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Abstract—An analogue neural-network controller for UPS
inverter applications is presented. The proposed neural-network —
controller is trained off-line using patterns obtained from a sim- ~ Medulation : rrianguiar
ulated controller, which had an idealized load-current-reference. signal By ,
Simulation results show that the proposed neural-network con-
troller can achieve low total harmonic distortion under nonlinear f
loading condition and good dynamic responses under transient + E

—J

Comparator

LC filter

loading condition. To verify the performance of the proposed NN

controller, a hardware inverter with an analogue neural network ~ PC power —
. . . e " source C

(NN) controller (using mainly operational amplifiers and resistors) a

is built. Additionally, for comparison purposes, a P! controller Full-bridge | [

with optimized parameters is built. Experimental results confirm mverter

the simulation results and show the superior performance of the

NN controller especially under rectifier-type loading condition. g 1. UPS inverter.

Implementing the analogue neural-network controller using

programmable integrated circuits is also discussed.
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of artificial neurons that simulates a biological brain system. It
has the ability to approximate an arbitrary function mapping and
can achieve a higher degree of fault tolerance [6]. NNs have been
. INTRODUCTION successfully introduced into power electronics circuits [7]. In

NINTERRUPTIBLE power supplies (UPSs) are emerthe control of dc—ac inverters, NNs have been used in the cur-
U gency power sources, which have widespread applicatidr%‘t control of inverters for ac motor drives [8], [9], where the
in critical equipments, such as computers, automated procb@é receives a phase-current error and generates a PWM signal
controllers, and hospital instruments. With the rapid growth # drive the inverter switches. References [10], [11] presented
the use of high-efficiency power converters, more and mofé application of NNs for the harmonic elimination of PWM in-
electrical loads are nonlinear and generate harmonics. It i¥&ters, where an NN replaced a large and memory-demanding
big challenge for a UPS to maintain a high-quality sinusoid0k-up table to generate the switching angles of a PWM in-
output voltage under a nonlinear loading condition. verter for a given modulation index.

The block diagram of a typical UPS inverter is shown in When an NN is used in system control, the NN can be
Fig. 1. A multiple-feedback-loop control scheme can be utilizé#gined either on-line or off-line. In on-line training, since the
to achieve good dynamic response and low total harmonic d¢eights and biases of the NN are adaptively modified during
tortion (THD) [1], [2]. Such a scheme is essentially developéﬂe control process, it has better adaptability to a nonlinear
from linear system theory. When the loads are nonlinear, tABerating condition. The most popular training algorithm
performance degrades. Recently, a number of digital feedbd@k @ feedforword NN is back propagation. It is attractive
control schemes have also been developed for PWM invertBggause it is stable, robust, and efficient. However, the back
[3]-[5]. Although the performances of these schemes are go#opagation algorithm involves a great deal of multiplication
the complicated algorithms and the heavy computational dgad derivation. If implemented in software, it needs a very fast
mands make the implementations difficult. digital processor. If implemented in hardware, it results in a

Neural networks (NNs) have been employed in many app”d@ther complex circuitry [12]. Possible alternatives of the back

tions in recent years. An NN is an interconnection of a numbBfopagation method are perturbation-based algorithms, such
as weight perturbation [13], chain-rule perturbation [14] or

random weight change [15]. In these algorithms, the weights
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Fig. 3. Controller with idealized load-current-referenge for obtaining
Fig. 2. Linear model of UPS inverter. example patterns.
determine the output error of the NN controller [17], but this TABLE |
NN emulator also needs to be pre-trained with data obtained INVERTER PARAMETERS

from simulations or experiments.

Off-line training of an NN requires a large number of ex- ___ Parameter Value  Unit
; ; Switching frequency, f; 20 kHz
ample patterns. These patterns may be obtained through sim- DC source voltage, Vo 43 v
ulations. Although the weights and biases are fixed during the Rated Output Voltage 55 Vi,
control process, the NN is a nonlinear system that has much Rated Output Frequency 50 Hz
better robustness than a linear system. Moreover, the forward Rated Output Current 5 Ams
calculation of the NN involves only addition, multiplication, and Rated output impedance 50 Q
sigmoidal-function waveshaping that can be implemented with f‘gergndﬁcu?r; Ly X %)52 Lgl
i - _ nductor kesistance, iy .
simple and low-cost analogue hardware. The fast-response and Filter Capacitor, Cs 30 F

low-cost implementation of the off-line trained NN are suitable
for UPS inverter applications.

