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Abstract. The paper preents a fast, smple and configurable £heme to automatically provide the correct firing
pulses for the working thyristors irrespective o ary mistake that might happen during conrections, in the
application of four-wire three-phas AC voltage controller sy stem. The proposed £hemecan read ust itself in cae
of amissed connection or sequence alteration and it is built around a single chip programmable logic device with
self generated firing pulses and capable of read usting the firing circuit against any phas or sequercealteration in
8.4 seconds. The sysem has additional advantages like the ability of detecting the faulty thyristors, if ary, and
built in self test routine. Experimental results verify the principle o operation.

l. Introduction

Thyristors are widdy used for the control of power
in both AC and DC systems. This is due to ther
advantages, such as rdativey smal size, low losses
and rd ativedy fast switching. Apat from many uses,
such an AC voltage controller, which is used to
control the threephase AC power in control of
induction heating, light, reactive power and speed of
AC motors (Alolah et al., 1990; Abou-Elda et al.,
1994). The phase angle control is a wel established
technigue and commonly applied in these
goplicaions. A numbe of different three-phase
crcuit configuraions can be used to achieve the
required voltage control (Abou-Elda et al., 1994).
Each configuration employs six thyristors or three
triacs, connected between the supply and the load.
However, only those configuraions in which each
phase operaes independently of the other two phases
give badanced and symmetricad output voltages.
These configuraions may be dassified as branch-
controlled, linecontrolled and neutrd point-
controlled configuration (Abou-El daet al., 1994).
The essentid pat of the phase angle control
system is the firing circuit. A good generd-purpose
three-phase firing circuit should conform severd
common requirements (Alolah et al., 1990). One of
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the most important of them is the sdf adjustment
aganst any phase and/or sequence dterdions.
Conseguently, if this requirement is not sdisfied, a
manua adjustment must be adapted during their use

A scheme to meat sdf adjusting correction circuit
has been proposed (Abou-Elda et al., 1994; Abou-
Elda et al., 1998). The system automaicdly
provides the correct firing pulses for the working
thyristors, irrespective of any mistake introduced
during connecting the firing circuit. It starts its
operation with the power switching ON/OFF or just
after any phase and/or sequence dteraions. The
creuit stops a the state of correct firing of dl the
working thyristors of the AC controller and then
remans in a stand-by mode.

To reech theinstant of correct firing, the average
vadue of the neutrd current is detected using a
comparaor drcuit whose output is used to stop the
scanning process. T he principle of operation depends
on scanning dl possible connections between the six
fiing signds and the thyristors, as shown in
functiond block diagram in Fig. 1. The scheme
consists of a scanning dircuit, indicaing drcuit and
control logic, implemented using offtheshdf
conventiond discretedigitd and andog components
and consumes about 28.8 seconds to cgpture the
correct firing sequence. The scanning circuit is the
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Indication Circuit

A.M. Alsuwailem: A Fast Self Ad usting PLD-based Three-phase Fring Circuit ...

60 Hz Supply

SEQ-OK1 SEQ-OK2

Y

Scanning Circuit

System Reset

Firing Pulses

Fir ing Master Cl

Generation

AAAAL

YYVYVYYVY

Corrected
Firing Pulses

Fig. 1. Simplified functional bloc kdiagram for the scanning system.
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Fig. 2. Indication circuit.

most sophisticated pat in the proposed scheme,
which is composed of severd counters, decoders and
andog switches (Abou-Elda et al., 1994; Abou-
Eldaet al., 1998).

This peper is directed to overcome the
disadvantages of the adbov e scheme. Specificdly, the
redundant time consumed in the scanning of the
trals. The new proposed scheme reduces the
scanning timeto | ess than 30% of the time required
for scanning system proposed earlier (Abou-Eld a et
al., 1994; Abou-Elda et al., 1998). T he scheme has
aso the following features:

Simplicity.

Programmability and flexibility.

Built around a gngle chip.

Pure digitd scanning circuit.

Built in sdf-generated firing pulses for testing
pUrpOSEs.

Builtin sdftest routine

I1. The Principle of Operation

The principle of operation of the sd f-adjustment
correction of the firing signads for the working
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thyristors depends on the scanning of dl the possible
connections between the six firing signds and the
corresponding six gaes for the working thyristors.
The scanning process is stopped when dl the six
working thyristors are fired propely. The scanning
process will be stopped by detecting the average
vdue of the neutrd current.

