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Foreword

The past few years have seen unprecedented growth in semiconductor technol-
ogy. Its frontiers have not only advanced but expanded so rapidly that systems
and equipment design engineers have been increasingly hard put to keep up with
developments that affect their own fields of interest. As this accelerating trend
continues, one aspect of that technology which is sure to be in the forefront is
the development and application of power control devices — especially four-
layer devices such as thyristors and triacs.

Thyristors are already well established. They have been extensively dealt with
in the literature and most engineers are by now well acquainted with their use.
Triacs, however, have not fared so well. The literature concerning them is
scanty, and early disappointments, due either to shortcomings of the devices
themselves or improper understanding of how to apply them, have made many
prospective users shy of them. One aim of this book is to break down that
barrier — an aim that is the more challenging in that the barrier is, admittedly,
not without some historical basis. For all their promise, the first generation of
triacs unquestionably left something to be desired, particularly as regards com-
mutation behaviour and voltage capability.

But recent advances in semiconductor technology have now swept those
limitations aside. Dramatic improvements in commutation behaviour enable
the present generation of triacs to give completely reliable service in nearly all
mains applications. Similar improvements in voltage capability make it possible
to recommend many of them for use even on 380 V mains.

Circuit technology too has undergone comparable development. The circuits
presented in this book enable the design engineer to take full advantage of what
today’s generation of triacs can do. Not only that, but by mastering the few
simple principles that underly those circuits, he will also prepare himself to take
similar advantage of the still more advanced devices that will emerge from the
development laboratories in the years to come.

H. D. Grive






Cut-away view of BTW34 Triac.
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1 Triac vs. anti-parallel thyristor pair

The triac, passing current bidirectionally, is an a.c. power control device. Its

control performance is that of a pair of thyristors in anti-parallel and the fol-

lowing comparisons can be made:

e the triac needs only one heatsink, but this must be large enough to remove the
heat caused by the passage of current in both directions

e the triac constitutes a single element for a.c. power control

o the triac fuse arrangement is simpler (compare Fig. 1-1b with Fig. 1-1a)

e the triac has a single gate electrode and can be triggered by a positive or
negative signal

e the triac trigger circuit must be designed with care: because the triac can
conduct with either polarity of a.c. input voltage, unwanted conduction, i.e.
loss of control, results when triggering lasts too long.

Tabie 1-1 shows the available triac types.

to load 7270525 to load

Fig.1-1 Fuse arrangement: (a) anti-parallel thyristors, (b) triacs.

Table 1-1 Available triac types

series current rating at 85°C repetitive peak voltage rating
mounting-base temperature

BTW43 12 A r.m.s. 600 V to 1200 V
BTX9%4 25 A r.m.s. 400 V to 1200 V
BTW34 45 A r.m.s. 600 V to 1600 V




2 Build-up
2.1. Basic structure

A triac can be considered, in most respects, to be similar to an anti-parallel pair
of thyristors, so the basic crystal structure without gate is as shown in Fig. 2-1.
(The equivalent thyristor circuit is shown for comparison.) The lower metal
plate covers the entire lower surface of the crystal but the upper plate covers
only about half of the top surface (Fig. 2-2; crystal seen from above) to leave
room for a gate electrode.

If a metal electrode is placed directly on the exposed portion of the upper
p-region to form a gate, it becomes difficult to trigger the device because there
is a low-resistance path between gate and upper electrode. For triggering to
occur, the current /,,,, flowing along this path must be sufficient to develop the
forward voltage (about 0,8 V) required for current flow to the upper cathode.
Such a gate current is prohibitively large.

However, by diffusing a further »n region into the p region, as shown in
Fig. 2-3, the gate can be so placed that the path of I . is long enough for
reasonable values of 7, to develop 0,8 V along it and thus bring about gate-
to-cathode conduction. To allow positive and negative triggering in both quad-
rants (Section 3.2.1), the gate metallization is extended over the additional
n region. Fig. 2-4 shows one possible triac structure.

‘ metal plate connecting
| ~upper anode and cathode

o ~ __ upper

SRR — cathode

anode |

n
lower
lower i n } P ] anode
| cathode EZZZ7ZZZ27Z7772 77777 777777777,
l . metal plate connecting

‘ " lower anode and cathode

7257979

Fig. 2.1 Basic structure without gate.
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2.2 BTX94 and BTW34 construction

The BTX94 and BTW34 have a double-bevel crystal allowing them to with-
stand up to 1200 V and 1600 V repetitive peak voltage, respectively. Their
shorted-emitter structure gives two important advantages: (a) because of the
more powerful gate drive required there is better immunity to interference,
(b) dv/dt capability (Section 3.2.3) is much increased.

Fig. 2-5 shows the crystal build-up. With main terminal 2 the more positive,
conduction will be initiated in the gate/cathode area and the triac current after
triggering will flow through layers p, n, p, n, (right-hand crystal-half conduct-
ing). When the triac voltage reverses, main terminal 1 becomes the more positive;
conduction will start again in the gate/cathode area, and, when triggering is
completed, triac current will flow through layers p, n, p, ny (left-hand crystal-
half conducting).

Fig. 2-6 is useful for investigating the turn-on behaviour of a triac with a
so-called central gate. The central gate in a thyristor ensures a uniform spread
of current over a large portion of the crystal area, so that a high turn-on di/dz
causes no damage. Although the gate in the triac is geometrically central, it is
eccentric to each of the crystal halves, which alternately conduct during suc-
cessive half cyces. Fig. 2-7 shows the upper-anode configuration. The p channel
establishes direct contact of the gate metallization with the anode region. The
restriction (gate resistance) between the n regions ensures triggering at a moder-
ate gate current — see Section 2.1. Triggering can occur with positive as well
as negative gate drive.

With positive gate drive — Fig. 2-6a — hole current is passed from the
p channel to the upper anode via the gate resistance; see arrows. When a
sufficient voltage drop (about 0,8 V) is developed across this resistance, the
shaded part of the upper-cathode junction becomes forward biased and injects
electrons, which triggers the device. The turn-on zone (shown shaded) is near
the p channel and will be wider when the p channel is wedge-shaped, as in the
case of the BTW34, thus improving the d/;/dz-capability (Section 3.3.2); see
Fig. 2-6¢.

With negative gate drive — Fig. 2-6b — the hole current through the gate
resistance reverses, so that, when a sufficient bias is established, it is the gate
region that conducts and injects electrons rather than the cathode. Since the
gate resistance consists of two parallel sections joined near the p channel

4






(Fig. 2-7), electron injection, and thus triggering occurs at two points remote
from the channel and shown shaded in Fig. 2-6b. The device geometry is such
that a low gate current suffices for triggering and dv/ds capability is good.

Fig. 2-8a illustrates the effect of the thyristor voltage assuming reverse-biasing
polarity. Injected charge carriers are attracted back to the cathode, so that the
charge is recovered and the thyristor turns off. In the triac — Fig. 2-85 — the
charge can diffuse from the right-hand thyristor into the base region of the left-
hand thyristor. When the triac voltage polarity reverses, some of this charge,
as well as some of the charge from the perimeter of the right-hand thyristor, is
attracted to the upper anode and can switch on the left-hand thyristor if the
voltage rises rapidly. Loss of control will then result. By selecting an optimum
geometry, reliable turn-off is obtained for up to 50 A/ms decay rate of com-
mutation current followed by max. 30 V/us rise rate of re-applied voltage.
(Uncontrolled triac turn-on is discussed in Section 3.2.3.)

3\ gate resistor
@}p.me,
2
~* gate resistor
Fig.2-7 Upper-anode configuration (p; region). Overall gate
resistance is parallel combination of both gate resistors.

charge carriers
~ attracted to
| upper anode

cathode

/ main terminal 1
tallization
/. metallizeti /
Pz
s
P1
e
N N
P2
\unode_ _ \mamtermlnulz
metallization
7270543
a b

Fig.2-8 Movement of residual charge carriers in (a) thyristor (b) triac.



2.3 BTW43 construction

The BTW43 triac series has the same successful shorted-emitter structure. The
crest working voltage rating of up to 800 V makes the BTW43 suitable for all
mains-supplied control systems, and the repetitive peak rating of 1200 V ensures
ample margin for voltage surges. Fig. 2-9 is a cross section of the unit.

P tag (main terminal 1)

__-gate tag
-

glass

internal lead wires

solder joints

A TATTA
71E NI
NN
A g

silicone rubber
e
=W ——copper current spreader
- (annular)

square crystal
copper header

header (main terminal Zi

7270544

Fig.2-9 BTWA43 construction.
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3 Characteristics and ratings

3.1 General

This Section explains characteristics and ratings that require special attention
where triacs are concerned. Characteristics and ratings are expressed by the
symbols designated in Table 3-1.

Table 3-1 Symbol letter designation code

quantity symbol

1st subscript

2nd subscript

3rd subscript

1 = current
P = power
T = temperature
V = voltage

(BO) = breakover value (A4V)

D

= off-state
(forward
blocking)

= forward-biased

state (only for
gate)
= gate
= holding value
junction
latching value
reverse-biased
state (only for
gate)
storage condi-
tion (non-
operational)
= on-state

(|

Il

D

M
R
(RMS)
s

T

I

I

ol

I

average value
value that will

= peak

value

not trigger any (RMS) = root-

device

peak value
repetitive value
root-mean-
square value
non-repetitive
(surge) value
value that will
trigger all
devices
working value
(excluding
repetitive and
non-repetitive
transients)

mean-
square
value

3.2 Characteristics

3.2.1 STATIC CURRENT/VOLTAGE CHARACTERISTIC

Fig. 3-1 shows the current/voltage relationship and the symbol of the triac.
The device has two main terminals: terminal 1 adjacent to the gate electrode,
and terminal 2 on the other side of the crystal. Operation in quadrant 1 occurs

9



when main terminal 2 has the higher potential, and operation in quadrant 3
occurs when main terminal 1 has the higher potential. Note that operation is
possible only in quadrants 1 and 3. The single gate electrode controls the con-
duction in both directions, and triggering occurs with a gate signal of sufficient
magnitude and of either polarity.

The triac characteristic is that of two thyristors in anti-parallel. Without a
gate signal, the triac is in the off-state and a low current — /eakage current —
flows through the device. With a gate signal, the triac voltage collapses (see
dotted characteristics) and turn-on follows as soon as the triac current, flowing
in either direction, exceeds the latching (pick-up) level I, or I 5. (The values
of latching current occurring in quadrants 1 and 3 are not necessarily equal,
they depend on the polarity of the gate signal.) The triac turns off when its
current falls below the holding level I, or I; (lower than latching level),
that is, the on-state characteristics terminate at the holding current value.

main main +1
terminal 1 terminal 2

gate
«—on-state characteristic

QUADRANT 1
It N\ of f-state
M. T—=~i characteristic
) \
Taor o> i

Vi

/ \
off-state N N
characteristic N A

QUADRANT 3

on-state characteristic - »

Fig.3-1 Static current/voltage characteristic and triac symbol. Dotted curves show the gradual
collapse of triac voltage as a result of a positive or negative gate drive.
Veo1,3 = breakover voltages

Ipo,13 = breakover currents
Ip1,5 = latching currents
Iyi,3 = holding currents.
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The triac can also be made to-turn on by excessive voltage between its main
terminals. This phenomenon is called breakover. The voltages and currents at
which breakover occurs are respectively labelled Vg, Vios and Igo; Igos in
the diagram.

3.2.2 THERMAL RESISTANCE')

Ry, j_mp 1s the junction-to-mounting base or device thermal resistance. Be-
cause only half of the triac crystal conducts in the case of uni-directional
operation (controlled rectification), the value of the device thermal resistance
is twice that for bi-directional operation (a.c. power control). Normally,
Ry j_mp 18 specified for uni-directional as well as bi-directional operation.
Z., j—mp 1s the junction-to-mounting base thermal impedance. This quan-
tity is of importance for pulsed loading (intermittent flow of load current).
Fig. 3-2 shows the transient thermal impedance as a function of time. For a
very short power pulse, Z,;, ;_.» i low, and the junction temperature of the
triac therefore hardly rises. For a long pulse, Z,, ;_., approaches the static
value R, ;_.» As in the case of thermal resistance, the transient thermal im-
pedance for uni-directional operation is twice that for bi-directional operation.

