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ABSTRACT: A low-rust analug neurnl network control scheme
for the inverters of Uninterruptihle Power Supplies (UPS) is
prupusrd tu achieve low tutal harmunics distortiun (THD)
output viiltnge and good dynamic response. Such n schema is
based on learning runtnil Inw frmn representative example
patterns obtained from two simulation modah. One is n
multiple-feedback-lotip controller for linear loads, and the
uthur is a nuvel idealized load-current-feedback controller
rpecinllj designed for nonlinear loa&. Example patterns fur
various loading ctinditiims are used in the uff-line training of a
selccfed neural network. When the training is completed, the
neural network is used to control the UPS inverter on-line A
simple analug hardware is built to implement the proposed
neural network cuntruller, an optimized PI controller is built
as well. Experimentdl results show thnt the proposed neuralnetwork-cuntrolled inverter achieves lower THD w d better
dynamic ruspuncrs than the PI-contrullcd inverter does.
1.

hTRODIICTION

Uointermptible power supplies (UPS) should provide a
sinusoidal voltage IO its customers with constant magnitude.
However, voltage distortion arises when nonlinear loads
mvolve, e.g., diode rectifiers, which draw non-sinusoidal
current when Fed with a sinusoidal voltage. As growing
U~IIIWUOII 01 nonlmear power electronics loads, it is
bc;oniing inox dillicult and siguficant to design a suitable
cotitroller for UPS inverter, the core of UPS, to maintain a
siiiusoidal voltage espccially for thc cases of nonlinear
loads.
Some 1nultiplefeedback-loop control strategies for the
UPS inverter were proposed in [l][2]. Such schemes sense
the current in the capacitor (or inductor) of the LC filter to
fonn an inner current Fccdback loop incorpolaung with an
outer voltage feedback loop. Owing to the introduction of
tl:? inner currcnt feedback loop, the ourput impedance of the
tnvcncr is decreased and the dynaniic stiffness enhanced.
The controlled inveller can produce a satisfactoly sinusoidal
output voltage within a ceaain load range. However, such
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schemes are based on linear control theory. A uniform
performance cannot be obtained under extreme loading
conditions, and THD increases siguficantly when there is a
nonlinear load.
In recent years, aaificial neural networks (ANNs) have
received considemble attention and their applications are
now being actively explored. A N N s are computing
arcbitectnres that consist of massively parallel
intaconnections of simple neural processor. They have the
abili!y to approximate an arbitrary nonlinear mapping [31.
ANNs have already been introduced into various control and
signal processing applications in power electronics and
drives [4][5]. In the control of DC-AC inverters, ANNs have
been employed in the current control of inverters for AC
motor drives [6]-[SI. References [9][lO] presented an ANN
application in the harmonic elimination of PWM converters
where the ANN replaced a large and memory-demanding
look-up table to genemte the switching angles of a PWM
conve&r for a given modulation index. ANN was also
utilized in control of the U P S inverter [Ill. In this method,
the ANN is trained off-line, and the trained network can be
employed for on-line control. The inputs of the ANN are
time, present outpnt voltage and last sampled output voltage.
However, the ANN may not have enough information to
e r n e a sinusoidal ontput voltage for the extreme loading
conditions.
This paper proposes a low-cost analog ANN control
scheme for UPS inverters. First, simulation models are built
using M A W and SMTJLINK to obtain adequate example
patterns. Then, a selected ANN is trained off-line with the
database comprising all example patterns. When the mining
is completed, this ANN is used to control the invertex online. A simple analog hardware is built to implement the
proposed ANN controller, a optimized PI controller is built
as well. Experimental results show that the proposed ANN
controlled inve&r achieves lower THD and better dynaqic
responses thanthe PI comolled inverter does.
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Fig.]. Single-phase UPS inverter system

D.

OBTAININGEXAMPLE
PATTERNS AND TRAINING
THE NEURAL
NETWORK

DIAGRAMOF ups INVERTER AND LINEAR
MODEL

Fig. 1 shows the circuit diagram of a single-phase halfbridge voltage sonrce U P S inverter, followed by a LC filter.
P W M generator and gate drive circuits are also illustrated.
R, represents the resistance of the filter inductor. The
effective series resistance @SR) of the filter capacitor is
ignored since it only has a small effect within the frequency
range concerned.
Because the switching frequenq & (here is 20KHz) is
several orders bigher than the fnudamental frequency of the
AC output, the dynamics of the PWM inverter can be
ignored. Thus, the UPS inverter can be modeled as a simple
propoaional gain block. Fig.2 shows a linear model of the
inverter system BWM inverter plus the output filter and the
load), in which the proportional gain of the inverter, K , is
equal to Vdc/Vc( v d c is the voltage of the DC power source
and V, is the peak voltage of the hiangnlar carrier wave).

