obtain more efficient sin- 
gle-phase loads, as for example, energy saving lamps and 
power supply of low voltage appliances (e.g. personal com- 
puters, TV sets, etc), changes the electrical behavior of these 
loads resulting in a strongly non-linear one. 

Although their individual ratings are small, their aggregated 
effect is appreciable given the great amount of these appli- 
ances. 

These non-linear loads supplied by an ideal voltage source 
absorb harmonic currents that flow through the different ele- 
ments of the power system producing a harmonic voltage 
drop, therefore modifying the original load voltage waveform, 
consequently increasing the harmonic currents absorbed by 
these non-linear loads. 

In order to assess the impact that these harmonic currents 
have on the power system we need models that retain all the 
non-linear interactions between the current absorbed i(t) and 
the applied voltage waveform v(t) of the non-linear load, and 
through the use of an Iterative Harmonic Analysis (IHA) pre- 
dict the harmonic steady state of the system. 

The fact this electronic could be carried out by different 
methods make the effort of modeling an electronic load a 
difficult task. 

There are mainly two types of models for an MA. Time 
domain models [1][2] and Harmonic domain models [3]. 

The problem with time domain models is that they require 
considerable computation and is difficult to model frequency- 

dependent parameters. In contrast, harmonic domain models 
can give us the solution in the harmonic domain directly. 

We start modeling single-phase electronic loads by means 
of the crossed frequency admittance matrix [4], after various 
tests we observed that the columns of the matrix, that give us 
the interaction between harmonics, were a function of the 
amplitude as well as the phase of the harmonic. 
In order to capture this behavior we have extended the 

crossed frequency admittance matrix to make their elements 
dependent on the phase of the harmonic, the final structure 
could be similar to a matrix box. 

Finally, we have make tests to three single-phase electronic 
loads in order to compare the differences between the meas- 
ured and the caldated current, discussing the results. 

II. COMPUTER-AIDED TESTING CIRCUIT 

Fig. 1 shows us the scheme of the test system. This system 
was initially used to obtain the crossed frequency admittance 
matrix of electronic single-phase loads. 

The voltage waveforms used for the tests are obtained from 
a system consisting of a computer and a power arbitrary wave- 
form generator. The voltage test conditions are generated by 
software and by a GPIB connection, using the SCPI protocol, 
downloaded to the power source, a SW5250 power arbitrary 
waveform generator. After the program loads the required 
waveform sets the appropriate magnitude at the output of the 
generator. This output is supplied finally to the single-phase 
load. 

A calibrated 16 bit, 8-channel data acquisition board was 
used to record the voltage and current waveforms of the loads 
under test. These waveforms were previously measured using 
a voltage and a current measure transformer at the load termi- 
nal. 

We have to comment that initially, we had various current 
transformers available for our system, with different turns 
ratio but with the same accuracy ratings. After measuring their 
response to a pure sinusoidal current waveform with an oscil- 
loscope, we had to reject three of them because they modified 
the original waveform introducing harmonics, even when we 
were using low resistances in the secondary in order to work 
in the linear region of the current transformers. 
Then, we calibrated the voltage transformer to take into ac- 

count the phase difference introduced by the transformer be- 
tween the secondary and the primary windings. We used these 
values to correct by software this error. 

Another error that we have corrected is the one introduced 
by the data acquisition board because they normally have only 
one A/D converter so that when we use the board to measure  1805 

 



various signals there is a delay due to the time that the multi- 
plexer needs to commute between the various signal channels. 

This error was minimized in origin, because the board had il 
burst mode that minimizes the time to change between chan- 
nels. In spite of this, we measured this time because in low 
frequencies is negligible but on high frequencies it could in- 
troduce us a big error. 

r 4  

U 
Fig. 1. Block diagram of the experimental system 

We know at least four different ways to correct this error: 

a) Interpolation. 
b) Using an external trigger and a sample and hold. 
c) Using an external trigger to take one channel at a time, 

synchronized when one of the signals crosses by zero. 
d) As the signal is periodic, delaying the phase of the 

harmonics in the frequency domain. 
The problem with a) is that if the signal changes fast in 

time, and then interpolation can lose precision. Methods b) 
and c) require additional hardware so we followed the last 
method which is a totally software solution and is applicable 
when we are studying periodic signals. 

We measured this delay introducing a pure sinusoidal signal 
at the same time in the two channels, measuring the phase 
shift between them. We obtained a signal delay td=15ps, that 
was in agreement with the manufacturers data (td = 13 .3~) .  
This time corresponds with a phase shift of Apl = 037'. 