3.2.3 VOLTAGE

dVp/dr is the rise rate of voltage (either polarity) across the non-conducting
device. When the voltage rise rate is high, uncontrolled turn-on can result.
Distinction is made between d V,/df applied to a device in the off-state (not con-
ducting previously) and a turned-off device (conducting previously). The voltage
ramp function applied to a device in the off-state causes the junction capac-
itance C; to be charged by a current equal to C; (dVp/d?). If the charge current
is high enough, the triac is triggered into conduction. In a turned-off device,
there are still charge carriers unrecombined after previous conduction. Their
number is large if the decay rate of commutation current is high, and a small
value of dVp/dr can then induce a high current in the triac. To prevent un-
controlled turn-on, the decay rate of commutation current and the rise rate
of re-applied voltage must both be held below specified limits. Owing to the

) Application Book: Rectifier Diodes, Chapter 3; ordering code 9399 256 01001.
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Fig.3-2 Transient thermal impedance of BTW34.
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Fig.3-3 dVp/dr capability of BTW34 in the off-state.

presence of the charge carriers, the maximum non-triggering voltage rise rate
is lower for a turned-off device than for a device in the off-state. For the
BTW34 having 125 °C junction temperature, the maximum non-triggering rise
rate of off-state voltage is 200 V/us for any device: the maximum non-triggering
rise rate of voltage re-applied after turn-off is 30 V/us for a 50 A/ms current
decay rate. The dVp/df capability depends on the junction temperature — see
Fig. 3-3.
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Ver, — Vgr are the minimum gate voltages for reliably triggering any device
in the series. Vg, refers to a signal that makes the gate positive with respect to
terminal 1 and — V; refers to a signal that makes the gate negative with respect
to terminal 1. Because the values of Vi and — V1 increase when the junction
temperature falls, a lower junction temperature necessitates more powerful
triggering.

3.2.4 CURRENT

I, is the latching current, that is, the minimum current that will cause the device
to conduct. Gate drive must be sustained until the triac current has reached this
level, otherwise turn-off will occur. The expected maximum latching current is
specified for a positive and a negative gate drive and for the first and third
quadrant.

I,; is the holding current. Conduction ceases if the triac current falls below
this level. The expected maximum holding current (positive or negative gate
drive) is specified for the first and third quadrants.

11, —I;r are the minimum gate currents that will reliably trigger any device
in the series; I, refers to the current fed into the gate, and — I+ to the cur-
rent extracted from the gate. Because the values of I;; and —I;r increase when
the junction temperature falls, a lower junction temperature necessitates more
powerful triggering.

3.2.5 POWER DISSIPATION

Power dissipation is due to the on-state voltage loss, gate losses, leakage in the
off-state and switching losses. The power dissipation is a function of r.m.s. on-
state current and conduction angle. Fig. 3-4 is a plot of the expected maximum
power dissipation P versus r.m.s. current Irgys, (a.c. operation). The power
dissipation raises the junction temperature; the right-hand section in the graph
is used for calculating the heatsink thermal resistance required to limit the junc-
tion temperature to the rated value of 125 °C (temperature of mounting base
related to that of junction). Section 8.2 gives an example of calculation. Plots
similar to Fig. 3-4 are published for half-wave operation.

13



7262078.2

FULL CYCLE OPERATION
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Fig.3-4 Power dissipation in BTW34 for full-cycle 50 Hz operation.

3.3 Ratings

3.3.1 VOLTAGE

The triac has no reverse voltage rating because it can conduct with either polarity
of voltage applied. Like thyristors, triacs are classified according to their repe-

titive peak voltage rating.
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3.3.2 CURRENT

I (rms) max (r.M.S. On-state current) refers to the r.m.s. value of a sinusoidal
current under continuous load. Fig. 3-5 shows the BTW34 intermittent cur-
rent rating for the mounting-base temperature 7, equal to 45 °C or 85 °C.
Fig. 3-6 gives the BTW34 inrush current rating, important for a motor or
incandescent lamp load. The inrush current time function must lie below the
illustrated plot. For instance, for 85 °C mounting-base temperature, the first-
cycle r.m.s. current may amount to 113 A, but at the end of the fifth cycle
(0,1 s) it must have fallen to 82 A. The allowable steady-state r.m.s. current
read from the plot is 45 A, quite in accordance with the continuous r.m.s. cur-
rent rating. The plot is valid for a “cooled down” device (junction temperature 7
equal to mounting-base temperature 7,,), that is, the current must not start
to flow until a few seconds after previous conduction.

200 - — 150
i | | L R -
L] Tme=t5%C L[ Tme=ssce
Irirms) ‘j [ i [ Trikiis ‘ 1 ;\ | [
(A) R ] f (A) et
i 1 A8 1 1 {
T
150 —— 100 } !
t,=20ms | I tp320ms | | gD
—N\ T o 1T
mmaaR e o
s e e S MR | b 100,44 L
;
J00kb bl 1 b 200 1}
sl SRR il
100 |——200 50 ‘
— 00— Ll LANS00L Ll
“1s
T W A W = 28—ttt T
e T T \ S . T R
50 ‘ 0

1 10 5 (%%o) 100 1 10 100

6 (%/o)

conduction angle : 360°

Fig.3-5 BTW34 current rating for intermittent loading.
- 0 = duty cycle,

6= %"x 100 5 7
t, = conduction period.

3
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FULL CYCLE OPERATION
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Fig.3-6 BTW34 inrush (starting) current rating for full-cycle, 50 Hz operation.

Irsm max (peak surge or non-repetitive peak on-state current) refers to the
peak value of a semi-sinusoidal or sinusoidal overload current. The rating
curve of Fig. 3-7 shows the allowed non-repetitive r.m.s. surge current I ggars)
integrated over one-half sinusoid of current. For a surge duration of less than
10 ms (operation from a 50 Hz mains), a single semi-sinusoid of current lasting
less than one-half cycle is assumed to flow. For surge duration 7 between 10 ms
and 20 ms, an opposite half-sinusoid of current flowing through the other half
of the triac crystal is added, but the overload on the crystal-half already in
conduction does not change; consequently, that particular part of the over-
load rating curve is horizontal. For any surge duration longer than 10 ms,
equal-amplitude current pulses are assumed — see inset. It should be noted that
temporary loss of power control may occur after an overload. The non-repetitive
rating is important for protection by means of fuses.
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(dI;/dt),.. refers to the rise rate of on-state current. Because the current
spreads with finite velocity from the gate area across the entire crystal cross
section, hot spots would occur locally if the current rise rate were excessive.
The dI;/dt rating is established for protection against this type of overload.
The spreading velocity, and so the dI;/ds capability, increases with the rate of
rise and the level of gate current; the d/;/dz rating is given for specified values
of gate current I, on-state current Ir, and often rise rate of gate current. If
the device is turned on by breakover, the permitted d/;/dz is generally lower.
Series chokes are usually needed to reduce the decay rate, —d//d¢, of the
commutation current to a value allowing safe turn-off (see Section 3.2.3); this
value is a few orders of magnitude smaller than the turn-on d/;/dt rating.

262077

6
00 maximum permissible non-repetitive
r.m.s. on-state current based on
sinusoidal currents (f=50Hz)
Irs
Irs(rus) X 1 r _‘—‘/—\‘—— Irs(rms)
(A) \ % ]
s time
e BV Y
400
. *
N Trot L 1]1I] ] the triac may temporarily lose
AV . 4 4 | control following the surge
. 1 e =
I I i 65 1 ) G (B 10
I T i} |
- N O 1 il
] I N 1
- B +
200 *‘ T T IT\\ ‘ i T
i I8 I | 4“\& 0 T
N i
[ ) N N ) ), (il =111 1E
= 1 T = NG Jj=125° rior to surge T
o o 1 et il 1
1+ { +11+H + R EnE + 1
S = ]
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Fig.3-7 BTW34 non-repetitive current rating for sinusoidal, 50 Hz operation (equal sinusoids
for any overload duration). Iy, = peak value allowed for semi-sinusoidal current lasting

10 ms.
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4 Triggering

4.1 Trigger modes

The figures in this chapter illustrate the four trigger modes and show an appro-
priate cross section of the triac crystal (either through the p region or the
n region of the gate). Reverse or forward bias at junctions is shown by the
letters R and F, and polarity of gate signals is shown by plus, or minus signs.

First quadrant, positive triggering (Fig. 4-1). The gate-cathode junction p,n; is
forward biased and electrons from 75 are collected by the 7, region. These lower
the potential of the n, region thus providing more forward bias for the p,n,
junction. Holes from p, reach the n; region and are collected by p,, and the
triac switches on as a normal thyristor.

Fig.4-1 First-quadrant positive triggering.
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First quadrant, negative triggering (Fig. 4-2). Forward bias is applied to the
gate-cathode junction p,n,. Electrons from n, are collected by the n, region
and lower the potential there. Thus, the p,n; junction becomes more forward
biased. Holes from p, reach the 7, region and are collected by p,. Junction p,n;
becomes forward biased and the triac switches on (as a thyristor with a junction
gate).

r 959
o—
|
i
130 R N3
> - - = P
=Y & vy
T
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— i L
< o
e —_—
ny I !

Fig.4-2 First-quadrant negative triggering.
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Third quadrant, positive triggering (Fig. 4-3). The gate-cathode junction p,n;
is forward biased. Electrons reach n;, which becomes more negative. Hole cur-
rent from to p, to n, increases and the holes in n, are collected by p,; this hole
flow causes n, to emit electrons (p,n, junction forward biased) and these are
collected by n,. Current flows down the left-hand side of the crystal, and, if
sufficient current can flow in the main circuit, the right-hand side then switches
on (triac switching on as a thyristor with a remote gate).

++

7257998

%

7258003

Fig.4-3 Third-quadrant positive triggering.
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Third quadrant, negative triggering (Fig. 4-4). The gate-cathode junction pyn,
is forward biased and electrons reach n,, lowering the potential there. The flow
of holes from p, to n, increases and the holes in n, are collected by p,. Electrons
are emitted by n, as a result of the flow of holes and are collected by n,. Current
flows down the left-hand side of the crystal, and, if sufficient current can flow
in the main circuit, the triac switches on (as a thyristor with a remote gate).

7257993

F

4

Py

e

7258007

72758004

Fig.4-4 Third-quadrant negative triggering.
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4.2 Gate forward characteristic

Fig. 4-5 illustrates the boundary curves of the spread in gate forward charac-
teristic for the BTX94 (25 °C junction temperature). The triac can be triggered
by either a positive or a negative gate signal (polarity of gate signal referred to
terminal 1). The areas of certain triggering (shown hatched) are given for both
cases, i.e. +I; +V; and —I;—Vy, and for operation in the first quadrant
(“terminal 2 positive”) and in the third quadrant (“terminal 2 negative™). To
ensure turn-on, operation must occur outside the areas of uncertain triggering.

It follows that triggering with a negative signal is preferable when the trigger
power is limited. Another motive for favouring a negative signal is explained in
Section 4.3.

7210227.1
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Fig.4-5 BTX94 gate characteristics.



4.3 Trigger signal

Magnitude. This was discussed in the previous Section.

(]
o

10

o

Fig.4-6 Gate coupling to (a)(b)(c) positive trigger source (d) negative trigger source.