An indicgtion drcuit is devedoped and
implemented for this purpose a a part of the
previous scanning scheme. It triggers and controls the
scanning operation by generaing the sequence okay
pulses (SEQ-OK1 and SEQ-OK2) for positive and
negative ga es groups, respectively. The main task of
theindication crcuit is to sense the average vdue of
the neutrd current via a smdl seies resistor in
conjunction with an instrumentation amplifier and
averaged with a low pass filter. Two comparaors
with positive and negative threshold voltages are used
to trigger a simplelogic circuit that in turn generaes
SEQ-OK1 and SEQ-OK2. These pulses are used to
stop both positive and negative scanning dcrcuits
when the correct firing process has been achieved.
Figure 2 depicts the circuit diagram of the indication
dreuit (Abou-Eldaet al., 1998).
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In the previous work, as show in the scanning
creuit in Fig. 2 isdivided into two identica sections
for positive and negative firing groups. It consists of
six padld channes of divide by six counter, (3-8)
line decoder and six andog switches (Abou-El da et
al., 1994; Abou-Eldaet al., 1998). Thesix channds
are connected in cascade By this configuration, dl
the avalable combinaions are searched in a
sequentid straight forward manner using the six free
running divide by six counters. T o reduce the number
of required scanning trals, the scan process ae
implemented in two successive stages, positive then
negative groups, in this case the totd number of
combinations is reduced to:

2% 6° = 432 combinations.

Hence, the maximum (worst case) scanning time is
given by:

Tc= 2x6° seconds
fc
wheref; is the dock frequency. For 60 Hz AC suppy,

f

fc= 4 =15 Hz T, of the worst case scanning time

is 28.8 sec.
I11. Scanning Scheme

In the previous scanning the searching counters go
through the essiest norma counting mode, whichis,
the binay sequence counting, i.e the counting
sequence states will be (Abou-Eldact al., 1998):
000000,000001,000010,....,111100,111110,111111
This counting sequence configuraion will let the
scahning process checks dl the counters states
including the non-possible combinations and this will
add a redundant states as far as the scanning time is
concerned.

In the new scheme, the scanning process can be
speeded up and a significant reduction in the scanning
time can be achieved when the scanning binary
counters are modifi ed and reconfigured in such away
that the irrdevant counting states are by-passed.
These irrdevant counting states the non-possible
fiing combinaions, such as the non-occurred
combinations where the same firing pulse is s ected
to trigger more than one thyristor are considered. In
this case, the corresponding combination will be
skipped during the scanning phase. To do so, the
scanning counters must be reconfigured to be a non-
binay and go only through the useful staes by
skipping the unused ones. This will dsable the

possibility of considering more than one thyristor is
triggered by the same firing pulse Therefore, the
counting sequence must be modified to go only
through the vaid states. The implementation of this
counting sequence is very complicated using ofthe
shelf discrete conventiond components. It requires
additiond logic circuit. However, this can be essily
implemented and by using the Programmabl e Logic
Devices (PLD), whee the required counting
sequence can be described by specid programming
software (MACHXL software manud's, 1996).

A further considerable reduction in the scanning
time is achieved; when the search is done in two
successive phases (positivedy then negaivdy
triggered groups). If the search is stated by the
positive one, for example, the search is done within
the group in two stages, first one is to sdect three
positivefiring pulses out of six and logicd sequence
isindicated in the flow chart for Fig. 3. Thisisin
probability equivdent of finding the number of
sdections of r out of n objects and the order of
sdections beng immaterid (Anthony et al., 2002).
This is in probability cdled the number of
combinations of n things taken r a atime and it is

denoted by ncr or (p) and given by:
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Fig. 3. Flow chart for the proposed scanning system.
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Table 1. Possible combinations of firing pulses selection