Simulations of an NN controller with off-line training for Rreference voirage
PWM inverter were reported in [18]. The NN learned the cor
trol law through simulations off-line. The inputs of the NN were
time, present output voltage, and last sampled output volta Wt
The limited information might not be enough to ensure a sini Tnverter s 1— &
soidal output voltage under various loading conditions. Mori =
over, only computer simulation results were reported in [18]. : :

In this paper, we propose an analogue NN controller wit BESEEEEEE g e
off-line training for UPS inverter applications. Example pat : P
terns are obtained from a simulated controller, which has :
idealized load-current-reference. A selected feedforward N compensafion
is trained to model this controller using back propagation & " : . Reforonee
gorithm. After training, the NN is used to control the inverte . % g&_m
on-line. Simulation results show that the proposed NN col . Newal network controller
troller can achieve low THD under nonlinear loading condi-
tion and good dynamic response under transient loading cdi¢- 4. Proposed NN control scheme for a UPS inverter.
dition. To further verify the performance of the proposed NN

controller, a hardware inverter with an analogue NN controller A multifeedback-loop control scheme can give good perfor-

is built (using mainly operational amplifiers and resistors). Ad,5nce under a certain linear loading condition [1], [2]. Such a

ditionally, for comparison purposes, a Pl controller with optisopeme senses the current in the capacitor (or inductor) of the

mized parameters is built. Experiment results confirm the SimHC filter and uses the sensed signal to control an inner feed-

lation results and shc_)wthe superior_performance_ofthe prt_)po%ed%k loop. An outer voltage feedback loop is incorporated to
NN.contro.IIer especially under recﬂﬁer-;ype Ioadmg' Cor,‘d,'t'onensure a sinusoidal output voltage. Owing to the introduction
A discussion about the programmable integrated-circuit 'mpISf the inner current feedback loop, the output impedance of the

n"_nentanon of the proposed analogue NN controller will also k?ﬁverter is reduced and the dynamic stiffness is enhanced. How-
given. ever, a uniform performance cannot be obtained under extreme

loading condition, and THD increases significantly when a non-
linear load is used.

Fig. 2 shows a linear model of an inverter, in which the PWM We propose an NN controller for UPS inverters to reduce
inverter is modeled as a proportional block with a gAirequal the output voltage distortion under nonlinear loading condition.
to Vac/V.. (Vi is the voltage of the dc power source didis  Off-line training is adopted to ensure that the inverter will have
the peak voltage of the triangular carrieras shown in Fig. 1.) a fast transient response and a low cost.

Il. PROPOSEDNN CONTROLLER
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Fig. 5. Simulation result of the steady-state response of the proposed NN controlled UPS inverter for a full resistiv)oad (5
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Fig. 6. Simulation result of the transient response of the proposed NN controlled UPS inverter when the load changes from no load to full load.

In order to obtain good example patterns for NN off-lineoltage loop is employed to achieve output voltage regulation.
training, we need a simulation model that can perform well n@his model is easy to build and to simulate. Its performance is
only under linear loading condition, but also under nonlinegood not only under linear loading condition but also under non-
loading condition. The problem with the nonlinear load is thdinear loading condition.
it draws nonsinusoidal current with rather high spike, so that We build such a controller with an idealized load-current-ref-
the output voltage is distorted. If the load current can be prerence using software tools MATLAB [19]. The PWM inverter
dicted, we can design a controller to enable the output currésmdescribed by the following equation in MATLAB:

to keep track of this predicted current. Starting with the multi-
s = { ‘(lc (1%n Ez/uc)

feedback-loop control scheme introduced in [1], [2], we change Ve (o < )

the inner capacitor (or inductor) current loop to a load current
loop, as shown in Fig. 3. A sinusoidal voltage reference is fathereV}, is the voltage of dc source,,, is the instantaneous
to the load model to generate an idealized load-current-refgoltage of the modulating signal, and is the instantaneous
ence;?. The error between this current referen¢eand actual voltage of the triangular carrier wave in the PWM (as shown in
load current;,, is used as the input of the controller. An outeFig. 1).