Polarity. The gate can be driven by a positive or a negative signal. Fig. 4-6a
illustrates the former case. With the main current flowing into terminal 1 (solid
arrow in Fig. 4-6b), a parallel gate current can occur (see dashed arrow). The
parallel gate current has two undesirable effects. Firstly, it can saturate the
trigger transformer. Secondly, during turn-off the parallel current will cease
fairly abruptly; the induced voltage spike (Fig. 4-6¢) re-triggers the triac, and
uncontrolled conduction results. These deficiencies are overcome by using a
negative gate drive; see Fig. 4-6d. The BY206 blocks the parallel current. (The
diode would, of course, pass any opposite parallel gate current, but this current
cannot flow because, when the main current flows from terminal 2 to terminal 1,
there is a very high main path-to-gate path isolation resistance.)
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Duration. Like thyristors, it is advantageous to trigger triacs with a pulsating
signal. To ensure bi-directional conduction, even with a very inductive load,
the trigger pulses must continue until the end of the half cycles. If single trigger
pulses are used, one-way conduction (rectification) results when the trigger angle
is smaller than the load phase angle. See Fig. 4-7, waveform A. The triac is
triggered at times 7, 73, and the pulses occurring at times ¢, 7, have no effect
because the triac is still conducting. Thus, one-way current pulses flow satu-
rating the load inductance. When using a trigger pulse train (waveform B), a
sinusoidal current flows with a phase delay equal to that of the load phase
angle, even if the trigger pulses start at zero degrees. A trigger source producing
pulse trains that continue until the end of the half cycles will also cope with
inrush conditions (Figs 4-8 and 4-9); single pulses cause rectification. The trigger
pulse train must cease before the mains voltage passes through zero; otherwise
the triac will continue to conduct (loss of control). It must be noted that a
continuous pulse (so called d.c. triggering) causes more gate dissipation than
a pulse train).

I<@ ﬁ\T ] K
inductive load Eale }%7' >180° —% .
(phase angle @) I

@ st s | JL e L ]

2

|
gate f
signal

fff
(®)pulse trains A | ‘ i \N

t4 t2 &} ts 7270569

Fig.4-7 Rectification in a.c. controller;
& = trigger angle, ¢ = load phase angle.
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a.c. input
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inrush current
load kst\ r envelope
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(exponential)
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\-steady-stute Fidenia
current

Fig.4-8 Inrush phenomenon in a.c. controller (zero trigger angle); for o see Fig.4-9.
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Fig.4-9 First-pulse length o; (Fig.4-8) vs. load phase angle ¢.
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5 How to obtain reliable turn-off

5.1 Chokes needed to ‘“‘soften’ commutation

Unlike the thyristor, the triac can conduct irrespective of the polarity of the
applied voltage. That is, the triac experiences no circuit-imposed turn-off time
allowing its recovery before voltage is re-applied. Triac-controlled circuits there-
fore require careful design.

Triac control of a transformer supplying an inductively-loaded diode bridge
is notorious for the problems it can cause?). Fig. 5-1 shows the situation. The
load inductance forces the rectifier diodes into conduction as soon as the instan-
taneous d.c. output voltage becomes negative. So the transformer secondary is
shorted for some time after the zero transition of the mains voltage and a
reversed voltage is applied to the triac, turning it off. Because of the transformer
leakage inductance, the triac does not turn off immediately, but continues to
conduct over what is called the commutation interval (see ip-waveform). During
this interval, a high decay rate, (di/dt).,,,., of current results for two reasons.

trigger angle

commutation

»| «_interval

N\ high
m (di/dt)com J
i vz
G L,

Fig.5-1 “Hard” commutation.

2) AN No. 127: Triac Control of D.C. Inductive Loads; ordering code 9399 250 62701.
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Firstly, the transformer leakage inductances is low. (This is necessary for
minimum d.c. output voltage loss — see the hatched areas in the waveform
for v,.) Secondly, with an inductive rectifier load, a substantial current flows
when commutation starts. Because the current decays rapidly, the peak reverse
recovery current I is fairly large. At turn-off, 7 is abruptly transferred to the
transient suppression elements R and C, so the voltage suddenly rises to the
level 7 ¥ R (C uncharged initially). Owing to the high value of both (di/d?).,,
and (dv/dt),, turn-on causing loss of control can ensue (see Section 3.2.3,
“dVp/dr”).

A saturable choke in series with the transformer primary reduces (di/d?).qms
thus preventing uncontrolled turn-on. See Fig. 5-2. Saturation must occur at a
fraction of the rated load current so that there is little loss in the output volt-
age of the rectifier (hatched v,-areas). Another advantage of the saturable choke
is that it has little effect on the power factor. At low current, a high inductance
is available that “softens” commutation. The choke delays the voltage rise so a
quiescent period of a few tens of microseconds is interposed during which the
triac can recover?®). The inductance of the choke is calculated from the formulae
in Section 5.2.

The decay rate of the commutation current depends on the mains frequency,
d.c. output current, trigger angle, rectifier constant*) and transformer fractional
reactance. The three-phase bridge has the lowest rectifier constant and causes
the “hardest™ commutation. Fig. 5-3a is the circuit, and Fig. 5-3b is a plot of
the decay rate of commutation current (di/d¢),,,, versus total angle ¥ + y..
For 0° < & + y, < 60°, current commutates between triacs and (di/d?).,,, is
part of a sine function. For @ + », > 60°, the d.c. output voltage becomes
intermittent and the current is transferred from the triac in conduction to one
pair of bridge diodes whenever the instantaneous bridge output voltage becomes
zero. The instants of current transfer do not shift with the trigger angle, the

3) Elektronik 1970, Heft 5, pp. 161 to 164, K. Briickmiiller — Steuerung induktiver Ver-
braucher mit Triacs.
4) Application Book: Rectifier Diodes, Chapter 9; ordering code 9399 256 01001.
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Fig.5-2 Use of saturable choke to “soften” commutation.

®O®®
(di/dt) om
~ |
~ \\
R % 50° e Y:
PO® |

a

Fig.5-3 Circuit causing the “hardest” commutation. 9 = trigger angle, y. = angle of com-
mutation interval; (a) circuit diagram, (b) plot of commutation current decay rate.
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commutation voltage remains the same and the function (di/d?),,,, vs. & + .
becomes a horizontal line: maximum (di/d?),,,,. Fig. 5-4 is a plot of the ratio
of maximum (di/d?).,,, to r.m.s. triac current I gys, versus transformer
fractional reactance x. Series inductance is generally required to reduce
(di/dt)., to an acceptable level — see Section 5.2.
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Fig.5-4 b = max (di/d?)com/Ir rmsy (ms™ 1) vs. transformer fractional reactance x for circuit
shown in diagram.
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5.2 Formulae for choke calculation

The inductance of the saturable series choke L, required for reliable turn-off
is derived from the formulae given here for a few practical circuits. The nomen-
clature, together with the units recommended for ease of calculation, is:

5 = inductance of series choke (mH)

L, = total series inductance (mH)

Bive e = transformer leakage inductance (mH)
L, = motor inductance (mH)

Lo = series inductance to be added (mH)

(—dI;/dt),.e = recommended maximum decay rate of commutation current
for ensuring reliable turn-off (mA/s)

x transformer reactance (fractional)

kV A son transformer rating (kVA)

w = 2mxmains frequency (Hz)

Vit r.m.s. line-line voltage (V)

Il

ll

Fig.5-5 Three-phase controller with resistive load (star or delta).

Three-phase controller with resistive load (Fig. 5-5)
VLL
i )
(—dIT/dt)max : 1/6

(5-1

s
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Three-phase controller with transformer and resistive load (Fig. 5-6)

& Vi
Ligyp = ——, (5-2)
w: k VArated
v
Ty B = (5-3)
(—dl7/dt) pax - 6
Ladd = Lt e Lleak- (5_4)

To prevent saturation of the transformer core, the transformer must be pre-
loaded to about 109, of full load; this also eliminates the necessity for RC ele-
ments across the transformer primary windings to promote triac turn-on®).

2270818

Fig.5-6 Three-phase controller with transformer (star- or delta-connected) and resistive load.

Three-phase controller with transformer and inductively-loaded bridge rectifier
(Fig. 5-7)

ol e

. (5-2)
& KV A, pq

Lleak

5) Al No. 336: Thyristors and Triacs in Temperature Control Systems; ordering code
9399 214 33601.
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7270550

Fig.5-7 Three-phase controller with transformer (star- or delta-connected) and inductively
loaded bridge rectifier.

For triac-triac commutation (0° < ¢ < 60°):

Ly =
(_dIT/dt)max ¢ 2 1/6

, (5-6)

Lygar = Lei — Lieax- (5'7)
For triac-diode commutation (¢ > 60°):
w * kVArated

Py B (5-8
¢ /(_dIT/dt)max2 )

Laddz - Lt2 e Lleak' (5'9)

Use the larger of the two values calculated.

To prevent saturation of the transformer core, the rectifier must be pre-loaded
to about 109 of full load; RC-elements across the transformer windings are
omitted.
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Three-phase motor load
VLL

- B (5-10)
(\*dl'j/d’)mux . 1/6

Loga == Ly Ly (5-11)

Triac control is suitable for motors driving a load that is some exponential func-
tion of motor speed (fan, centrifugal pump, etc.). The d.c. control voltage is
applied via an RC network, so that it can only change slowly and motor satu-
ration is avoided.

Cualculation example
A 10 kVA three-phase transformer, with a fractional reactance of 0,00, supplies
a diode bridge; the phase-phase input voltage is 380 V, 50 Hz. Calculate the
inductance of the series chokes.

0,06 x 3802

Eq (5'5) Llea,’\ s — 2,75 mH.
314 <10

The phase current at full output is:
VA,gtea 10000

V)3 38013
BTX94 triacs will suffice; the recommended value of (—d/Z;/d?) .. is 50 A/ms.

15,2 A.

Iy

Eq.(5-6): L,, = ﬂ =4,65 mH
50%2 V6
Eq.(5-8): Ly = et = 1,26 mH
- 502

The larger value must be taken, so the inductance of the series chokes is cal-
culated from eq. (5-7):

Lysa = 4,65—2,75=1,9 mH.
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The triac family. From left to right: BTW 34, BTX 94, BTW 43.
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6 Voltage transient protection

Transients on the mains voltage cause undesirable triggering when the break-
over voltage or the recommended maximum rate of voltage rise is exceeded.
With an incandescent lamp or motor load the resulting inrush current can be
dangerous.

Transients originate from lightning flashes, switching in adjacent circuitry,
etc. or they can be caused by the contactor, which is included in the triac con-
troller itself for safe isolation. When the contactor closes, the triac voltage can
rise at a rate of 1000 V/us! Transients can be suppressed by an LC input filter,
diode clippers, surge arresting diodes, voltage dependent resistors, etc.

The circuits of Figs 6-1 and 6-2 (compare with Table 6-1) use a diode bridge
for transient clipping. When a transient occurs, the diodes conduct and the
transient energy is stored in the polarized capacitor; the 10 nF by-pass capacitor
handles high-frequency components in the transient. Resistor R, limits the
capacitor charge current to a value less than the repetitive current rating.

Tabel 6-1 Suggested components for transient suppression; available type numbers specified in
last column.

fig. component specification type number
6-1 Ry 10Q,2 W, 10% 232221513109
R, 27 kQ, 4 W, 10% 232233032273
R3 33Q,2W,10% 232221513339
C, 5 wF, 350 V d.c., —10%/+30% 2222 040 15508
C, 10 nF, 400 V, 209 222234158103
Cs 0,15 uF, 1000 V, 20 % 222234170154
L, see Section 5.2
Dy to Dy BYX45-800R
6-2 R, 22Q,4W,10% 232232536229
Rs5,= Rsj 18 kQ2, 4 W, 10% 232233032183
R3 33Q,2 W, 10% 232221513339
Cia=Cyy 20 uF, 350 V d.c., —10%/+30% 2222040 15209
2 10 nF, 1000 V, 20% 222234170103
Cs 0,15 nF, 1000 V, 209 222234170154
Ly see Section 5.2
D to Dg BYX45-1000R
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Fig.6-1 Single-phase transient suppression scheme (see Table 6-1) using transient clipper.
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Fig.6-2 Three-phase transient suppression scheme (see Table 6-1) using transient clipper.
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7 Overcurrent protection

Like all other semiconductor devices, triacs have an infinite life if they are used
within their ratings. However, they rapidly overheat when passing excessive
current because the thermal capacitance of their junction is small. Overcurrent
protective devices (circuit breakers, fuses) must, therefore, be fast-acting.