No. Positive group Negative group
AG BG CG DG EG FG
1 ANG-000 ANG-060 ANG-120 ANG-180 ANG-240 ANG-300
2 ANG-000 ANG-060 ANG-180 ANG-120 ANG-240 ANG-300
3 ANG-000 ANG-060 ANG-240 ANG-120 ANG-180 ANG-300
4 ANG-000 ANG-060 ANG-300 ANG-120 ANG-180 ANG-240
5 ANG-000 ANG-120 ANG-180 ANG-060 ANG-300 ANG-240
6 ANG-000 ANG-120 ANG-240 ANG-180 ANG-300 ANG-060
7 ANG-000 ANG-120 ANG-300 ANG-180 ANG-240 ANG-060
8 ANG-000 ANG-180 ANG-240 ANG-300 ANG-120 ANG-060
9 ANG-000 ANG-180 ANG-300 ANG-240 ANG-120 ANG-060
10 ANG-060 ANG-120 ANG-180 ANG-240 ANG-000 ANG-300
11 ANG-060 ANG-120 ANG-240 ANG-300 ANG-000 ANG-060
12 ANG-060 ANG-120 ANG-300 ANG-240 ANG-000 ANG-180
13 ANG-060 ANG-180 ANG-240 ANG-120 ANG-000 ANG-300
14 ANG-060 ANG-180 ANG-300 ANG-120 ANG-000 ANG-240
15 ANG-060 ANG-240 ANG-300 ANG-120 ANG-000 ANG-180
16 ANG-120 ANG-180 ANG-240 ANG-060 ANG-000 ANG-300
17 ANG-120 ANG-180 ANG-300 ANG-060 ANG-000 ANG-240
18 ANG-120 ANG-240 ANG-300 ANG-060 ANG-000 ANG-180
19 ANG-180 ANG-240 ANG-300 ANG-060 ANG-000 ANG-120
20 ANG-240 ANG-000 ANG-300 ANG-060 ANG-180 ANG-120
nCr =———— combinations (@) 3l=6 trals
ri(n—r)!

In our case, when substituting in the above
equation, where the number of obj ects is the positive
and negative firing pulses which is equd to 9x, and
the number of sdections is 3. Thus, the number of
combinations is gven by:

n! 6!

r= = =20 combinations
r'(n-r)! 34(6-3)

The possible combination is shown in Table 1.
The firing pulses shown in Table 1 are denoted by
ANG-000 to ANG-300.

Table 2. Firing pulses arrangement for the positive group (as
shown in Fig. 4)

S12 S11 S10 XG YG ZG
0 0 0 AG BG CG
0 0 1 AG CG BG
0 1 0 BG AG CG
0 1 1 BG CG AG
1 0 0 CG AG BG
1 0 1 CG BG AG

The next stage is to rearrange and determine the
possibility for the proper sequence of the firing pul ses
within the three dready sdected ones, thisis Smply
performed by a number of trals given by:

The different combinations are shown in Table 2.
Therefore, the overdl number of trals to search dl
the possible combinations in the positive group is
equa to 20 x 6 = 120 trals. This represents the worst
case to find the proper sequence for the positive
group. Successively, when the positive group search
is achieved and the proper firing pulses are assigned
accordingly, then the second phase of the search for
the negative one which is simply done by rearranging
only the three remaining non-sdected firing pul ses by
the positive group as shown in the Table 3, which
requires only six trals. Hence, the totd number of
trails for the overdl complete run is given by:

6x20+6=126 trals

Hence, the worst overdl scanning time assuming 15
Hz scanning clock for 60 Hz line frequency is just:

-2 _g4
15

seconds 2

This represents the tota timerequired to scan the
six different firing pulses and assign the proper ones
for each of the six gates for the working thyristors.
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Table 3. Firing pulses arrangement for the negative group (as
shown in Fig. 4)

S22 S21 S20 uG VG WG
0 0 0 DG EG FG
0 0 1 DG FG EG
0 1 0 EG DG FG
0 1 1 EG CG DG
1 0 0 FG DG EG
1 0 1 FG EG DG

IV. Scanner Hardware Description

The scanner circuit is considered as the crucd
unit and plays the mgor role in the new proposed
scheme. Its signifi cant task, as described ealier, isto
scan dl the possible combinaions for the firing
connections and decides to stop the scanning
operaion when the proper one is reached. As
depicted in the simplified schemaic diagram in
Fig. 1, the scanner circuit works in conjunction with
two secondary sub circuits, which are the indication
and firing drcuit. Thefiring drcuit is responsible for
generding the six different firing pulses required by
the scanner circuit. Theindication unit generates the

control pulses to stop thescanning operation.

The scanner drcuit is docked by the line
frequency (60 Hz) and receives the proper sequence
indication pulses SEQ-OK1 and SEQ-OK2 for both
positive and negative groups respectivdy. The
scanner circuit output is the six firing pulses aranged
in the proper sequence.

As illustrated in the detaled functiond block
diagram of Fig. 4, the new scanner hardware and the
firing pulses circuit are built around a single chip
programmable device (PLD). The scanner circuit
consists of two overlgpped subunits for positive and
negative groups and is manly composed of six
different units:

e 2divide by six counters.
divide by 20 counter.
6 (5-3) decoders.
6 (6-1) multiplexers.
2 six gates scanners.
built-in sdf-generated firing angle pulses
generaor.