)
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Fig. 7. Simulation result of the proposed NN controlled UPS inverter for a full-wave diode bridge rectifier load{82@32).
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Fig. 8. Analogue implementation of the proposed NN controller.

The load model in Fig. 3 can be of any type. Resistive, indudetermined from simulation that produce an output voltage with
tive, or capacitive load can be easily constructed in MATLABRa low THD and a small enough steady-state error. The output
A nonlinear load, such as a full-wave diode bridge rectifier, camltage, load current, and capacitor current of the inverter are
also be built in MATLAB. We can describe a diode using collected as the inputs to the NN. The compensation signal (as

0 g < 0.7 marked_ in the middle of Fig. 3_), instead of the whole modl_JIatiop
ig = { (g — 0.7)/0.1 g > 0.7 (2) signal, is collected as the desired output of the NN. By using this
e ) d=" compensation signal as the desired output of the NN, more ef-
wherei, is the instantaneous forward current in the diode aridctive learning and better control performance can be achieved.
ug IS the instantaneous forward voltage across the diode. The off-line training of an NN needs a large database that con-

It should be noted that a fixed set of controller parametetains input-output relationships. In the case of UPS inverters, the
(K,, K;, andK.,) is not good for every loading condition. Eachdatabase should include the input-output patterns under all pos-
loading condition has a set of optimal parameters, which can$ible loading conditions. We classify the loading condition into
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two types, linear and nonlinear. The linear loads are further sditter. The training of the NN is done using the Neural Network
arated into resistive, capacitive, and inductive categories. Tte®lbox of MATLAB.
nonlinear loads are full-wave bridge rectifiers followed by a )
capacitor filter and a resistor load, in which we further cla- Simulation Results
sify them according to different output power ratings, different We simulate the proposed NN controller using PSpice, which
power factors, and different current crest factors. A new ekas accurate models of switching components and diodes. The
ample pattern is obtained each time the load model is changegights and biases from MATLAB simulations are put into the
The pattern database contains hundreds of patterns, in whit®pice model. The steady-state and transient responses of the
two-thirds are for linear loading condition, and the other ong@roposed NN controlled inverter are investigated.
third is for nonlinear loading condition. The output voltage and load current waveforms of the inverter

In the selection of an NN for the inverter, we believe the NNystem for a full resistive load @) are depicted in Fig. 5. The
should be as simple as possible (with fewer inputs and fewfigure shows that the proposed NN controlled UPS inverter is
hidden nodes) so as to speed up the control process and tccapable of producing a good sinusoidal output voltage. Fig. 6
duce the controller cost. The training of the NN is automated Isy1ows the simulation result of dynamic response when the load
a computer program that presents a randomly selected exangfi@nges from no load to full load @). The figure shows that
pattern from the pattern database to the NN a large numigee system exhibits fast dynamic response with little change in
of times (approximately one thousand and five hundred time#)e output voltage, indicating that the proposed NN controller
During each time, the weights and biases of the NN are updaté#apable of maintaining a “stiff” output voltage. Fig. 7 shows
using the back propagation algorithm to make the mean squ#re output voltage and load current waveforms of the inverter
error between the desired output and the actual output of the f@a nonlinear load consisting of a full-wave diode bridge recti-
less than a predefined value. fier followed by a 3200uF capacitor in parallel with a 1Q

The following is a summary of the design steps for the préesistor. Note that although the load current has high spikes,
posed NN controller for UPS inverter applications. the voltage waveform is distorted only slightly. The THD of the

1) Build the simulated controller with the idealized load®UtPut voltage is found as
current-reference for the inverter, as shown in Fig. 3.