7.1 Inrush condition

Motor, incandescent lamp or transformer loads give rise to an inrush condition.
Lamp and motor inrush currents are avoided by starting the control at a large
trigger angle. Transformer inrush currents are avoided by adjusting the initial
trigger angle to a value roughly equal to the load phase angle. Smaller and larger
trigger angles cause inrush effects. No damage occurs when the inrush current
time function is below the inrush current rating curve (Section 3.3.2). Circuits
catering for a transformer load are presented in Section 9.3.

Turn-on di/d¢ under inrush condition seldom exceeds the rated level. For
instance, a 220V a.c. supply with 20 wH source inductance causes a maximum
di/dt of (220 |/2)/20 = 16 A/us (50 A/us rating). Chokes to soften commuta-
tion should preferably be saturable so as to maintain regulation and avoid
deterioration of the power factor; because their impedance reduces at low cur-
rent, they have very little effect on the inrush current.

7.2 Short-circuit condition

Fuses for protecting triacs should be fast acting, and the amount of fuse /¢
to clear the circuit must be less than the 7% rating of the triac. Because the fuses
open the circuit rapidly, they have a current limiting action in the event of a
short-circuit — see Fig. 7-1°). High-voltage fuses exhibit low clearing /7t but
the fuse arc voltage will be dangerous unless triacs with a sufficiently high
voltage rating are used.

6) Application Book: Rectifier Diodes, Chapter 7; ordering code 9399 256 01001.

38



//\\ available short

/ \/circuit current
4
cut-off __% \ fuse current
current | \ time function
switch — || \
closes at _circuit || \
t=0 inductance o
m y
Il B
fuse ~
link ‘ )
L X f
supply 41 N o
voltuge\/ A }
NN
!

rd

— time

|
i N
pre-arcing time —— arcing time
[P |
clearing tlme‘
— >

7270852

t=0

Fig.7-1 Action of a rapid fuse. Upper curve shows fuse current and lower curve fuse voltage;
areas A and B are equal.

Fuses suitable for the BTW43, BTX94 and BTW34 are listed in Table 7-1.
The table shows that higher-voltage fuses may require current derating; for
instance, the NGHOO uFF63, intended for use with up to 240 V a.c. input,
allows the BTW34 to operate at its full current rating (45 A or 55 A) but for
the NGHOO uFF40, intended for use with an a.c. input that may exceed 240 V,
the load current must be restricted to 40 A.
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8 Triac choice and heatsink calculation

8.1 Triac choice

The choice of the triac depends on:

il o ol

a.c. input voltage
nominal load current
inrush current
cooling.

. To allow for transients, the triac voltage classification (repetitive peak rating)

is taken to be about three times the r.m.s. input voltage. Transient suppression
is still necessary, but the size of the required transient suppression elements
(Chapter 6) is moderate.

. The r.m.s. current rating must be at least equal to the maximum load current.

Inrush currents occur when the load is a motor, a transformer or an incan-
descent lamp. It is generally safe to use a triac the r.m.s. current rating of
which is 509 to 100% higher than the nominal load current. The lamp or
transformer inrush current can be 10 to 15 times the nominal load current.
In most cases the repetitive current rating can be chosen to accord with the
inrush current because the inrush condition lasts for only a few cycles.
Always check the inrush current with the inrush current rating curve (Sec-
tion 3.3.2). Section 7.1 discusses how inrush currents can be avoided.

. The cooling method (free convection, forced-air cooling, water cooling) de-

termines the loading capability of the triac.

41



8.2 Heatsink calculation

The heat generated in a triac must be transferred to the surrounding air at a
sufficient rate to prevent overheating of the junction. This can be achieved by
mounting the triac on a heatsink; the thermal resistance between the junction
and ambient is much too high to cause significant cooling. Fig. 8-1 is a simpli-
fied heat flow diagram for the triac mounted on a heatsink. The temperature
difference 7; — T, is the thermal e.m.f. driving the heat P generated in the
junction area through the chain of thermal resistances. Applying Ohm’s law,
the required heatsink thermal resistance follows from:

P
Tj —e ‘
Rthj-mb } triac
Tap———
Rinmboh triac/heatsink . ) B .
Fig.8-1 Simplified heat flow diagram.
Ty——— Ty = heatsink temperature
Ry — o = heatsink thermal resistance
Rinn-e heatsini Tumy = ambient temperature.
Tamb——— 7270838
T max— T,
J max amb
Repypa S—————— == (Rthj—mb 4 Ry o)
P
where: T} ,.. = rated junction temperature (125 °C)
T.., — ambient temperature
b2 = power dissipated in the device

Ry, j_mp is defined in Section 3.2.2

R,y ms—n 18 the mounting base-to-heatsink thermal resistance
(0,2 °C/W to 0,5 °C/W).
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Calculation example
A triac must control 25 A motor current at 35 °C ambient temperature. Select
a triac and calculate its heatsink.

According to Section 8.1, the triac r.m.s. current rating must be twice the
nominal motor current, so the BTW34 (55 A r.m.s. current rating) can be used.
For BTW34: T .. = 125°C. Ry, j_mp» = 0,6 °C/W (full-wave operation),
Rip mp—n = 0,2 °C/W. Consulting Fig. 8-2: P = 32 W at Iy rus) = 25 A. For
Ty = 35 °C from the equation given above:

125— 35
Rippa < T — (0,6 +0,2) = 2,0 °C/W.

From Fig. 8-2, by drawing lines shown dotted, we find: Ry, ,p_a ~ 2,2 °C/W.
Whence: Ry na = Ren mo—a— Ren mon =~ 2,2— 0,2 = 2,0 °C/W, which is the
value found above. Entering R,;, ,_, = 2,0 °C/W into the 56290 extruded heat-
sink plot of Fig. 8-3, we read for P = 31,5 W and free convection: heatsink
length = 7,5 cm.

FULL CYCLE OPERATION 2270583

a, a=a1=0Q;y l interrelation between the power
(derived from the left hand graph)
and the max. allowable temperatures

o\ - conduction angle [

Qg per half cycle/
| T -180° \
0 o a8 80
L ) L /Auo“_k, N |
*)
P S T T = el 11 Tmh
W) i LALA 48821 L L_liec)
PES ‘
A 95

50

110

125
150

0
Tamb (°C)

Fig.8-2 Use of BTW34 power dissipation curves; compare with Fig.3-4.
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Rthh-a
(°c/w)

free convection

}forced cooling

Fig.8-3 Plot of 56290 blackened aluminium heatsink extrusion.

8.3 Diecast heatsinks

Diecast heatsinks are readily available and provide efficient cooling. Those in
Table 8-1 ensure thermal stability”). (For bi-directional operation, the maximum
thermal resistance allowed between junction and ambient is 6 °C/W, 3,5 °C/W
and 2 °C/W for BTW43, BTX94 and BTW34, respectively.) The stated current

values must not be exceeded at the highest expected a.c. input voltage.

Table 8-1 Triacs and associated diecast heatsinks.

triac diecast allowed r.m.s. current for free convection with ambient
heatsink temperature of :
35°C 45°C
BTW43 56348 10 A 9 A
BTX9%4 56278 23 A 20 A
BTW34 56314 33 A 30 A
BTW34 56318 42 A 38 A

7y Apprcation Book: Rectifier Diodes, Chapter 3; ordering code 9399 256 01001.
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9 Applications
9.1 General

Triacs are used in:

e on/off switches

e time-proportional controllers

e continuous controllers.

Several examples of these circuits are treated in this Section and a few general

notes are important here.

On/off switches. Whereas in an asynchronous switch the triac is randomly trig-

gered, triggering in a synchronous switch is made to coincide with the zero

cross-over points of the mains voltage. This results in:

o slightly higher circuit complexity because synchronization must be included

e better power factor (equal to that of the load) because of sinusoidal current

e reduced r.f.i. because during turn-on there is no step rise in triac current or
an abrupt drop of triac voltage.

e high inrush current in the case of an iron-cored load

e low turn-on di/d¢

e to obtain reliable triac switch-on under inductive load, the trigger pulses must
be maintained during 100 us to 200 us minimum; this time is needed for the
triac current to reach latching level as the device must start to conduct at a
very low instantaneous mains voltage.

Compared with contactors, triac switches have an infinite life (when used
within their ratings) and do not require provision for operation in explosive
atmospheres. Unlike a contactor, a triac switch can easily be made to operate
synchroneously. Soft start (no inrush effect) is simply obtained by initially using
an increased trigger angle; this is of importance for weaving machines to prevent
breaking of delicate yarns. Short-circuit currents are rapidly interrupted (within
10 ms as against 30 ms for a contactor). Disadvantages of triacs are: the
triac/heatsink combination takes more space; the triac/heatsink/trigger circuit
is more expensive; triac losses are higher (but still below 19 of full output
power).

There are single-phase and three-phase switches; the single-phase types are
limited in power because of unbalanced loading of the mains.

Sections 9.2 and 9.3 discuss circuits of on/off switches.
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Time-proportional controllers. Fig. 9-1 shows the principle of time-proportional
control. It is on/off control with a fixed repetition period 7, the triac is triggered
synchronously to reduce r.f.i. and turn-on di/df, and to obtain the best power
factor (sinusoidal load current). The average power in the load is proportional
to 7,,/t, (linear behaviour) and stepless variation occurs by changing 7,,, the
conduction time of the triac: quasi-proportional control. Time-proportional
control is mostly used to control temperature, and period 7, is adjusted to suit
the controlled process: there is no temperature ripple when 7, is made much
smaller than the thermal time constant.

Triac switching rates must, if possible, be outside the 0,1 Hz to 30 Hz range
to avoid irritation to the eye caused by light flicker where weak mains supplies
are concerned.

Examples of time-proportional control are given in an earlier publication®)
and in Section 9.3.

/ \ / \ / \
\ ! \ / \
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|
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oA %
/ \ /

v 7 v 7 v 7 v

o I X o

A b s 7 i it X

Nt N7 o X
-

—

S 72686071

load

Fig.9-1 Time-proportional control principle.

Continuous controllers (as distinct from on/off controllers). There are single-
phase and three-phase controllers. Three-phase controllers may be half-con-
trolled (i.e. diode and thyristor in anti-parallel in each phase) or full-controlled
(i.e. two thyristors in anti-parallel or one triac in each phase). Full-controlled
controllers require more careful design of the trigger circuit, but their sym-
metrical output has a lower harmonic content because there are no even har-
monics; this means less dissipation in motor control as clearly illustrated by
Fig. 9-2. Another advantage over half-controlled controllers is that saturation

8) Application Book: Thyristor and Triac Power Control Using 61-series Modules, Chap-
ter 4; ordering code 9399 266 02601.
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of an inductive load is more easily avoided. It is sufficient that the trigger angles
for the positive and negative half cycles be matched to within a few degrees
for each phase; different trigger angles in different phases (and equally different
phase voltages) do not produce a d.c. component in the load.

Because in a full-controlled controller two triacs turn on simultaneously,
conduction can only ensue when the trigger pulses fed to all gates coincide;
a central trigger pulse generator is, therefore, essential. A.C. controllers are now
frequently used for motor control®).

motor loss
(kW)

Fig.9-2 Motor loss (kW) vs. torque (kgm) for triac
controller (----) and thyristor/diode controller
( ). Three-phase, 5 h.p., 1500 r.p.m. motor.

torque (kgm) 2

Note 1. Switchable powers depend on the allowed triac current — see Table 8-1.
For a motor load the current must be taken as half the tabulated value because
of the inrush effect.

Note 2. Controlled load current must exceed specified latching current, otherwise
the triac may not stay in conduction. This condition determines minimum con-
trollable power (50 W at 240 V for BTW43).