Fig. 3 shows the structure of a feedforward mnlti-layer
neural network that has one hidden layer. This kind of ANN
will also be used in this paper. The circles represent neurons.
The transfer function of nodes is sigmoid in the hidden
layer, and linear in the output layer. Training algorithm is
chosen as back propagation. The back propagation algorithm
is most commonly used for the training of feedforward
neural networks. It updates the network weights and biases
in the direction that the pmformance function, nsually the
sum of square errors, decreases most rapidly. The training is
usually done by an off-line computer simulation program
using a large number of example patterns. The example
patterns can be obtained from analysis, simulation or
directly from experiments if the model is totally unknown.
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Fig3 Structureof a two layer feedforward neural network
F i g 2 Linear model of U P S inverter

The proposed ANN control scheme for U P S inverter is
to present a large number of example patterns obtained
under various loading conditions to an ANN, and train the
ANN properly to represent the control law. Two controllers,
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Fig.4. Multiple-feedback-loop control scheme to obtain example pattans under linear lo&

conditions
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Fig.5. Idealized load-cwent feedback control scheme to obtain example patterns under nonlinear loading conditions

one for linear loads, the other for nonlinear loads, are built
using MATLAB and SIMULINK.
A . Obtaining Example Patterns under Linear Loading
Conditions

Under l i n w loading conditions (resistive, capacitive, or
inductive), a multiple-feedback-loop control scheme can
give good pexformance [1][2]. The control scheme for linear
loads is shown in Rg.4. Different from the strategy
proposed in [1][2], there is a fedforward signal from the
reference voltage (shown at the top of Fig.4), which is found
to have advantages of reducing steady-state error and
providing a high t r a m accuracy to the reference.
Although it may cause large overshoot in the dynamic
response, the drawback can be overcome by o p t i h g the
parameters of the voltage feedback loop. The modulation
signal to the PWM generator consists of two components,
one is a sinusoidal feedforward signal, and the other is a
compensation signal (as marked in the middle of Fig.4)
produced by feedback loops. In this way, the ANN can be
trained to generate only the compensation signal as its
desired outpnt. This will result in a more effective Uaining
and a better control performance.

We describe the full-bridge inverter using the following
equation in MATLB and SIMULINK:

where U, is the instantaneous voltage of the modulating
signal and U , is the instantaneous voltage of the triangular

carrier wave in the PWM.
It shonld be noted that a fixed set of parameter cannot be
good for all kinds of linear loads. Each load is associated
with a set of optimal parameters.We design the parameters
for each load using freqnency-domain analysis to ensure
enough stability margin and small steady-state error, and
fine-tune the parameters in the simnlations. The
compensation signal as shown in Fig.4 is collected as the
desired outpnt of the ANN. The output voltage and output
ments (including load cmem and capacitor current) of the
inverter are collected as the inputs to the ANN. Dozens of
example patterns are obtained from the simulation results
under different loading conditions and controller parameters.
B. Obtaining Example Patterns under Nonlinear Loading
Conditions
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Fig.6. Proposed neural network control scheme for U P S inverter

Many electrical loads nowadays are nonlinear. It is
therefore essential to maintain the performance of a UPS
inverter under nonlinear loading conditions. The nonlinear
load in this paper is chosen to be a full-wave diode bridge
rectifier with an output filter. The input current of the
nonlinear load, namely the output current of the inverter, is
usually non-sinusoidal with a rather large
The

$$.

multiple-feedback-loop control scheme used for the h e a r
loading conditions cannot perform satisfactorily. Thus, we
should find another control scheme especially for nonlinear
loads to obtain example patterns.
If the load current of the inverter can be predicted, we
can design a controller to keep track of the output current.
Following the control scheme used for the linear loading
conditions, we change the inner capacitor-current loop to a
load-current loop (as shown in Fig. 5), where a sinusoidal
voltage is fed to a model of nonlinear load to obtain a loadcurrent reference. The actual load current is compared with
this reference, and the error signal is used as the controller
input. Although such scheme is impossible to implement
practically, we can perform simulations to obtain example
patterns for training the ANN.
A model of such an idealized load-current feedback
control scheme is built using MATLAB and SIMULINK.
The PWM full-bridge inverter is modeled in the way as
mentioned in the last subsection. The core of modeling a
full-wave diode bridge rectifier in MATLAB and
SIMULINK is the model of the power diode. We describe a
diode using the following equation:
0
U, <0.7
id =
(U, - 0.7)/0.1
U, 2 0.7
where ud is the instantaneous fomard voltage across the
diode and id is the instantaneousforward current in diode,
The parameters of controller are determined from
simulations to produce an output voltage with a low THD
and a small enough steady-state error. Similar to the linear
loads, dozens of example patterns are obtained under

different rectifier with various output filter capacitors and
load resistors.
C. Strucfure of the proposedANN controller
All the example patterns obtained from simulation are
put together to form a database that contains the information
about the control law of the inverter. A proper ANN is then
used to learn the control law. The network should be as
simple as possible to reduce the calculation time of the
ANN. Fig.6 shows the proposed ANN controlled inverter.
The ANN is of a 5-3-1 structure (five inputs, three nodes in
bidden layer and one output). The inputs are the capacitor
current, delayed capacitor currenc the load currenf the
output voltage, and the error between the reference voltage
and the output voltage. The delay time of the delayed
capacitor current (id)is the switching period. Such a time
delay is obtained from a low-pass filter. This ANN structure
is the result of many repeated trials. To obtain a trained
ANN that can perform well for both linear and nonlinear
loads, it is found from many trials that the pattern database
should consist of about two-third of patterns for linear loads
and about one-third of patterns for nonlinear loads.
The training of the neural network is done off-line using
MATLAB with Neural Network Toolbox. The LevenbergMarqnardt algorithm is used in the training, which has a fast
convergence rate. The A” is trained repeatedly with
randomly selected example pattern from the pattern
database. After the training is completed, the weights and
biases are downloaded to the ANN controller to control the
inverter on-line.