2) For each of the loading conditions, tune the parametersTHD = 100 x Z <
of the controller to the optimal values. Then collect the L#1
output voltage, load current, and capacitor current as the = 1.76% 3)
inputs of the NN, and the compensation signal as the de-
sired output of the NN. These patterns form a pattern da@: Analogue Hardware Implementation

base for the training of the NN. : L . .
3) Select an NN structure that is simple and yet sui‘ficient.A]cter off-line training is completed, the weights and biases

. will not be changed during the control process. Since the for-
to model the simulated controller based on the pattern . . ! o )
database. ward propagation of the NN involves just multiplication, addi-

4) Train the NN using software tools (e.g., MATLAB Withtion, and sigmoiq waveform shaping, a simple analogue circuit
Neural Network Toolbox). can be L_Jsed to implement the proposed NN controller. To fur-
ther verify the performance of the proposed NN controller, an
experimental inverter system is built with the parameters listed
in Table I. We design a simple analogue circuit to implement
the proposed NN controller. Fig. 8 shows the schematic of the
circuit, which is composed of mainly operational amplifiers and
To verify the ideas described above, we have designed an K#gistors. The nonlinear sigmoidal function is realized by a dif-
controller for a UPS inverter, whose parameters are listed ferential pair. The weights and the biases of neural network are
Table I. represented by resistors. The output voltage of the first node in
For the purpose of obtaining training data, a simulated cohidden layer:,,q4.1 can be described as:
troller, as shown in Fig. 3, is built using MATLAB. Hundreds
of example patterns are collected to form a pattern databasetesde1 = Sigmoid [— <
linear and nonlinear loads. Fig. 4 shows the complete inverter R R
arrangement. The NN controller has a 5-3-1 structure (five in- + s+ —fw,ﬂ 4
puts, three nodes in a hidden layer and one output node). The R Ry
nodes on the hidden layer have a sigmoid transfer function, antlereSigmoid(z) = (2/1 + ¢=2%) — 1.
the output node has a linear transfer function. This NN structureHere it should be noted that analogue circuits have limited
is the result of many repeated trials. The structure is found to peecision. It is therefore essential to assess how closely the ana-
simple but efficient. Its inputs are capacitor current, delayed dague circuit can approximate the NN. The largest deviation be-
pacitor current, load current, output voltage, and error voltag@een the analogue implementation and the NN is introduced
between the reference voltage and the output voltage. The ddignthe inaccurate weights represented by resistors. In order to
time of the delayed capacitor currdiif,) is one switching pe- study the effect of inaccurate weights, the following experiment
riod. Such a time-delay is obtained from a simple R-C low-pagsperformed:

2

hth harmonic componen
the fundamental component

I1l. SIMULATION RESULTS, ANALOGUE HARDWARE
IMPLEMENTATION, AND EXPERIMENTAL RESULTS

R
—fuinl + _fuin2

R, R,
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Fig. 9. Effect of limited precision in the weights.

bFig. 11. Experimental steady-state waveform of the NN controlled UPS
: feedforward loop : inverter for a full resistive load (5).
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&

#™ Voltage
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Fig. 10. Analogue PI controller for comparison purposes. \AW M 4
1) A network is well-trained with the pattern database. The 3 ' - v W v
accurate values of the required weights are stored. e ' ’ :
2) Randomly-varying offsets are added to the accurate (@
weights to perturb the NN. Tek GETE 25.0K5/s 7 Acas

3) The root mean square (RMS) error between the output
of the original NN and the output of the perturbed NN is
evaluated.

4) The procedure is repeated 50 times for each level of rela-
tive offset with different inputs and the RMS error is av- "
eraged over the 50 runs. EJV

Fig. 9 shows the average RMS error as a function of the rel-

ative offset. The error increases with the relative offset almost
linearly. With 3% relative offset of the weights, which can be
achievable in most analogue circuitry, the RMS error of output
is about 6.6%. Such an error is tolerable in the control system
of a UPS inverter.