Note 3. Gate leads must be twisted to prevent spurious triggering by interference;
spurious triggering would cause a short-circuit in motor reversing switches.
Note 4. A 0,1 F, 1000 V d.c. capacitor and a 33 Q, 2 W resistor are connected
in series across each triac to reduce transients.

8) Application Book: Thyristor and Triac Power Control using 61-series Modules, Chap-
ter 4; ordering code 9399 266 02601.
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Kooylust™ farm uses conditioned pigsties (controlled temperature, humidity and light)
to breed strong and healthy pigs.




In the pink of condition thanks to triac-controlled heating and ventilating system.
Courtesy of Messrs. Mitra, Waarder, The Netherlands.




9.2 Solid-state motor switches

9.2.1 CIRCUIT SURVEY

The switches presented here are suitable for squirrel-cage motors. Some are
reversing and, where motor inrush currents are intolerable, the solid-state
star/delta switches are useful; in all circuits, the star-position time is adjustable
to suit the particular application. All three-phase switches cater for both star-
connected and delta-connected loads. The motor load must be shunted by an
RC-network to promote triac turn-on — Fig. 9-5 in Section 9.2.3 gives the
necessary particulars. Table 9-1 lists the circuits discussed.

Tabel 9-1 Solid-state motor switches

section circuit features number of
triacs used
9.2.2 single-phase switch asynchronous 1
9.2.3 three-phase switch asynchronous 2
9.2.4 three-phase starting torque adjustable to limit inrush 1
soft-start switch current or prevent damage to sensitive
load
9.:2.5 single/three-phase asynchronous 2/4
reversing switch
9.2.6 three-phase rapid- asynchronous 4
stop-and-reversing rapid stop and reversing by “plugging”
switch
9.2.7 star/delta “star position” obtained through phase 3

control (reduced motor voltage)

9.2.8 star/delta and asynchronous 11
reversing switch

9.2.2 SINGLE-PHASE SWITCH®)

The circuit of Fig. 9-3 is asynchronous because triac 7H, is triggered as soon
as S, closes. The UPAG6]1 trigger pulse generator functions as follows. Capaci-
tor C, charges on closure of S; until Schmitt trigger ST trips on; inverting

9) AN No. 131: A.C. Static Switch; ordering code 9399 260 63101.
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amplifier 4, saturates and C, discharges rapidly through regenerative feedback
path D, R,. Discharging stops when ST trips off because then 4; no longer
conducts; C; charges again to repeat the process. The 10 kHz, 10 us wide
trigger pulses are coupled to the triac gate via a TT61 trigger transformer.

Variants of the circuit are a switch or the output of a 60- or 61-series circuit
module in parallel with C, (pins 14/17 connected direct to +12 V). Also, pins
14/17 of the UPAG61 can be connected to a NOR gate of the 60- or 61-series for
logic control (S; omitted). In all cases, trigger pulses only occur when C; can

charge.

The wiring diagram is given in Fig. 9-4.

+24V a.c.load
'y
i
i
=01pF |
1000V dc)
TH1
v
[ |
330 |
(2w)
Y
——0
Fig.9-3 Single-phase asynchronous switch.
TH1
P
Zu 2 fm
T ™ 10nF BY206
T O O gy ik -1
98766543 21 987654321 8 7 3 2
™ 20v RSAB1 U1 si UPAB1 U2 TT61 u3
17 16 15 14 13 12 11 10 17 16 1514 13 12 11 10 17 16 15 14 13 12 11 10
T[T T T 1T [T 1T LN EN
1 ] 7270573
soopFtL
(%0V)
7

Fig.9-4 Wiring diagram of single-phase asynchronous switch.
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9.2.3 THREE-PHASE SWITCH

The three-phase switch, Figs 9-5 and 9-6, is very simple. The 40 kHz trigger
pulse source functions as described in the previous Section; pulse inversion is
required because the pulse amplifier must deliver negative-going output pulses.
With S, closed, C, cannot charge, the pulse generator is inhibited, and so
TH, TH, do not conduct. A logic output can replace S;. Because the load is
a motor, components R and C in Fig. 9-5 are recommended for promoting triac
turn-on.

01pF 330
(1000Vd.c) (2w)
N\TH

R O— < .
01pF 330
1000V dec) (2w)

D\ "H2 LOAD
Y O— < .

(Y or &)

B0
L L L
R R R
Fig.9-5 Power circuit of three-phase switch
R =122Q,9,5W, 232232517229
C= 1,5 yF, 220 V a.c.; 2222 326 50155.
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9.2.4 THREE-PHASE SOFT-START SWITCH'®)

The circuit in Fig. 9-7 provides “soft” motor speed run-up by delayed triggering
of a triac connected in one of the phase leads. The advantage is that the circuit
is simple, but the motor dissipation increases because the uncontrolled windings
have to carry inrush current over a prolonged run-up period.

The trigger angle of TH, depends on the instantaneous value of V,,,,. Lock-
out excludes spurious triggering, that is, the TCA280A is inhibited until its
d.c. voltage has reached the steady-state level. After closure of motor switch S,
while the +14 V TCA280A supply is still below steady-state level and D5 is not
conducting, TR; is off and TR, on. With pins 2/6 at low potential (because D,
and TR, conduct), and pin 5 at high potential (because TR, conducts), the
TCA280A cannot produce trigger pulses. When the -+ 14 V supply has reached
its steady-state level, Dy avalanches, TR; switches on and TR, switches off,
diode D, becomes reverse-biased and Cs can charge. When Cs has charged to
a predetermined level, TR, switches off. Thus, the time function of V,,,,, is
according to Fig. 9-8. Initially, V., is high because C4 and C, are uncharged.

Adjustment (Fig. 9-7):

1. Set the starting torque with Ry, (higher R, resistance lowers the starting
torque).

2. Adjust Ry, so that, during run-up, motor current remains approximately equal
to the initial value (observe with oscilloscope). Check with triac inrush current
rating; if necessary increase, the resistance of R, and R,.

10) AN No.200: Smooth Start Circuits for Squirrel Cage Motors ; ordering code 9399320 70001,
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Fig. 9-8 shows also the sawtooth voltage across C, which is used for phase
control'!). The triac trigger angle during run-up, and so the inrush current
in the controlled phase, is set with R,,. The run-up time depends on the
charging rate of C5 and is adjusted with R,,. Because V,,,,, is initially high, a
gradual build-up of the starting torque is ensured.

L n- i _ >
Visrrard [ run-up time |

TR1

\ f ‘%/ turns off

trigger :
pulses

triac
current

| 7270855

Fig.9-8 Waveforms of soft-start switch; lower waveforms on expanded scale: @ is the triac
trigger angle and ¢ is the load phase angle.

9.2.5 SINGLE/THREE-PHASE REVERSING SWITCH

Figs 9-9, 9-10 and 9-11 show a circuit suitable for reversing a single- or three-
phase motor. It was originally designed to steer a computer-controlled telescope
drive but it also provides manual control. The circuit uses TTL silicon mono-
lithic integrated-circuits from the FJ series for logic operations and for inter-
facing with the UPA61 high-power trigger sources; 10 kHz, 20 us wide trigger
pulses occur when a logic “1” (HIGH) level is applied to the input (pin 14)
of the UPAG6].

11) AN No.214:Single phasecontrolusing TCA280A trigger IC; orderingcode 9399 120 71401.
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The truth tables and the subsequent motor functions are given in Tables 9-2
and 9-3. If CCW- and CW-rotation commands are given simultaneously
(S, S5 closed), output E of the anti-coincidence gate assumes “0” (LOW) level,
outputs H and K become “07”, trigger pulses are not produced, and the motor
is not energized. Voltage regulator diodes D, D, restrict the collector voltage
of the output transistors in Uj to a value less than the rated level (15 V). Net-
works R, C,, Ry C, provide dead intervals of longer than a half-cycle during
which no triggering occurs when a CW-command is followed by a CCW-com-
mand. It is thus ensured that the CW-control triac(s) will turn off before the
CCW-control triac(s) will turn on, thereby preventing a short-circuit.

Table 9-2 Logic operation for automatic (computer) control; Sy S, S5 open

computer output to outputs

motor
Ul-13 Ul-1 A B C D E F G H K rotation
1 (CCW) 1 (start) 0 1 1 0 1 0 1 1 0 CCW
1 (CCW) 0 (stop) 1 1 0 0 1 1 1 0 0 -
0 (CW) 1 (start) 1 0 0 1 1 1 0 0 1 CW
0 (CW) 0 (stop) 1 1 0 0 1 1 1 0o 0 —

Table 9-3 Logic operation for manual control Sy closed

S, S outputs motor
C D E F G H K rotation
open open 0 0 1 1 1 0 0 —
closed open 1 0 1 0 1 1 0 CCW
open closed 0 1 1 1 0 0 1 CW
closed* closed* 1 1 0 1 1 0 0 —

* conflicting commands
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+24 91
. . c1 O
9, TH1 330
_ 0] ® ez Vi (2w)
7760 BY206
0,1pF
) (1000Vdc)
24 g
= E' =) m 7
TH3 01puF
_fe i< 11000V d.c)
0 )
_0] |2 b 330
BY206
TT60 (2w
’_@72 R Y B
o} o
26 1 By206
E- 91 — 1
% 3
T ey D g
0 ¢ e oamw 2«
TT60 S
TH4 (2w)
4 4x
BY206 8 01pF
7 (1000V d.c)
bx
*24 1 BY206
éo 91 — 5

o
Lo

¢ o

100 (W) 2x

Fig.9-9 Motor reversing switch: (a) single-phase (b) three-phase.
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COMPUTER
OuTPUT

to high-power
UPAGB1 trigger source
for CCW rotation

"1"=start
na ==o
0"=stop

to high-power
UPAGB1 trigger source
for CW rotation

BZY88-C13

LOGIC CIRCUIT INTERFACE

Fig.9-10 Logic circuit and interface of motor reversing switch.
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9.2.6 THREE-PHASE RAPID-STOP-AND-REVERSING SWITCH

The switch treated here provides rapid motor braking and reversal by so-called
plugging. Plugging occurs when interchanging two phase leads so that the stator
field reverses and rotates in a direction opposite to the rotor. Consequently,
a high current is caused in the motor, and the resulting high torque causes
abrupt braking owing to high acceleration in the opposite direction. To achieve
braking, the motor is plugged for a preset period. The proposed system is only
suitable for a motor with a constant load.

Fig. 9-12 and 9-13 show the circuit in which the 60-series and 61-series'?)
NORDbits are used for triac control. Fig. 9-12 is the power circuit. The trigger
circuit (Fig. 9-13) includes exclusive-or interlocking stages Uj, Uy, for pro-
tection against simultaneous conduction of all four triacs owing to conflicting
commands. That is, triggering only occurs if either F. R=1or F. R = 1;
this condition is fulfilled for F = 1 (“Forward” command) or R =1 (“Re-
verse” command). Networks D, R, C, and D, R, C, provide a non-trigger-
ing period of about 30 ms for safe switching from forward to reverse rotation.

O

—
=

01pF

(1000Vd.c.)
“@ e /-

(2w) ¢

|

forward
rotation

H (VA
Fig.9-12 Three-phase reversing switch: reverse /

(a) power circuit, (b) triac arrangement. " i

12y Application Book: Thyristor and Triac Power Control Using 61-series Modules, Chap-
ter 2; ordering code 9399 266 02601.
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In the plugging circuit of Fig. 9-14, Uy, U, act as a bistable memory whose
state is determined by input commands R and F’. Suppose R’ = 1 (reverse
rotation) and consequently F’ = 0. Memory output Ug,— 13 is at “0”.
When “R” becomes “0”, the TU60 output remains at “0” for a period ap-
proximately equal to C{; (R;; + R;,), gate Uy, has no input drive and its
output becomes “17; an “F” (forward) command is issued causing motor
braking by plugging. The value for C;; depends on the motor type and its
load. The required input drive is 6 D.U. (an input resistance of about 16 k)*2).