Negligible at the fundamental tiequency but as we get into 
higher harmonics it is multiplied by the order of the harmonic 
getting an error A- = h*Apl. We should also say that as we 
use more channels the error is multiplied by the channel order. 

Finally, in order to avoid the error introduced by the non- 
load current of the voltage transformer it is advisable to place 
the current transformer behind the voltage transformer. 

The software developed for the test system makes an or- 
dered group of tests to the non-linear load in order to get the 
non-linear model. 
W e  can vary the following parameters: 

a) Fundamental voltage amplitude. 
b) Higher order of the harmonic to test. 

c) Harmonic amplitude. 
d) Harmonic phase shift relative to the phase origin. 

The phase origin is always taken so that the phase of the 
fundamental pllasor is equal to zero. 

III. THE CROSSED ADMITTANCE MATRIX 

The crossed frequency admittance matrix is a model of the 
type: 

- -  - 
= F(Vl , V2 , ... , V, , C) h = I...m 

- 
Where TI, , ... , V, are the harmonic phasors of the sup- 

ply voltage and C is a set of control variables. This type of 
model is used i n  the so-called harmonic iteration methods [4], 
where a harmonic producing device is modeled as a supply 
voltage-dependlent current source. 

In this case, the= is a lineal relationship between voltage 
and current without using the control variables. 

The general representation is: 

[I]= [qv] 
Where [y] it; a (m,n) matrix, named crossed-frequency ad- 

mittance matrix, which attempts to capture the non-linear 
interactions between voltage and current. 

The test process to obtain the matrix is done in two stages: 

We supply the load with a pure sinusoidal voltage 
waveform, 

v(t) =&VI cos(wt) (3) 

and we measure the absorbed current, obtaining 
through this test the column corresponding to the fun- 
damental fiesuenCy [.k1] k=l..m 

For j=2..1i, we supply the load with the waveform com- 
prise of the fundamental harmonic, that mains con- 
stant in amplitude, plus the harmonic frequency of or- 
der j . 

In the first stage of the test, we obtain the terms correspond- 
ing to the fundamental fresuency by means of the following 
expression: - 

Due to the mathematical operation between different har- 
monics we always have to take special care to use the same 
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phase reference, not doing so, could give us different results 
depending on the instant that we take the data. 

This process is always carried out after the correction of all 
the errors committed in the acquisition of the voltage and 
current waveforms. The procedure is: 

a) Transformation into the harmonic domain through the 
FFT of the voltage and current waveforms. 

b) Error correction of the voltage transformer. 
c) Error correction of the acquisition board multiplexer 

delay. 
d) Phase shift in the harmonic domain so that we always 

have our phase reference when the phase of the fun- 
damental voltage is equal to zero. 

The latter step is done by phase shifting the phasor of order 
k by the quantity 
By means of the second step and by using the column re- 

lated to the fundamental frequency, we are able to calculate 
the rest of the columns using the following expression: 

= -k*arg( v 1) for k = 2..n. 

Harmonic v1 
Order 220 Vrms e 5OHz 

1 (0.001 635,4.00) 
(0.000002,-62.6°) 
(0.001 368,-8.7") 
(O.ooo003,-69.40) 
(0.000947,-16.9°) 
(0.000002.-90.00) 

7 (0.00051 1,-30.50) 

We mention again the importance of taking the same phase 
reference when these operations are realized. 

The principal hypothesis used in the process of obtaining 
the matrix terms is the linealhtion around the working point, 
in this case the amplitude of the fundamental voltage. There- 
fore, when we add another harmonic to the fundamental volt- 
age all the variation from the fundamental response is totally 
imputed to the harmonic voltage. That is, we are applying 
superposition even though we have a non-linear system and 
we know that t h i s  principle is not applicable in general. 

Finally in the case we have an arbitrary voltage waveform 
consisting of various harmonics we obtain the harmonic cur- 
rents by multiplying the harmonic current vector and the 
crossed admittance matrix, obtaining thus the current directly 
in the harmonic domain, being th is  one of the advantages of 
these types of models from the time domain ones. 

The circumstances in which the model is applicable can be 
resumed in two conditions: We should be in steady state and 
the frequency spectrum of voltage and current must be com- 
prised of the fundamental component plus its harmonics, that 
is we are working in the harmonic domain. 

