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ABSTRACT

A deadbeat controlled PWM inverter was
designed and implemented with a VLSI
microcontroller (68HC11) operating at a 2MHz
clock frequency. The system is built around a
full bridge switch configuration implemented by
MOSFET transistors and associated opto-coupler
drivers. The system operates at a PWM pulse
rate of about 2KHz (2 106/210 ;: 1953 Hz) and can
produce standard waveforms (sine, square,
triangular) as well as any arbitrary-shaped
user-defined waveform, with a maximum
bandwidth of 400Hz. The controller design was
optimized by running computer simulation with
the MATLAB (MathWorks Inc.) numerical
calculation software package. The experimental
results for various operating conditions,
including switched loads, were found to be in
good agreement with the simulation analysis.

and some time impossible, to realize by analog
phase compensation techniques. Indeed,
increasingly used in control systems because of
their low cost, flexibility, programmability and
their ability to handle simultaneously a number
of tasks.

Among the possible discrete control schemes,
the Deadbeat Controller (DBC) is of special
interest. Theoretically, it should be able to bring
a system to a desired state within (n) samples
where (n) is the order of the system [I]. The
possibility of applying this approach to PWM DC-
AC inverters is described in [2-4] .These
investigators applied a 8086 base system to
generate a sinusoidal waveform of 60 Hz. The
experimental system included a CPU, peripheral
controllers, AID converter and a multitude of
digital components.

The objective of the present study was to
investigate the possibility of applying a
commercial VLSI microcontroller, rather than a
PC board type system, in the realization of a
PWM DBC inverter. A second major objective
was to extend the DBC for the generation of an
arbitrary waveform.

INTRODUCTION

Advances in microelectronics and
microprocessors in the last decade have
revolutionized the electronics industry , making
feasible the realization of sophisticated, "smart"
and yet inexpensive, processing and control
subsystems. The advantages of discrete
controllers are two fold: being of digital nature
they are less dependent on the accuracy and
stability of passive and active components and
secondly, they can be configured by software.
This latter feature is especially important when
digital controllers are used to close feedback
loops, since they permit one to realize
sophisticated control laws which are difficult,

SYSTEM DESCRIPTION

The experimental system (Fig. 1) consists of
three major parts: the power stage and driver .
signal conditioning module and a 68HCIIEVB
(Motorola Inc.) development board. The board
includes an 8 bit 68HCll microcontroller .
memories and an RS232 interface. The
microcontroller has a built-in 8 bit AID
converter and a 4 channel analog multiplexer.
Also included are a timer and digital
input/output ports. The main control program is
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residing in the microcontroller's memory but the
control parameters such as waveform and
frequency selection could be changed via the
RS232 interface. The experimental set up is
managed by a BASIC program which is residing
in the personal computer (Fig. 1). It should be
emphasized though, that once the parameters are
loaded, the microcontro11er is complctely
autonomous. The processing rate and hence the
sampling and excitation rate of the system are
limited by the clock frequency of the controller
and the efficiency of the software. Since the clock
frequency of the present system is 2 MHz (the
clock of the 16 bit system described earlier was 5
MHz [2]) careful software design had to be
carried out before a sampling and excitation rate

of about 2KHz (2 106/210 .; 1953 Hz) could be
achieved.

can be approximated by the following difference

equation:

Vo (k) = Vc (k) = a Vc (k-l) +b vc(k-l) ~ c ~T(k-l)

(1)
Where:

Vo = output voltage

Vc = capacitor's voltage

6T= pulse width

Setting Vo (k) to the desired voltage at instant
(tk). {vref{k)}. equation (1) can be solved for
~T(k-l):

AT(k-l) = ! {d vref{k) -e Vc (k-l) -f vc(k-l») (2)

In which:

DEADBEAT CONTROL 1
d = (E T)/(2 L C)

Deadbeat control is based on the difference
equation representation of a dynamic system.
The control law can be obtained by solving the
discrete-time representation of the state
equations of a system under consideration. The
equations are solved for the required PWM pulse
width required to bring the system from a given
state at instant t(k-1) to a desired state at instant
t(k). Since the basic concepts of DBC are well
known [1,2], we present here only the aspect which
are pertinent to the present study. As shown
earlier [2,4], the PWM excited buck configuration

I-T2/(2 L a)
e = (E T)/(2 L a)

T -T2/(2 R C)
f = (E T)/(2 L C)

and :

T= sampling period (1/fs )
R,L,C = power stage components
E = input voltage source



3 deadbeat micro.