RO
(6DU) Usa Usc
Rl L8 . BAX13
R12 1 & 12 1 5 e
1A 4 l‘}g ™M & @ 0 F
T —1 NORBO —] NORSO on
BAX13 2| us s 12
»l
Ll
o= o T saxis
TUSO Vit
Ll
= o1
N Ly
alls = 1 D14
oo ( & on 4 3 1 R
BAX13 (see text) ' Norso 2] NORSO BAX13
Usb Usd —
15300 s
(60.U)

Fig.9-14 Reversing circuit of three-phase reversing switch; the “F” and “R” signals are fed
into the circuit of Fig.9-13.

Fig. 9-15 is the wiring diagram; the connections between D, to D, and the
inputs must be as short as possible.

12y Application Book: Thyristor and Triac Power Control Using 61-series Modules, Chap-
ter 2; ordering code 9399 266 02601.
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Adjustment (Fig.9-15):
Adjust Ry, so that the motor just does not reverse when the F' or R’ signal is
made zero.

9.2.7 STAR/DELTA SWITCH

The star/delta switch of Fig. 9-16 uses the high noise immunity FZ/30-series
modules for power control. As seen in Fig. 9-16h the motor is permanently
delta-connected, the reduced voltage corresponding to start position being
obtained through phase control.

Gates U,, U,, U,, produce 200 us negative-going pulses derived from the
RY, YB and BR synchronization voltages. These pulses are passed via gates
U,.U,, U,, to the trigger gates together with the 40 kHz pulse generator
output. See waveforms in Fig. 9-17. As a result, 200 us pulse bursts are pro-
duced at the triac gates as soon as the motor switch closes, triggering the triacs
at 120°. (The operation of the pulse generator is as described in Section 9.2.2,
R,, and C; being the frequency determining elements.)

A preset time after the motor switch has closed, C; is sufficiently charged for
U,, output to switch to Low level which overrides the outputs of U,, U,, U,,.
As a result, the outputs of gates U, U, U,, become HIGH and the triacs are
continuously triggered so that full voltage is applied to the motor.

Protection against spurious triggering due to an unsettled d.c. supply is en-
sured by adding C, which must be sufficiently charged before hold-off diode
D, becomes reverse-biased allowing the 40 kHz pulse generator to oscillate.

Potentiomters R,5 Ry, R,¢ are used to adjust the d.c. gate inputs and thus
the instants at which the gate outputs will become negative, these instants being
related to the trigger angle.

Phase control reduces the number of triacs required for this star/delta con-
troller, but a disadvantage is the higher r.f.i. during run-up.

Fig. 9-18 is the d.c. supply circuit.
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TRIGGER GATES

+24V

;

sl | ™
2w)
A
01uF

(1000V dc) |

330
(2w)

0,1 yF
(1000Vdc)

Fig.9-16 Star/delta switch: (a) control circuit, (b) power circuit. Circuit and motor are

simultaneously energized.

U,, U, — FZH111/4NAND30
U, = FZH241/2.AST30
U, =2.LRD30

Us = 1x2LRD30.
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Adjustment (Fig. 9-16):

1. While the motor runs with reduced voltage, adjust R until the voltage between
terminals B'R (Fig. 9-16b) is 1/)/3 (0,58) times the r.m.s. line-line voltage;
a higher R, 5 value corresponds to a lower voltage. Proceed similarly with R,
and R, ¢ to adjust the voltages between R'Y and Y'B respectively.

2. Set R, to maximum resistance and then adjust it so that the peak motor inrush
current, due to switching from reduced to full motor voltage, does not exceed
the peak value that occurs during motor switch-on, the period of reduced motor
voltage can be varied between 50 s and less than 1 s by variation of R,.

U1-4
switching
level

trigger
TH1 L

trigger |
TH2 : -
i

trigger
TH3 —

Fig.9-17 Waveforms of star/
delta switch (“star” position).

];/ 7270359

Fig.9-18 D.C. supply for star/
delta switch; a to d are the
secondary terminations of the
synchronization transformers
(Fig.9-16).
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9.2.8 STAR/DELTA AND REVERSING SWITCH

A circuit for a star/delta switch that also provides motor reversal is given in
Figs 9-19 and 9-20; it uses circuit modules of the 60-series. The triacs are con-
trolled by reed relays, the trigger circuit being supplied through resistors (R)
whose values in Q equals the line-line voltage (V) in volts. Motor reversal is
obtained by interchanging two phase leads. Memories I and II pass the com-
mands issued by S; and S; to the CW- and CCW-rotation reed relays. They
are interlocked so that U,,—14 and U,,—5 cannot be simultaneously HIGH; if
this were to occur, TH, to THs would all be triggered so causing a short-circuit.
When the d.c. supply is switched on, both memories are reset (U,,—14and U, ,—5
both Low) by the positive charge pulse of C,. The reset line is necessary for
clearing the memories before a fresh command is issued.

R R B

330
(2w)

01pF

T?OOO\/ dc)

CW rotation

(b)

CWW rotation

Fig.9-19 Star/delta reversing switch: (a) power circuit, (b) triac arrangement; R (Q) =V, (V).
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The period during which the motor is star-connected is determined by
timer U,. To ensure safe switch-over to delta connection, a dead interval during
which trigger pulses do not occur is interposed (20 ms for the specified values
of Ry, and Cy) allowing THy TH,, TH,, to turn off before TH; TH, THg
will conduct. The 0,1 s reset pulse has an identical function when switching
from CW to CCW, and vice versa; that is, TH, TH; TH will not be triggered
until 0,1 s after triggering of TH, THy TH, has ceased.

Adjustment (Fig. 9-21):

Set R3 to maximum resistance and then adjust it so that the peak motor inrush
current, due to switching from star to delta, does not exceed the peak value that
occurs during motor switch-on; the period during which the motor runs star-
connected is adjustable between 0,1 s and 10 s by variation of Rj.

9.3 Solid-state universal switches

9.3.1 CIRCUIT SURVEY

This section deals with general-purpose switches. Care must be exercised when
controlling transformers with light load or no load at all because high inrush
currents will flow when using a circuit that provides random or synchronous
triggering. This can be avoided by using trigger delay (see Section 7.1). The
circuits given here incorporate this feature. Full load cycles are supplied by
these circuits to obtain zero load-voltseconds, and triac conduction always
starts with the same mains voltage polarity to avoid magnetic biasing. Time-
proportional controllers are mostly used for heating; normally, the load is
resistive but it is inductive (transformer) where a low heater voltage is required
for safety reasons. Table 9-4 surveys the circuits discussed.
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Table 9-4 Solid-state universal switches

section circuit

features

number of
triacs used

9.3.2 single-phase
asynchronous switch

single-phase animated-
sign control

single-phase
synchronous switch I
single-phase
synchronous switch 11

9.3.3 single-phase switch
for transformer load

9.3.4 time-proportional
controller using
TCA280A

time-proportional
controller using
NORDbits

9.3.5 single-phase time-
proportional controller
for transformer load

9.3.6 three-phase time-
proportional controller

D37 three-phase time-
proportional controller
for transformer load

handles resistive & inductive load

asynchronous circuit;
handles resistive & inductive load;
controls up to ten gas-discharge groups

handles resistive & inductive load
handles load having max. 8° phase angle

trigger delay 12° to 90°;
supplies full load cycles

suitable for household appliances,
e.g. panel heaters;
can handle resistive load only

for railway carriage heating; has there-
fore high control accuracy of -+ 1°C
over 18 °C to 23 °C range;

max. controlled power 25 kW;

handles resistive load only

max. 50° trigger delay;
supplies full load cycles

handles resistive & inductive load (star-
or delta connected);
supplies full load cycles

load can be star- or delta-connected;
supplies full load cycles

1

up to 10

up to 4

9.3.2 SINGLE-PHASE SWITCHES

Asynchronous switch

Fig. 9-22 shows a very simple switch. As soon as S, closes, the triac is triggered;
operation is therefore asynchronous. Switch S; can be a reed type (actuated
by a coil or a permanent magnet) or it can be a toggle switch. The value of R,
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Fig.9-22 Reed-switch controlled triac; R, () = V. (V).

i

R2

C1
01 uF

330
(2w) (1000Vdc)

?

O

S1

load

in ohms is equal to the a.c. input voltage in volts, thus R, = 220 Q with a

220 V to 240 V supply. This circuit can drive a resistive or inductive load.
Another simple switch is given in Section 9.2.2.

Animated-sign control

This circuit is a “multiple” triac switch capable of switching independently
several groups of gas-discharge tubes, a very useful feature for animated-sign
displays. As seen from Fig. 9-23, one master unit controls several slaves, which

in turn control the gas-discharge tubes via power switches. Each power switch

includes a trigger gate, a TT60 trigger transformer and a triac power control
device; all switches are triggered by the 40 kHz pulse source — see Fig. 9-16,

slave
unit

power

master
unit

switch
1

gas discharge
lamp group
1

slave
unit

power

Fig.9-23 Block diagram of animated-sign control systems.

switch
2

gas discharge
lamp group
2

slave
unit

power

switch
n

gas discharge
lamp group
n

73









Section 9.2.7. Operation is asynchronous but the measured inrush asymmetry of
the high-voltage transformers supplying the gas-discharge tubes is not more
than 109, (cos ¢-factor about 0,7), so there is no risk of a dangerous inrush
current. Because a continuous trigger pulse train is generated, triac turn-on is
certain. The analogue and digital systems are based on the FZ/30-series of
16- and 20-lead dual in-line integrated circuits.

The analogue system shown in Fig. 9-24 uses TU30s to set cycle time; see
also the waveforms of Fig. 9-25. The cycle time is completed as soon as all
feedback voltages — labelled v;, — are at HIGH level. As a result, Zvy, =
Vepicty * Vrbacty - - - Vbt © Vepay Decomes HIGH, and C, can charge. The start
pulse for re-initiating the cycle is produced as follows. When v, has reached
the trip-on level v, of Schmitt trigger S7, the input voltage v; to all slaves
becomes HIGH to reset all TU30s (vs,; and vy, becoming LOW). Because
Zvs, becomes LOW, C, discharges and ST trips off at level v,; v; returns to
LOW level terminating the start pulse and setting the first TU30s in all slaves.
After time 7,,, TU30 output v,,, becomes HIGH; this sets the second TU30
whose output v,,, becomes HIGH after additional time 7,,. Owing to the action
of Uy...q» OUtput voltage v,,, will be HIGH during the delay period #,, of the
second TU30. The duration of the cycle is equal to the highest value of
ty1 + 14, adjusted for any slave; for the components shown, the maximum
cycle time is 20 s. One master can drive up to ten slaves.

Adjustment (Fig. 9-24):

1. Adjust Ry in any slave unit to set the dark period ty, of the gas-discharge
tubes controlled by that particular unit,; dark period t;; = C, (u.F)x (R, +
0,01 MQ) seconds.

2. Adjust Ry in any slave unit to set the lit period t,, of the gas-discharge tubes
controlled by that particular unit, lit period t,, = C3 (F)*(R5 + 0,01 MQ)
seconds.
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LPPar T

lamp group n lit

- cycle time —

Fig.9-25. Waveforms of analogue control system.



Fig. 9-26 gives the circuit diagram of the digital control system. In the master
unit, the 50 Hz input is rectified and converted into 100 Hz sync pulses to drive
the triple decimal dividers 3 < FZJ141/FF34. Each slave unit contains miniature
thumbwheel switches S, to S, and bistable U,. As soon as the position preset
with “start timing” switches S, S, is reached, Q, becomes HIGH and U, is
set: output v,; goes HIGH and the power switch is “energized”. As soon as the
position preset with “stop timing” switches S3 S, is reached, Q, becomes
HIGH and U, is reset: output v, returns to LOW level and the power switch is
“de-energized”. This system has a fixed cycle time (10 s). One master can drive
up to 3 slaves. If a higher fan-out is needed, connect 8 x FZH141/2.NAND?32
dual power NAND gates between 14 .. .,14 ..., 1B...,1B... and the slave
inputs, which increases the drive capability to 10 slaves per master.