Voltdge

- Current

(b)

; Fig. 12. Experimental result for a full-wave diode bridge rectifier load (3200
C. EXpe“mental Results pF10Q): (a) Pl controlled UPS inverter and (b) proposed NN controlled UPS
An experimental hardware of the NN controlled inverter, agverter.

shown in Fig. 4, has been built. For the purpose of comparison,

an inverter with a PI controller has also been built. The structuresistive load. Fig. 12 compares the output voltage and load

of the PI controller is shown in Fig. 10. The parameters of thmirrent waveforms of the NN controlled inverter with those of

PI controller have been optimized for a resistive full-loadinthe PI controlled inverter for a full-wave bridge-rectifier load,

condition using frequency domain design techniques. whose output is connected directly to a 3200 capacitor in
Fig. 11 shows the experimental steady-state output voltagarallel with a 1082 resistor. The figure shows that the output

and load current of the NN controlled UPS inverter for a fuloltage of the NN controlled inverter has lower distortion than
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Bridge rectifier R-C conditions

Fig. 13. Comparison of the THD of the output voltage under different
rectifier-type loads.

that of the PI controlled inverter. Fig. 13 compares the THD of
the output voltage of the NN controlled inverter with that of the
PI controlled inverter under different rectifier-type loads. It is
found that the NN controller significantly outperforms the PI
controller. Fig. 14 shows the output voltage and load current
waveforms for a step change of load from no load tQ Be-
sistive load. Compared with the PI controller, the NN controller
achieves a smaller overshoot in the output voltage. The NN c@ﬁl
troller also has an improved dynamic response.

In the NN controller, the input-output mapping of the NN is
stored in the pattern database, which includes many cases
rectifier-type loads. The NN learns the control laws from thi
database. Therefore, the NN takes care of the characteristic:
these rectifier-type loads. It is for this reason that the NN col
troller can achieve lower distortion in the output voltage tha
the PI controller.

Tek BITTRH 50.0KS/s
h

Jem

Current+

L?,urrent’ T

The experimental results given above confirm that the pr
posed NN controller can be easily realized by analogue circ.
The NN controller is capable of maintaining good steady-sta
and dynamic responses, and has significant improvement in
ducing the THD of the output voltage under nonlinear loadin

(b)

Output

311

.14. Experimental results with a step-change of load from no loadXo 5
PI controlled UPS inverter and (b) proposed NN controlled UPS inverter.

Output layer

Neuron
(Nonliear function)

EPROM for
weight storage

Weights
registers

Synapses
(DAC &
Multipliers)

condition. It is very suitable for applications where the load ir
troduces periodic distortions.

IV. | MPLEMENTATION OF THE PROPOSEDNN CONTROLLER
USING PROGRAMMABLE INTEGRATED CIRCUITS

For the analogue NN controller described in Section Il

if the weights and biases of the network have to be changed,

Address
generator

Weights
registers

. [ Hidden layer

Neuron
(Nonliear function)

Z63

Synapses
(DAC &
Multipliers)

l— Inputs

the corresponding resistors have to be replaced. This bringfiﬁh 15. Block diagram of the integrated circuit implementation of the

inconvenience in the fabrication of the controller circuit. W&
therefore suggest a mixed analogue/digital circuit, which can

roposed NN controller.

be implemented in IC (integrated circuit) form, to implemendf three parts: EPROM (for weight storage), synapses, and
the weighting and biasing functions. Fig. 15 shows the blocleurons. The following is a brief description of the functions of
diagram of the proposed integrated circuit, which consistise building blocks of the proposed circuits shown in Fig. 15.
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Fig. 16. Circuit of a synapse.

A. EPROM confirm the simulation results and show the superior perfor-

The EPROM is used to store (digitally) the values of thf1ance of the proposed NN controller, especially under recti-
weights and biases. The values stored in EPROM can be pf§!-tyPe loading condition. The proposed NN controller s par-

grammed. From Fig. 9, we have found that a five-bit resolutidifpularly suitable for nonlinear load that introduces periodic dis-

is already adequate. The maximum quantization error is 3§3rtion. The implementation of the proposed analogue NN con-

Thus a weight register needs only six bits each. (The extra bifig!ler using programmable integrated circuits has also been dis-
for the sign.) cussed.
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