Equation (2) is a linear representation of the
system and is therefore valid under the
assumption that the system's time constant is
much larger that the sampling period. That is,
that the inductor current can be approximated by
a linear time dependent function. Equation (2)
also assumes that all parasitic resistances are
negligibly small including the sense resistor (r)
shown in Fig. 1. This small resistor (.05 Q) is
used to sense the current through the capacitor

which is directly proportional to Vc according to
the fundamental relationship:

out by PRO-MATLAB {MathWorks Inc.)
numerical calculation package, that was run on
a V AX8300 {digital Equipment Co.) under the
VMS operating system. Since a sampling and
excitation frequency of 2 KHz was deemed
possible from hardware considerations {see
below), the simulation was carried out for this
{real time) frequency of operation. The objective
of the simulation was to help choose the L,C
components and to compare the DBC to other
control laws for various output waveforms. The
trade off that had to be examined, in the case of L,
was bandwidth limitation versus Total
Harmonic Distortion {THD). Large inductances
were found to improve the latter but at the same
time limit the band width. The compromise
se1ected was a THD of about 3% and a band width
of about 400 Hz {for a switching frequency of
about 2 KHz).

ic
vC= C (3)

Or

.~
vc= rC (4)

The value of6-T(k-l) calculated from equation
(2) could turn out to be positive or negative. A
negative value would imply that the the input
source (E) should be fed in the negative polarity.
That is, that the full bridge driver should be
activated in such a way that the source be
connected to the buck section in the negative
polarity. Current continuation during the 'off
period is assured by shorting the input to the fi]ter
section with two series switches of the bridge.

Equations (1) and (2) imply that if 6-T during
the interval (tk-l) will be according to these
relationships, the capacitor's voltage (that is the
output voltage) will reach the desired value (vref)
at the next interval (tk). This is in fact the basis
of the DBC. It is important to realize however, that
any other discrete-time control law will be
similar in form to equation (2). Hence, once the
basic hardware is built, other control laws can be
easily implemented by software. In fact, it was
shown in [3] that for the present application, a
DBC can be based on voltage samples on]y and
not voltage and current as needed to implement
the control law of equation (2). This possibi]ity
was investigated by simulation.

Fjg. 2. Sjmulation of DBC inverter signal
waveforms. Solid line: output voltage.
Broken line: inductor's current. L=10
mH; C= 100 JJF; R =20 O.

The simulation run example given in Fig. 2.
is typical of the results obtained at this stage of the
research. The simulation output of Fig. 2 shows
the output voltage and inductor current for a
sinosoidal reference voltage and a resistive
load. The predictive power of the DBC is clearly
seen when examining the phase relationship
between the inductor voltage and the output
voltage. The information on the system, which is
embeded in the DBC algotithm, is responsible for

SIMULATION

Optimization of component values and the
decision on the control law to be adapted were
carried out by running computer simulation of
the proposed system. The simulation was carried
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Initializing

the early exitation of the inductor to eventually
produce the desired wavefonD.

The simulation runs were used to compare two
possible strategies of DBC. One which is based on
sampling the output voltage only [3]. The other is
based on simultaneously sensing two state
variable of the system: the output voltage and the
capacitor's current [2]. Since the simulation runs
revealed that the later is far superior to the
fonDer. the hardware and software design was
based on that option. The simulation studies were
also used to optimize the values of the inductor
and capacitance for largest bandwidth and
minimum distortion.

RS232

Commm1ication

Start

AJgorithm

?