Adjustment (Fig. 9-26):

1. Adjust S, S, in any slave unit (0,1 s and 1 s settings) to set the instant of
ignition of the gas-discharge tubes controlled by that particular unit.

2. Adjust S5 S, in any slave unit (0,1 s and 1 s settings) to set the instant of
extinction of the gas-discharge tubes controlled by that particular unit.
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1A 2A LA BA

1B 2B 4B BB

to all slave units

Fig.9-26 (this and opposite page) Circuit diagram of animated-sign control (“digital” system)
including master unit and one of identical slave units

+ = d.c. supply (12 Vor 15V)
U, = FZH131/2.NAND31
U, to Uy = FZH111/4.NAND30

S to S4 = miniature thumbwheel switch M1248/PC or MW1248/PC.

The three other units are FZJ141 / FF34.
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Synchronous switch 1

The circuit of Fig. 9-27 uses a silicon controlled switch (7H,) and a reed relay
(RA) to control the triac (7H,). The mains voltage is rectified, clipped to 24 V
and applied to TH, and RA. When TH, is triggered, it conducts and shorts
the relay coil; the reed contact remains open and 7H, is not triggered. When
the trigger signal ceases, 7H, conducts until the rectified voltage becomes zero,
the reed relay becomes energized and the triac is triggered into conduction.

el o

c1
= 01pF
(1000V d.c )

mains

Fig.9-27 Synchronous switch using silicon controlled switch BRY39; R, () = mains
voltage (V).

Waveforms are shown in Fig. 9-28. Operation is synchronous as 7H, turns
on when at the end of the half cycle TH, has turned off.

A gate series resistor is needed for 7H, if the control voltage is high; the
value of the resistor is: Ry = (Vi pnr— 0,7) kQ where V., is in volts (about
1 mA gate drive needed). The circuit can switch either a resistive or an inductive
load.
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Y YATAY

Fig.9-28 Waveforms for Fig.9-27.

Synchronous switch I11'3)

The circuit of Fig. 9-29 generates short bursts of trigger pulses each half cycle.
The start of the pulse bursts coincides with the mains zero cross-over points
(see the waveforms), so that synchronous triggering results. Because the pulse
bursts are short, a resistive or slightly inductive load can be driven (max. load
phase angle equal to about 8°, which is the pulse burst length). The operation
of the pulse generator is explained in Section 9.2.2.

As seen from the waveforms, the circuit only oscillates during the brief periods
for which the base of shorting transistor 7R, is not driven. The voltage across
the secondary of the transformer in Fig. 9-29 is delayed in phase by R, C, R,,
rectified by D5 D,, then applied to the base of TR,. By proper selection of the
value of C,, oscillations are made to start at the mains zero cross-over points.

Triggering is certain to occur for V., = 11,4 V, and triggering will cer-
tainly not take place for V,,,,, < 1.8 V.

13) AN No. 155: Truly Synchronous Switches; ordering code 9339 260 65501.
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+24V

R

820
(5,5W)

2
O [ @ _— f $n3F

T
19V, BYX10 L

c2==82nF 98765643 21
UPAB1

17 16 1514 13 12 11 10

‘ Jy

w | —H >
R3

6,8k

BAX13 tr 72662981

G
@ C1*"_l"’ 640 uF
»

R2

Fig.9-30 Wiring diagram of synchronous switch.

Adjustment (Fig. 9-30):

If necessary increase (decrease) the value of C, to retard (advance) the onset
of the trigger pulse bursts, so that triggering starts coincidently with the mains
Zero cross-over points.

9.3.3 SINGLE-PHASE SWITCH FOR TRANSFORMER LOAD'#)

The circuit of Fig. 9-31 is photo-electrically controlled and load voltage is
switched on for 7.,,,, = 3 mA. The trigger angle, ¥, is adjustable by varying
the rate at which C; charges (adjustment of R;), and this determines the delay
at which the negative pulses, which set the difference amplifier, emerge from
the ramp function generator. Owing to regenerative feedback via R,,, the
difference amplifier can be in only one of its extreme states — set or reset —
so determining whether the triac will conduct or not. Depending on the state
of photo-coupler 7R;, (conducting or not conducting), the photo-sensitive
network directs either negative pulses from the differentiated ramp function

14) Elektronik, June 1973. J. Dingfelder et al — Ein Triac-Leistungsstellglied fiir industrielle
Anwendungen.
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RRVAYAYAVAY

w A/ A Y

- UL L

e HT

—

|
]
\ | 5
B e Oy
Teontr | i
\ |
fffff +14V
A \ \
Vs +6V
f { I |
! ‘ ov
| ———— +105V
¥ | +35V
T
Ik 4 |
| i 42V
[ | I :

| = T T T b= gomy
|

trigger l l ‘
pulses |
load
SRRV \/
|
|
7270818

Fig.9-32 Waveforms of single-phase switch for transformer load; v;3 = voltage at pin 13
of TCA280A, etc.

generator output (available via C,) or positive pulses from the differentiated
50 Hz sync voltage (available via C,) to input pin 5 of the difference amplifier.
See the waveforms in Fig. 9-32. The first of the negative pulses sets the difference
amplifier: time #; — output, pin 4, of the difference amplifier being high-ohmic,
the input of the pulse amplifier accepts trigger pulses and the triac is triggered
at the adjusted delay angle 9. The first of the positive pulses resets the difference
amplifier: time 7, — output, pin 4, of the difference amplifier swings positive,
the input of the pulse amplifier is shorted, and the triac turns off as soon as
the load current becomes zero (time 73). During triac conduction, voltage v, in
Fig. 9-32 will show spikes due to triac turn-off which will re-start triggering.
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Fig. 9-33 illustrates a circuit variant producing negative trigger pulses (cf.
Section 4.3).

A ) TH1

Fig.9-33 Circuit variant producing negative trigger pulses.

Adjustment (Fig. 9-34):

Set R, so that the transformer inrush current disappears, observe on an oscillo-
scope. For the required adjustment, the trigger angle must be roughly equal to the
phase angle of the transformer with its load connected. So the adjustment
depends on the transformer load.
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digital
input
Lcontr

(=3mA)

@

o—

14

TR31
CNY23

C6+
=

1000 uF (16V) &1
" p—
—
D3 D1 3kA
BAX13 GD GD BAX13
R10 R8 R& R2
O oy s ]
47kQ 33k0 - GD GD - 33kQ J- 150kQ
czTaanF BAX13 \ T BAX13 T
-J_ R3
R6 ‘
10kQ 150kQ
R7
&3 100k0
L
I
§8nF RS RS
I &
I
330kQ 330kQ
.
16 15 16 1312 11 10 9
TCA280A
L 56 17
R16
ov 68 +14V
kQ
C4 1,5nF
!
I
R15_47kQ
R13
100kQ i
R19 100k —L__T
11— 330k
R12
33kQ
R20 R14 C‘-l3
I
330k 330kQ 470pF
R22
TR30 220kQ
BC148A R17
220kQ
R18
TH1
220 < [ —
I —7
LOAD
11 —
11 1
0, uF 330
(1000V d.c.) (2w}
o (o]
0 220V~

Fig.9-34 Wiring diagram of single-phase switch for transformer load.

R21
4,7k
(5,5W)

DS

BYX10

7270596
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9.3.4 TIME-PROPORTIONAL CONTROLLERS FOR RESISTIVE LOAD

Time-proportional controller using TCA280A"%)
This circuit (Fig. 9-35) uses a sawtooth as the timebase for time-proportional
control. The sawtooth time function is fed to input pins 5 and 6 of the difference
amplifier together with the d.c. output of the temperature-sensitive bridge.
Pin 1 of the zero-crossing detector is connected to the a.c. synchronization
voltage. The voltage at pin 2 collapses coincidently with the mains voltage zero
crossings; this excites the pulse amplifier and causes triggering of TH, provided
that the difference amplifier output resistance, pin 7, is high, which is the case
for low temperature. For high temperature, the pulse amplifier input is shorted
by the positive output of the difference amplifier and trigger pulses do not
occur.

+14V

RAMP
FUNCTION
GENERATOR

TEMPERATURE-
CONSCIOUS
BRIDGE

i [ +14V 2OmE +14LV

.| zEro- .
—{___}————{ CROSSING R
DETECTOR R21

pulse
ampl. 7270580

Fig.9-35 Circuit diagram of time-proportional temperature controller (--14 V is the internal
TCA280A supply).

15) AN No. 213: Time proportional control using TCA280A trigger 1C; ordering code
9399 120 71301.
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As seen from the waveforms in Fig. 9-36, the duration of the trigger pulse
bursts, and so the duty cycle of the triac, varies with deviation of the controlled
temperature from the set value (input 6 supplied by ramp function). Regenera-
tive feedback via R,, (Fig. 9-35) ensures well-defined switching of the difference
amplifier.

The controller produces single trigger pulses located symmetrically with
respect to the zero crossings of the mains voltage; so only resistive loads can
be handled, but r.f.i. due to triac switching is very low.

Timing capacitor C, in Fig. 9-35 must be rated at 16 V so that leakage current
is negligible.

i o= o

| 30s

e eV g
L1111 dre
a ;’5/\5
[N v (100Hz2)
T P PR
b
| i | |
?‘4‘4}44“‘*\/5/\6
c
M&Fme Fig.9-36 lllustrating operation of time-proportional
d temperature controller (P.B. = proportional band).
(a) operation above P.B. (controlled temperature low)
(b) operation at upper limit or P.B.
(c) operation within P.B.
| e, (d) operation at lower limit of P.B.
. APV (e) operation below P.B. (controlled temperature high).
e /

7763576.1
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r.| |15k
heater *| [(s5W)
c1 -
Er +
~ 400pF 'Y +(16V)
Re
— 470
TH1 { ETTToY R4 1'ka
: R17 |4 47
kO
adjust R18
temp U L7
kO
16 15 14 1312 11 10 9
z R26
39
TCA280A o
1 23 45678
R12
—4:}‘] l ‘
220k0
R16
150k0
R13
— - R1S
47k R23 R2u* . 67
—r— 11 =t kQ
560 kN 4
R22 e
270kQ SWF)
ps (25v
150k0 *L7kQ at 25°C

Fig.9-37 Lay-out of time-proportional temperature controller.

Adjustment (Fig. 9-37):

1. Adjust the proportional band by selection of the value of R, (a lower R, ;-
value widens the proportional band).

2. With C, adjust the repetition period of time-proportional control (repetition
period about 0,14 s/u.F).

Time-proportional temperature controller using 61-series NORbits'®)

In the automatic temperature controller shown in Fig. 9-38, the error amplifier
is fed by the temperature-sensitive bridge, R, to R;,; Ry is the temperature
sensor, and temperature is adjusted with R,. The system tolerates -+ 309,
mains fluctuations. Circuit operation is as follows.

As long as the output of the rectangular-pulse generator is LOW, amplifier
Ag is held in saturation by the synchronization voltage V., except for the
short intervals coinciding with the zero crossings of the mains voltage. During
these intervals, 4, is cut off and so cannot short the input to 4,. The pulse
generator triggers the triacs which supply power to the heaters. Because the
pulse bursts are of short duration, only a resistive load can be controlled. The
HIGH output of the rectangular-pulse generator supplies base current to A
keeping it in saturation, the trigger pulse generator cannot function, and the
triacs do not conduct. (The operation of the trigger pulse generator is explained
in Section 9.2.2.)

16y AN No. 167: Time-proportional Temperature Controller; ordering code 9399 260 66701.
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1
e T (wov) GD
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e
B

1 D57

¥
3
X70— D58,
Eazo = y ) BZX79-
+ - c12
& 100pF [
220V/2x 11V usz_rm“v) GD — a1V
1 DS6 R57
C_1

Bl

1k

——— Vsync

Fig.9-39 D.C. supply and synchronization circuit.

MTTe0 |
*’2‘? 19 R61 +26V

i
i

I

|

I

|

|

|

|

|

I
20V |
£30% |
S0Hz 1
I

|

|

I

|

I

I

I

I

i

I

;

load

F61
GSG1000/55

Fig.9-40 Power circuit.

