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ABSTRACT HARMONIC ELIMIN ATION

A feed forward neural network is used to control a voltage Low harmonic content of the output voltage and current is
source PWM inverter in a way that selected harmonics are always a major concern with voltage source inverters. For
removed from its output and the magnitude of fundamental a two level inverte where the output phase voltage is al-
is set at any desired lev@lwo cases are studied: neurons  ways either +E or -E (Fig. 2), then.s. value of the voltage

with the usual nonlinear (sigmoid) transfer function, and g always B. Since the mean squared of this voltage is

neurons with a piecewise linear characteristic. The latter equal to the sum of the mean squares of all harmonics, then
shows good results and more easily lends itself to hardware ¢, 5 given amplitude of fundamental harmonic, the total

implementation either by digital or analog networks. harmonic distortion is always the same, regardless of the
INTRODUCTION selected switching method. But the switching instants can
Voltage source inverters are widely used in motor drives, be adjusted such Fhat the lower harmonl_cs d|sap;_)ea_r (or
uninterruptable power supplies and bidirectional AC-DC decrease substantially) at the expense of increase in higher
converters. Many @fierent types of voltage source invert- harmonics. Since loads are usually inductive, higher har-
ers with dfferent configurations and control schemes have momcs F:an b? filtered more easily by the load without need
been suggested. Among them the pulse width modulation of additional filters.

1|I||

AC Load

(PWM) inverter is most populaAlthough several ffier- T2 T
ent circuits are proposed to realize the PWM invetie A I I
main operating principle is the same in most cases. The E | [
inverter consists of switches which allow each line of AC -| I |-| |_
load to be one or the other end of the DC source. By suitable : =
selection of switching instants for all switches, the desired | wt
output characteristics can be achieved.There are two major _g | I
al a2 o3 o4 i RIB2 B34 [
| Smayangles ’
s1 / 3 5 primary angles secondary angles
‘( Fig.2 The output phase voltage waveform
I
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Fig. 1 Basic configuration of a three phase bridge

of a two level inverter

There are several methods to push the harmonics ina PWM
waveform to the higher frequencies, but the harmonic elim-
ination technique has the lowest number of switching ac-

two level VSI .
tions.

approaches to find the best switching function: the time 11,4 magnitude of harmonics for a PWM waveform with
domain approach [1-3] and the frequency domain ap- 44 and half wave symmetries, and n switching actions per

proach [4-5]. In the next sections we will concentrate on g arter cycle of fundamental, is obtained from the follow-
the frequency domain approach and will use a neural net-

work for its implementation.
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ing equations:

h1 = BSEEEE[l—Zcosa1+ 2cosor2

— 20050(3...20030(

n]

h3 = 58 [{5{%[{1— 2c0330(1 + 200530(2

—200530(3...2cos3an 1 @

hk = 58 E&Eq:l— 2005k0(1 + 2cosko(2

—Zcoskus...Zcoskan]

where E is half of the DC source voltaggistthe magni-

tude of the'l" harmonic and; is the | primary switching
angle.

To find thea’s needed for elimination of specific harmon-
ics, it is sufficient to set the corresponding h'’s in the above
equations to zero and solve for this. The value of h
could be any desired value between zero and some limit
lower than1.25E (depending on the harmonics to be elim-
inated). For three phase inverters, usually the low order
nontriplen harmonics are eliminated. Triplen harmonics
do not appear in line voltages and currents in a three wire
system.

As the number of eliminated harmonics increases, the
waveform of output current improves, but since the num-
ber of chops also increases proportionately, the switching
losses will be higher. There are also restrictions on the
maximum frequency of switching devices. As a compro-

mise, we decided to eliminate all harmonics up to tife 29
in this study.

NEURAL NETWORK

During the operation of the inverter, the desired value of
h, may change, so eq. (1) must be solved for new values
of hy. These equations are nonlinear and can be solved only
by iterative methods. This process is time consuming, may
diverge, and is therefore not suitable for on-line implemen-
tation. The conventional approach is to solve off-line for
several values of modulation index M ¢#B), and store
solutions in a look-up table. Our new approach is to use a
feed-forward neural network which accepts modulation in-
dex as input, and outputs the primary switching angles

(Fig. 3). The secondary switching angles(Fig.2) can easily
be produced from the primary ones.