NO

tk-l -22~~

~ ll}P e I Current&Voltage I tk-l +10~~

~ tk-l +56~~

Pulse Generating -

usIng
~tput Compares

HARDWARE AND SOFTWARE DESIGN
CONSIDERATIONS

NO m

Fig. 3. Basic flow-chart of microcontroller DBC
program.

The switch bridge was based on MOSFET
switches and opto-coupled drivers. The internal
diodes of the power MOSFET transistors were
used as steering diodes. The signal conditioning
of the system included amplifiers and precision
full wave rectifiers to fully utilize the dynamic
range of the microcontroller's uni-polar ND
converter. The internal ND converter is an 8
bits converter and by using a precision rectifier
plus sign one can extend in fact the resolution to 9
bits. Being an experimental system, the
hardware was designed for relatively low power
(ca. 100W).

The main inductor's inductance was chosen to
be large enough (10 mH) to insure a continuous
inductor current under worst case operating
condition. This precaution is necessary because
the model employed for deriving the DBC
algorithm assume continuous inductor current
mode of operation. The capacitor was chosen for a
maximum ripple of 0.35 V pp.

f.Tmax =400~S +

..-A T k -I
O

A ~t k-l

..-

T0C2 T0C2

-22.5 56

512

t~

The system's software was optimized to permit
as high frequency of operation as possible. The
general flow chart of the control portion and the
associated timing diagram are given in Figs. (3)
and (4). Signal sampling is commenced at (-22
Jl.Sec) referred to the the beginning of a new cycle
(tk-l). Assuming a maximum PWM duty ratio
of (0.78), the time available for sampling and
control law calculation (per equation (2» was 78
~Sec. The algorithm was optimized to this time
slot by carrying out partial calculation in
parallel with the AID conversions.

-

T0C2-5 T0C2

456 489.5

TOCl

256

Fig.4. Basic timing diagram for one cycle.
TOC -output compares; Time in JlSec.
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(b) (d)

Fig.5. Typical performance of experimental inverter for non sinusoidal waveforms. (a) 122 Hz square
wave, (b) 122 Hz triangular wave, (c) user defined ramp, (d) 15 Hz square wave response.

RESULTS AND DISCUSSION The band width of the system, measured for a
sinosoidal waveform, was found to be
surprisingly wide (Fig. 6) considering the
rather low switching frequency (2 KHz). These
experimental results were also found to be in
excellent agreement with the simulation studies.

In general, the experimental results agreed very
well with the MATLAB simulation. Typical
performance of the system for various non
sinusoidal waveforms are shown in Figs. Sa-d.
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Fig.6. Measured frequency response of

experimental inverter. Switching

frequency: 2 KHz.

A good agreement was also found between the
measured Total Harmonic Distortion (THD)
and the simulation runs. THD for sinusoidal
waveform in the range 15 Hz to 122 Hz were
measured to be lower than 3.5 %. (Table I).

~

Fig. 7. Output waveform
content (b) of a
inverter. Triac fi
THD: 6.2%.

rnD [%] Vref [V]

15

Trigger

900

~

~

TableI. Measured THD of experimental
converter. Switching frequency: 2
KHz.

10.1

15.1 25

Output ripple (2 KHz) was typically less than
1.5% (pk-pk). Experiments were also conducted
with a switched load between 4KQ. and 20.0.. THD
in these cases was dependent on the firing angle
and ranged to 10%. A typical output switches
waveform is shown in Fig. 7. Typical
experimental data is given in Table II.

6.26 15

4~10.3 25

Table II. Typical THD for various Triac firing
angles.

(a) and harmonic
switched loaded

ring angle: 450.
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The objective of the present study was to
investigate the feasibility of applying digital
control techniques in the realizing of inverter
systems. The microcontroller used in this study
was a low cost unit with a moderate clock
frequency. Although a development board was
applied here, in actual realization one would
require only a single chip: the microcontroller
itself. The system described here require only a
512 byte RAM and a about 3 Kbyte ROM. These
modest requirements can be easily met by
commercially available single microcontroller
unit.

~
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