When we obtained the matrix for various electronic loads 
we verified that the prediction of the model was far away from 
the measured waveform when we varied the phase of the har- 
monic voltage added to the fundamental. 
As we can see in Fig. 2 this behavior can be very distinct as 

we change the harmonic phase. Let us remark the two peak 
waveform absorbed by the load current when we have a 180" 
phase hannonic of order 9 added to the fundamental voltage 
waveform. This behavior has been observed on different fre- 
quencies becoming stranger as we increase the order of the 
harmonic. 

v1+22 vnns 
H 5 0  ph+ 

(0.01 33 10,172.60) 
(0.003841.24.60) 
(0.01 0688,161 .10) 
(0.003340.23.60) 
(0.007633,147.7") 
(0.002457.29.50) 
(0,004586,127.Q 

We conclude that for these types of loads the crossed admit- 
tance matrix has to be enhanced so we can predict this behav- 
ior. 

22OV MOHz 220V+22V f450Hz p W  

-1. 1 -3 - 
0.02 s a  (SI 

0.02 0 
S e c z i S  (S) 

0 

22ov+22v M S O H Z  ph=90" 220V+22V M50Hz ph-180" 

Fig. 2. Different waveforms obtained varying the phase from 0" to 180" of the 
harmonic of order 9 added to a 5OHz fundamental voltage supplied to a com- 

puter load. 

IV. ENHANCED MODEL 

In order to try to capture this behavior we propose an exten- 
sion to the latter crossed admittance matrix model, keeping the 
information that depends on the harmonic's phase. 
As we can see in table 1 the obtained columns for two tests 

done with the same harmonic amplitude, 22 Vnns WSOHz, 
but with different phases, ph=Oo and ph=27Oo are not the same. 

Table 1. Vmious elements of the crossed admittance matrix for a computer 
load 

v1+22 vnns 
W50 ph=270" 

(0.007999,-101 .0") 
(0.003845,-17.9") 
(0.007758,-113.50) 
(0.005490,-11.8O) 
(0.007013.42 1.53 

(0.00501 5r7.90) 
(0.005 133,-128.40) 

We now propose a model with the following representation: 

The expanded representation of (7) is: 
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Here the elements of the matrix are phase dependent of the 
voltage harmonic. In order to obtain the current harmonic of 
order k we have to use the following expression: 

(9) 'ii = 2 % (0, )vk exp(jek 
k=l 

We can see in Fig. 3 a representation of the different values 
obtained for an element of the matrix. As we change the phast: 
of the added harmonic, it changes both in magnitude and in 
phase. We can store this information adding a new dimension 
to the matrix, in this dimension, we can store the different 
values obtained for the different phases that we test the load. 
For example, if we make the tests for four different phases of 
the added harmonic then we can use a vector of four elements 
to store the values obtained. 

The graphical representation of this structure is a matrix 
box. 

270 

Fig 3. Geometric place of the values obtained for Y71 varying the phase of the 
harmonic of order 7 in steps of 309 supplying the computer load with a fun- 

damental harmonic plus a 10% of the harmonic of order 7. 

V. EXPERIMENTAL VALIDATION 

To verify the suitability of the proposed model, we have 
made various tests to three different electronic loads: A com- 
puter, an electronic ballast and an energy saving lamp. 

We have made three different types of tests: 
1) Fundamental voltage plus one harmonic varying its 

amplitude between 5% and 10% of the fundamental 
amplitude. We begin the test with a harmonic phase of 
0" and we shift it in 4 5 O  steps until we reach 325". 
Combination of different harmonics superposed to the 
fundamental voltage. Mixture of even an odds har- 
monics. 

2) 

3) Combination of various odd harmonics superposed to 
the fundamental voltage. 

All the tests have been made under steady state, where we 
can assume that the model is applicable. 

Previously we have to obtain the different electronic load 
models. To obtain it we have develop a software tool that 
automates the process and makes the different tests necessary 
to build the matrix box. In the process, we have applied a 
constant fundamental voltage and superposed a harmonic with 
amplitude 10% of the fundamental voltage that we vary in 
steps of 30" until we complete 360". Finally, we store the 
model in a computer file so that it could be used later. 

In the case tliat the phase of the harmonic does not coincide 
with the phase tested then we use a linear interpolation be- 
tween those that surround it. 

We are going to represent graphically the error committed 
between the mcasured current, i,,,(t), and the calculated current, 
i&), using the :model. This error (Em) is calculated by means 
of the following expression: 

In Fig. 4. we: show the error obtained for two different test 
to the computer load. 

220 vnns + 22 vrms +loo Hz Vh=o 

1 7 '  I '  " " ' I 

Em = 0.043 

0.01 0.02 
"4.sI " v : .  , I I I I I I I I 

0 
Seconds (s) 

220vrms+ 11 vmff100Hzpk-O" 

Em= 1.0147 

0.0 1 0.02 
-1 I,~..""'~ 

seconds (s) 
0 

Fig. 4. Two different tests made to the computer load, representing the m a -  
ured current (and the calculated current with the error committed. 