T 9T T
T AC Load
L -I{I} i ;
I Firing System frequency
To‘l 10‘2 ----- Torr
Neural Network q—M

Fig. 3 The overall structure of the inverter

The neural network used has one input neuron and n output
neurons (to produce n switching angles). Different num-
bers of hidden neurons were tested and it was found that
about n/2 hidden neurons are usually sufficient. The neu-
rons have sigmoid characteristics and bias. The training
set for the network was produced by off-line solving of
equations for more than one hundred values of M with 0.01
steps. The Newton-Raphson method was used to solve the
equations. To avoid jumping between different possible
solutions and to make sure of convergence, the values of
0; obtained for each M were used as the initial guess for
the next value of M. Using this method, the off-line solu-
tion of eg.(1) is easy and there is no need to use complicated
techniques like the Walsh function method, as suggested
by some authors [6].

For values of M greater than 1.16 we could not find any
solution for eq. (1), but this is not of practical importance,
because, for these values of M, the inverter must produce
such a narrow pulse that it is beyond the capabilities of
most switching devices. The whole system including the
neural network, the firing system, inverter and load was
simulated using PSCAD-EMTDC electromagnetic tran-
sient simulation software. Figures 4 and 5 show the volt-
age and current waveforms and spectra for two arbitrary
values of M. The load has a power factor of 0.8 lagging.
As can be seen, the selected nontriplen harmonics are com-
pletely eliminated and the fundamental harmonic is at the
ordered level.

PIECEWISE-LINEAR NEURAL NETWORK

Hardware implementation of the neural network is not an
easy task. The commercially available neural network
chips and boards are expensive. Sequential processors can
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Fig.4 Voltage and current waveforms and spectra
for M=0.5
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Fig.5 Voltage and current waveforms and spectra
for M=1

be used to emulate the neural network, but since calcula- rons) as the starting point and chose back propagation as

tion of exponential function and division takes a lot of time

the optimization technique. Since for modulation index M

for each neuron, they are not fast enough. To solve this greater than 1 the variationsa@® with M is highly non-
problem, we replaced the sigmoid transfer function of neu- linear, we limited M to 1. This way we could reduce the

rons with a piecewise-linear transfer function (Fig. 6).
When we use this characteristic for the neurons with the
same weights for the links as before, we obdggmot far
from the previous ones. But since the magnitude of har-
monics in the output voltage is very sensitive to changes
ina’s, we have unacceptably large harmonics in the output.
Fig. 7 shows a typical output voltage waveform and spec-
trum for this case. To solve this problem, we chose to train
the network containing the piecewise-linear characteristic
for neurons. Although in this case the objective function
is not differentiable at all points, it is still continuous and
therefore it is possible to find a global minimum. We used
the weights of the previous network (with nonlinear neu-
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Fig.6 Piecewise linear characteristic
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Fig.7 Results for piecewise-linear network with - 7 P 7 N
the weights of sigmoid-neuron network 2 7 N, %

number of hidden units to 3 and get quite satisfactory re- ~ ~ \ S L 7
sults. Fig. 8 illustrates the voltage and current waveforms " 1 Wi i J
and spectra for two different values of M. All harmonics - - . . .
up to the 29th are cancelled and the load current has very Fourier Analyss

little ripple

CONCLUSIONS
A neural network can be successfully used to control a
voltage source inverter such that the fundamental compo-
nent of output voltage has the desired magnitude and se- - T S S
lected harmonics are eliminated. The fact that this control
is independent of frequency control, makes this invertera ~ F19-8 Voltage and current waveforms and spectra

. . for piecewise-linear network
suitable tool for motor speed control and other variable
speed-variable frequency applications. The inverter has [3]J.Holtz, B.Beyer, "The trajectory Tracking Approach-
low loss due to the low number of switching actions com- A New Method for Minimum Distortion PWM in Dynamic
pared to other techniques. Using piecewise-linear charac- High Power Drives”, IEEE Trans. Ind. App. Vol. 30, No.
teristic for neurons makes it much easier to implement the 4, july/Aug. 1994.
network in hardware. We are now implementing the net-
work using a digital signal processing board.
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