IV.

EXPERIMENT

After on-line training is done, the weights and biases will
never be changed during the control process, and the
forward propagation just involves multiplications, additions
and sigmoid functions. Therefore, a simple analog circuit is
utilized to implement the proposed ANN controller. Fig.7
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shows an analog resistor - operational amplier
implementation of a neuron. The multiplication and addition
is realized by some resistors and an operational amplifier.
The sigmoid function is realized by a Merential pair
(inside the dashed line).
Y.

I

.... . .... ...... ...,....... ... ..... .

Fig.7. An analog circuit realization of a neuron

The relation between uauland uincan be described by:
uau, =Sigmoid[-(--U,,
Rr

R,
4R1 j " 3
R3

+-ujm2
Rf

under a full-wave diode bridge rectifier load, whose output
is connected to a 3200pF capacitor in parallel with a 5 0
resistor. The figure shows that the output voltage of the
ANN-controlled inverter has less distortion than that of the
PI controlled inverter has. Fig. 10 shows the comparisons of
the THD of the output voltage using the two controllers
under bridge recfifier loads feeding with Merent R-C
values. It shows that the proposed ANN controller can
decrease the THD of the output voltage by 0.8-2.0% than
that using the PI controller.
Fig.11 shows the ontput voltage and the current
waveforms with a step change of load from no load to full
resistive load. Compared with the performance of the PI
controller, the ANN controller improved the dynamic
response especially for large load variation.
These experimental results confirm that the circuit (of
which each neuron has the stnucture shown in Fig.7) can
simply realize the proposed ANN controller. IN addition, the
proposed ANN controller maintains good steady-state and
dynamic response, and effectively decreases the THD of the
output voltage under nonlinear loading conditions.

+
V.

R2

t...+-u,)]
RI
Rb

where: Sigmoid(r) = __2
1
(3)
I + e-2x
The weights and the biases of nenral network are
represented by the resistor values RI, R2, R,, ..., Rg. The
proposed ANN controller can be simply implemented.
Table 1 Inverter Parameters
Parameter
Switching frequency, 6
DC source voltage, V,
Rated Output Voltage
Rated Output Frequency
Rated Output Current
Rated output impedance
Filter Inductor, L,
Inductor Resistance, Rj
Filter Capacitor, Cj

Value
20
48
25

Units
KHZ
V
V,

50

Hz

5

A,,

5

250
0.2
30

CONCLUSIONS

A neural network control scheme for UPS inverter has
been presented in this paper. First, the methods for obtaining
the example pattern are introduced. Two simulation models
are built to obtain example patterns for linear and nonlinear
loads respectively. One is a multiple-feedback-loop
controller for linear loads; and the other is an idealized loadcurrent feedback controller specially designed for nonlinear
loads. Then a neural network is selected to train nsing
example patterns so as to formulate the control law. The
proposed neural network controller is implemented using a
simple analog circuit. Experimental results confirm that the
circuit can function the proposed ANN controller. By
comparisons with a traditional PI controller, it is shown that
the proposed neural network controlled UPS inverter has
good steady-state and transient responses, and can decrease
the THD under nonlinear loading conditions.

n

CrH

n
P

A UPS inverter system was implemented in the
laboratory, whose parameters are listed in Table 1. To verify
the peIformance of the proposed neural network controller,
an analog PI controller was built as well. The PI controller
was depicted in Fig.4 with optimal parameters, K,=3.1,
K,=2200 and Kc=2.9.
Fig. 8 shows the waveform of the steady-state response
for full resistive load. The figure shows that the proposed
ANN controlled UPS inverter is capable of producing a
sinusoidal output voltage.
Fig. 9 shows the comparison of the output voltage and
current of ANN controlled and the PI controlled inverters

Upper trace: voltage (fOV/div, IOmddiv);
lower tmce: current (4Mdiv, 1Omddiv)
Fig.8. Expenmental result of the steady-state response of the
proposed ANN controlled U P S invater for full load (5Q)
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(a) Voltage (IOV/div, 2mddiv) Current (IOMdiv, 2ms/div)

(b) Voltage (IOV/div, Imddiv) Cnrrent (2SA/div, Imddiv)
Fig. 11. Experimental results with a step-change of load from no
load to 5Q of (a). The PI controlled U P S invex@ (b). The
proposed ANN controlled UPS invder
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