A. Computer h d .  

We have tested a Personal Computer with its monitor and 
the results obtained for the error measured (Em) in the 5% test 
are represented in Fig. 5. These tests were made with a 5% 
harmonic amplitude in contrast with the 10% harmonic ampli- 
tude used to obtain the model, we can see that the error com- 
mitted with the even order harmonics is bigger than with the 
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odd order harmonics. However, in all the tests, as we increase 
the order of the harmonic the error measured decreases for all 
harmonics, with an Em below 0.1. 

- - - - - -  .._. 
I 

11 2 

1 

95 
0 

0 

110 145 a90 I135 1180 HZ25 127) B315 I 
Fig. 5. Error obtained in the computer load in the 5% test as a function of the 

harmonic and the phase of the harmonic. 

The results obtained with the 10% harmonic load test al- 
ways gave us always a very low Em, showing us that in this 
case the interpolation process is applicable with negligible 
errors. 

Table 2 shows an example of the various combinations be- 
tween even and odd harmonic that we have tested. 

Table 2. Amplitudes and phases of the even and odd harmonic combina- 
tion test. 

Fig. 6 and 7 show the current waveforms measured and cal- 
culated when we apply the harmonic content of Table 2 and 
we vary the order 2 harmonic phase in steps of 90°, we also 
put the errors calculated. 

I I 

3 0.5 
h 

0.5 

U 1 0  U l o  
4.5 -0.5 

0.01 0.02 0 0.01 0.02 
O SecondS(s) Seconds (s) 

Fig 6. Current measured (Im) and calculated (IC) when the harmonic content is 
that of table 6. with two different phases supplying the computer load. 

We can see that the load absorbed current changes when we 
vary the phase of the added harmonic, but due to the interpola- 
tion between the fundamental behavior which is totally sym- 

metric with respect to the y-axis and the 10% harmonic that is 
very asymmetric with respect to the y-axis then the calculated 
current waveform is not well predicted. 

O.O& 0.02 0 0.0 0.02 
seconis (s) 

0 
Secon (s) 

Fig. 7 Current measured (Im) and calculated (IC) when the harmonic content is 
that of table 6, with two different phases supplying the computer load. 

Table 3 shows us an example combining only odd harmon- 
ics, the results of this test can be seen in Fig. 7. In contrast 
with the previous test, the calculated waveform follows very 
approximately the measured current waveform. 

Table 3. Amplitudes and phases of the odd harmonics combination test. 

I 1 0 

3 I 6 I 0 
5 I 5 I 0 
7 4 0 

0.01 0.02 0 0.01 0.02 
0 Seconds (s) Seconds (s) 

Fig 7. Waveforms obtained for the odd harmonics combination test of Ta- 
ble 7, varying the phase of the harmonic order three in steps of 90” 

B. Electronic ballast. 

We have chosen as our second load a typical electronic bal- 
last feeding a 36W fluorescent lamp. We have carried out the 
same set of tests to this load and we show on Fig 8 the error 
measured to the 5% test. 

There we can see that the quadratic error is for all frequen- 
cies below 0.25. Therefore, the linear hypothesis for this load 
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gives us a better approximation than in the case of the com- 
puter load. 

I 
025 I------ Em ...... . _  

100 150 200 250 300 350 400 450 500 550 
FremenwW~ 

110 1450900135 1180 m225 12% a315 I 

Fig 8 Error obtained in the electronic ballast in the 5% test, as a function of 
the harmonic and the phase of the harmonic. 

C. Energy saving lamp. 

For an 1 1 W energy saving lamp Fig 9 gives us Em. 
Finally, it is important to note that the behavior of this load 

and of the electronic ballast with respect to the various combi- 
nations of even and odds harmonics fits much better that in the 
computer load case, even in those case where we use even 
harmonics. 

100 150 200 250 300 350 400 450 500 550 
Fresuency@) 

[MO ~ 4 5  090 0135 1180 I" ~ 2 7 0  ~ 3 1 5  I 
Fig 9 Error obtained in the energy saving lamp in the 5% test, as a h c t i o n  Of 

the harmonic and the phase of the harmonic. 

VI. CONCLUSIONS 

the phase dependence of the elements of the matrix. In our 
study we have stored a vector for each matrix element obtain- 
ing a matrix box. This is an attempt to model the harmonic 
phase dependency of electronic loads. 

Test has been carried out in order to study the suitability of 
th is  model in three electronic loads. The results have been 
promising espwially in the case where a combination of odd 
harmonics was tested. 
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