T he squared up 60 Hz supply frequency is fed to a

divide by four counter (CNT4) to generate a 15 Hz.
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Fig. 4. Functional bloc kdiagram for the proposed scheme.
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Clock (CLK15) is used as a master dock for the
scanner circuit. The CLK15 triggers the positive
group divide by six counter (CNT6-1) which in turn
generdes a 2.5 Hz dock (CLK2.5), and a the same
timeit produces six different states on its output lines
(S10, Si1 and Sp). These lines are used as data sd ector
for the positive six states scanner (No. 1) for firing
pulses arangements during the positive groups
scanning phase.

Thedivide by 20 counter (CNT 20) is docked by
CLK2.5 and its task is to produce 20 different
combinations on its five output lines tha can be
decoded through the scanning decoder to implement
the 20 different possibilities of scanning for the six
firing pulses shown in Table 1. The decoder receves
thefive CNT 20 output lines and generates six groups
of three lines each, representing the data sdect inputs
for the six of (6-1) multiplexers for firing pulses
sdection for both positive and negative groups. T hese
decoders are simply behaved like a transformation
look-up tables.

Table 4 represents the transformation table
assigned for the positive gate denoted by AG. The
tables for the other gates are deveoped in the same
way.

When the proper sequence is achieved for the
positive group, the negative group scanning on the
remaning non-sdected firing pulses works in the
same manng & the positive phase using another
divide by six counter (CNT6-2) in conjunction with
six state scanner (No. 2).

During the scanning phase for the positive group,
the SEQ-OK1 pulse generated by the indication

Table 4. Transformation table assigned for the first positive gate
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dreuit, as highlighted in the next section, goes high
indicating that the proper sequence for the positive
group is achieved. This pulse dso is used to trigger
the following:

e Stop the positive group counter CNT6-1 by

forcing the count enable input to zero state.

¢ Enable the counting for the counter CNT 6-2

e Enable theoutput of the negaive firing angl e

pul ses.

Findly, the process is stopped by the SEQ-OK2
pulse (generated by the indication circuit), when it
goes high indicaing tha the proper seguence is
fulfilled for both positive and negaive sides. This
pulseis dso employed to disable the counting of the
negative group counter CNT 6-2.

A new run can be resumed once the SYSTEM
RESET push-button switch is pressed. This switch
will dear the contents of dl the rel evant counters and
enable the output for the positive firing pulses side to
begin anew run starting from the positive group then
the negative one sequentidly.

V. Firing Circuit

The built-in firing pulses generaion circuit is
composed of six identicd units, but triggered by
different signds to generat e the firing pul ses with the
necessary phase shift. Each unit consists of two stege
counters with some logic and connected in cascade A
(59.52 KHz) crystd osdllator is used as a master
dock and fed to a divide by 16 counter to produce a
3720 Hz, then divided by 72 to get the firing angle
pulse with a 5-degree resolution. This is desirable

CNT20 OUTPUT

Firing

No. Decoder Output
C4 C3 C2 C1 Co Pulse
0 0 0 0 0 0 0 0 0 ANG-000
1 0 0 0 0 1 0 0 0 ANG-000
2 0 0 0 1 0 0 0 0 ANG-000
3 0 0 0 1 1 0 0 0 ANG-000
4 0 0 1 0 0 0 0 0 ANG-000
5 0 0 1 0 1 0 0 0 ANG-000
6 0 0 1 1 0 0 0 0 ANG-000
7 0 0 1 1 1 0 0 0 ANG-000
8 0 1 0 0 0 0 0 0 ANG-000
9 0 1 0 0 1 0 0 1 ANG-060
10 0 1 0 1 0 0 0 1 ANG-060
11 0 1 0 1 1 0 0 1 ANG-060
12 0 1 1 0 0 0 0 1 ANG-060
13 0 1 1 0 1 0 0 1 ANG-060
14 0 1 1 1 0 0 0 1 ANG-060
15 0 1 1 1 1 0 1 0 ANG-120
16 1 0 0 0 0 0 1 0 ANG-120
17 1 0 0 0 1 0 1 0 ANG-120
18 1 0 0 1 0 1 0 0 ANG-180
19 1 0 0 1 1 1 0 1 ANG-240
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Fig. 5. Photograph for the PLD digital board.

because in some gpplications significantly di fferent
phenomena may take place within 5° range. The high
frequency dock is used to minimize the firing pulse
jitter. The @ove dircuit configuration is repested six
times for producing the required six firing pulses
shifted by 60 degress from each other. Since the
circuit design is built around a PLD chip that has a
configurabl e design, it provides flexibility in the
future to modify the design to any desired
configuraion.

VI. Experimental Verification
A) Scanner circuit testing

The hardware subunits for the scanner, firing
angle generator and the sdf test routine have been

( state/Timing €] ( Waverorm 1 |

deveoped. It is down loaded in asingle PLD chip
using MACHXL software package that is provided
by the manufacturer for programming the employed
MACH chip (MACHA445). It can be reprogrammed on
boad, using the PC via the said port interface
Figure 5 depicts the photogrgph for the PLD digitd
boad. The design has been divided in severd
modules that can be simulaed during the design
phase individudly. Figure 6 shows a sample of the
print out for some of the tested rdevant signds
during the devedopment phase which are displayed
using thelogc andyzer.

B) Experimental work

The complete set-up for the prototype of the
proposed drcuity has been tested. The typicd
waveforms for the phase and neutrd currents are
obtained under di fferent firing conditions. Figure 7(a)
gives the corresponding currents when only one
thyristor is properly fired, whereas the other two
thyristors are not fired, Figure 7(b) shows another
firing condition when just one thyristor is properly
fired where the other two thyristors are not. Figure
7(c) represents the case where dl the thyristors are
incorrectly  fired. Figure 8 shows different
configuraions, when two thyristors are fired where
the third one is dther unfired (Fig. 8(8) or
improperly fired (Fig. 8(b)). Findly, Hg. 9 depicts
the correct firing operation. To test the vdidity and
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Fig. 6. A sample of the print out for some signals displayed using logic analyzer.
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Fig. 8. Waveform of the line and neutral currents when two
thyristors are properly fired while the third one is: (8
unfired; (b) improperly fired.

fessibility of the proposed circuit operation, the
average vdue of the neutrd current is recorded
during the scanning of the possible configuration of
the scanning circuit. The waveforms are recorded
using storage oscilloscope. Figure 10 shows the
recorded waveforms. From the above tests, one may
cond ude the following remarks:

e The scanning circuit is ale to scan dl the
possi ble combiations within thetime estimated
in Eg. (2), as aworst case condition.

o The average vaue of the neutrd current does
not exceed 2/3 of its maximum vaue except

Fig. 7. Waveform of the line and neutral currents when: for the proper firing condition.
are ot fired: (£) only one shyristor is property fired * The scanning dircuit stopsits operation as soon
while the othérs are ngt propelyly fired; (CF; aIFI)?[h)X'istors . & the correct oonﬁgureu_on is satisfied.
are properly fired. Different tests that are carried out on the set-up
proved tha the proposed scanning can meet the
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Fig. 9. Waveform of the line and neutral currents when all
thyristors are properly fired.

scanning speed to correct the firing pulses and the
process stops within amaximum time of 8.4 seconds.
From the abov e results, it may be conduded that
the circuit operaion confirms our reguirements, and
this simple scheme is suitable to make the circuit
insensitive for any phase or sequence dteraions. The
system is dso cgoable of detecting the faulty
thyristors and can determine the phases sequence too.

VII. Conclusion

In this work, a noved automatic fast scanning
scheme is proposed for phase and sequence
adjustments. T he proposed scheme can be gpplied to
any firing drcuit working in a four-wire AC voltage
controller. The complete scanning circuit with the
firing pulses generation is implemented on a single
chip PLD. It has the following significant advant ages
over the dircuits published earlier:

e Threetimes faster.

¢ Provides phase sequence indication.

Simplicity and reiability.
Programmability and flexibility.

e Built-in sdf-generated firing pul ses.

o Sdf-test cgpabilities for circuit diagnoses.

The experimentd tests caried out verify the
vaidity and feasibility of the proposed system. This
enables the firing circuit to automaticaly adjust itsd f

Fig. 10. Variation of the average value of the neutral current
versus time during scanning o peration.

against any phase and/or sequence dterations in short
time, which diminaes the manud adjustment usudly
needed in such cases, in addition to avoiding any risk
in dreuitry. The worst case response time of the
scheme to dtan correct firing adjustment is 8.4
seconds for aline frequency of 60 Hz
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