With decreasing temperature, the potential at the inverting input of the error
amplifier decreases and that of the amplifier output increases. As a result, the
duty cycle of the rectangular-pulse generator output decreases and the average
power supplied to the heaters increases, counteracting the decrease in temper-
ature. Closure of S, switches off the heater supply.

Fig. 9-39 shows the d.c. supply and synchronization circuit. Network
Rs;3 Cs3 Rs, delays V.. so that triac triggering starts at the mains zero
cross-over points. Fig. 9-40 shows the power circuit. Mounted on an 11 cm
extruded aluminium heatsink type 56293 (blackened), each triac can handle
6,25 kW, taking into account 35 °C ambient temperature and -+ 309, a.c.
input fluctuations. Because up to four triacs can be triggered, the total power
handling capacity is 25 kW.
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in trigger circuit

Fig. 9-41 Wiring diagram of time-proportional temperature control system.

Adjustment (Fig. 9-41):

1.
2.

o

Set R, R; and Rg to minimum resistance.
Expose temperature sensor Ry to 23 °C and adjust R5 so that the output of
the error amplifier (U, pin 14) is zero.

. Set temperature-adjust potentiometer R, to maximum resistance.
. Expose temperature sensor Rq to 18 °C and adjust Ry so that the output of

the error amplifier is zero.

. Increase the value of R if control instability arises; a value of Ris up to

1 kQ will be satisfactory in most cases.

. It may be necessary for optimum control performance to change the repetition

period of the time-proportional control system, this is achieved by changing
the value of R, 5 (repetition period t, read from Fig 9-43 — Section 9.3.5 —
when substituting R,5 for R); if necessary, increase C, to obtain a larger
value for t,.
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9.3.5 SINGLE-PHASE TIME-PROPORTIONAL CONTROLLER FOR TRANSFORMER LOAD!7)

Fig. 9-42 shows a circuit allowing a trigger delay up to about 50°. Circuit opera-
tion is clear from the waveforms. The leading edges of the monostable output
pulses are delayed while passing through charging network Ry C, R,, and
the trigger pulse delay gate. The duration of trigger delay, ), depends on the
charge rate of C, and is adjusted with R,. Diode D, ensures rapid discharge
of C; at the end of the monostable output pulses, and D, provides level shifting.
The output of the trigger pulse delay gate will certainly be HIGH (trigger pulses
generated) for a d.c. gate input of 4 V or higher; it will become LOW with
certainty (trigger pulses inhibited) when the d.c. gate input is 0,4 V, or lower.
Average output power is controlled with Rs.

Fig. 9-43 shows the relationship between the repetition frequency (or repe-
tition period) of time-proportional control and (R, - R,) in Fig. 9-42.

rzseons
; ESsiE
T T HH
4
|
-
T I T
T
— e
103D | |
= :
f (Hz) T 1 8!
1/to(1/s) T | 1A |
1 | T 1
102 LN L |
: ~ :
f
\\ |
10 1‘ \
j “\
TN il Fig.9-43 Pulse repetition frequency
| *»\ f'vs. capacitor charge resistor R (R; -+
f R, in Fig.9-42).
i
1 11
e |11
1 10 107 10° RkkQ) 10*

17) AN No. 142: Time-proportional Controller for Transformer Loads; ordering code
9399 260 64201.
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Fig.9-44 Wiring diagram of time-proportional controller with adjustable trigger delay.

Adjustment (Fig. 9-44):
Set the repetition period of time-proportional control, t,, to the desired value
by adjusting R, (cf. Fig. 9-43); if necessary increase C, to obtain a higher

1.

98

value for t,.

Set R, to obtain a trigger pulse burst duration (Us pin 8) of about 300°
(17 ms at a 50 Hz supply).
The trigger delay required to prevent a repetitive transformer inrush current is
obtained as follows:
3a. Connect a d.c. voltmeter, with not less than 10 kQ|V resistance, across the

transformer primary through a 100 k<, 10 u.F smoothing filter (the capa-

citor must be an a.c. type).

3b.
3e.

deflection becomes zero.
Re-adjustment of Ry may be necessary if the transformer load changes.

Adjust Rs so that one or only a few a.c. cycles occur per repetition period t,.
With R, set the trigger delay so that at the given transformer load the meter



9.3.6 THREE-PHASE TIME-PROPORTIONAL CONTROLLER

Fig. 9-45 shows the trigger pattern for the two-triac switch'®) used in the con-
troller; this pattern allows control of a very inductive load. In the circuit shown
in Fig. 9-46 using FZ/30-series modules!®), the trigger pulse bursts are initiated
by the 200 us sync pulses from gates U,, U,,, these pulses being derived from
phases BY and RO — see waveforms Fig. 9-47. The lengths of the trigger
pulse bursts are determined by the TU30 timers U, and Us; that is, the trigger

pulses are passed by the trigger pulse gates as long as inputs 1 and 17 are
HIGH.

| 25V
v | [
|
i = T —
= (Y) | e H\HHW
-~ 300° -
| =(R) i i A
i ‘ I
THR)' =20
- 0D
g 1
TRIGGER
CIRCUIT
— I
THIY)
LOAD
Y m (AorA)
L 2 1
TRIGGER
CIRCUIT
r %

7270582

Fig.9-45 Trigger pattern of two-triac switch used in three-phase time-proportional controller.

18) Application Book: Thyristor and Triac Power Control Using 61-series Modules; order-
ing code 9399 266 02601.

19) A1 No. 471: FZ/30-Series Circuit Blocks; ordering code 9399 324 47101.
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Fig.9-46 (opposite page) Circuit diagram of three-phase time-proportional controller.

U, U, = FZH111/4. NAND30
U; = FZJ101/FF30
Uy Us = TU30

= 2.LRD30

6
U, Ug Uy = TBA221.

Veontr

Triangular-wave output

Vac

l T l 7777777777 +15V

+03V

@ ©

————— +14V

-0V

e ———— 415V

la—— 300° - +03V

@ @ ©

l +15V

l L N e e 03V

- ——— +15V

® l L coav
trigger

TH(Y) ) Ll —

® —F—1+—

I
|
|+———20ms ———»| |
|
;
|

® | |
® [ 1 |
©) L |
o W ‘

ITH(R) /\ —

Fig.9-47 Waveforms for Fig.9-46.
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The triangular-wave generator provides time-proportional control. When the
instantaneous triangular-wave output voltage is below V,,,,, the comparator
produces a HIGH output (v;,) which has no effect. When the instantaneous
triangular-wave output voltage is larger than V,,,,,, the comparator output
becomes LOW (—0.7 V), causing the flip-flop (U;) Q, output to switch to
LOW level. This inhibits timer U,, the HIGH output from which inhibits timer
Us. With the output of gates U,. and U,, LOW, trigger pulses do not occur
and the triacs turn off. When V,,,,, increases from 0 V to 7 V, the average
a.c. output increases from 0%, to 100 %,.

Network R, C¢ inhibits the trigger pulse generator for 0,1 s after switch-on,
so that spurious triggering cannot occur. Because Cy is initially uncharged, a
LOW-level priming voltage is fed to terminal 5 of U; causing this flip-flop to
reset (Q; LOW). Diode D,; rapidly discharges C, when the circuit is discon-
nected. Because of the 360° spacing of the sync pulses, the circuit produces an
integral number of load cycles.

Adjustment:

1. Check that phase sequence is according to Fig. 9-47.

2. Make sure that T, and T, in Fig. 9-46 are connected as indicated by the dots.

3. Set R,, Fig. 9-46, so that upon triggering there is no step increase in the voltage
between main terminal 1 of TH(Y) and phase B (Fig. 9-45).

4. Set Ry, Fig. 9-46, so that upon triggering there is no step increase in the voltage
between main terminal 1 of TH(R) and neutral.

5. Adjust Ry so that the trigger pulse bursts fed to TH(Y) have a duration of
300° (about 17 ms with a 50 Hz supply).

6. Adjust R, so that the trigger pulse bursts fed to TH(R) have a duration of
240° (about 13 ms with a 50 Hz supply).

7. Adjust R, so that the a.c. output power just becomes zero for V.., at zero
volts.

8. With R, set the required repetition period t,.

9.3.7 THREE-PHASE TIME-PROPORTIONAL CONTROLLER FOR TRANSFORMER LOAD

Transformer inrush currents do not occur if triggering is delayed until the
instant when the steady-state primary current passes through zero. The trigger
pattern shown in Fig. 9-48b for the circuit of Fig. 9-48a4 meets this specification:
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see the dashed and full-line portions of iy y, and iy, Triac TH(B) is per-
manently conducting; its presence is necessary to obtain the 2 V on-state voltage
drop that occurs in the other two phases and thus avoid voltage unbalance
between the phases, which could bring about drift of the transformer magnetiza-
tion with the consequent risk of core saturation. In a particular half cycle, 7, ,;,
and 17,,,;, are the earliest possible instants of triggering of TH(Y) and TH(R)
respectively. As seen, the first half-cycle trigger angle @, of TH(Y) is equal to
Proaa + 30° (@040 1s the load phase angle) and the first-half cycle trigger angle
9 of TH(R) equals ¢4

In the circuit diagram of Fig. 9-49, U; and U, are monostable multivibrators
whose output pulse widths determine the first half-cycle trigger angles of the
triacs — see waveforms B and G in Fig. 9-50. For v;, HIGH, these monostables
are triggered by the sync pulses — waveforms 4 and F — from U,, and U,,;
the monostables set flip-flops Us, and Us, to start triac triggering. The flip-flops
are reset by the sync pulses. For v;, LOW, monostable U; cannot produce out-
put pulses: Us, remains in the reset state with Q, LOW, thus inhibiting U,.
Because Us, also remains reset, inputs 1 and 17 of trigger pulse gates Ug, and
U, remain LOW so that the trigger pulses are inhibited. Gate U,, prevent
unintentional resetting of Us, — with the consequent interruption of triggering
TH(Y)—if v;, goes LOW while a sync pulse occurs at the output of gate U,,.

The triangular-wave generator and comparator are discussed in the previous
Section.

Adjustment:

. Check that the phase sequence is according to Fig. 9-50.

. Ensure that T, and T, in Fig. 9-49 are connected as indicated by the dots.

. Adjust R, to obtain a pulse witdh of about 6 ms at pin 7 of Us.

. Adjust Rq to obtain a pulse width of about 4,5 ms at pin 7 of U,.

. Adjust the triangular-wave generator so that the repetition frequency of v,,is
about 1 Hz (see previous Section, “Adjustment”, item 8).

. With the transformer unloaded adjust R, so that there is no d.c. current in
phase Y, and adjust Ry so that there is no d.c. current in phase R.

7. Adjust the triangular-wave generator as described in the previous Section,

“Adjustment”, items 7 and §.

L AN W N~

N
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Fig.9-49 (opposite page) Circuit diagram of three-phase time-proportional controller for
transformer load. Triangular-wave generator and comparator circuit shown in Fig.9-46.
Uiap,c,a = FZHI11/4NAND30

2a.b FZH141/2.NAND32

I

Us, Uy = FZK101/0S30
Usap = FZJ121/2.FF32
G b = 2.LRD30
Uqap = FZH241/2.AST30
S = 4 x2.LRD30
TH(R
Q)
RO »
\-{ TRIGGER
CIRCUIT
. THIY] P TRANLgigRMER
_J (ANora)
TRIGGER
CIRCUIT | gy
TH(B)
B
\{ TRIGGER I
CIRCUIT

Y [} R y B
Vin _J
trigger
THIY) Iy
T
> 30° -
%T/—\\/
rh il S
trigger
TH(R)
Ik
—
wloat
—

trigger
TH(B)

t1min t2min

Fig.9-48 Showing (a) power circuit (b) trigger pattern to prevent transformer inrush current;
#y and Py are the initial trigger angles of, respectively, TH(Y) and TH(R).
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Fig.9-50 Waveforms for Fig.9-49; &y and ¥y are the initial trigger angles for TH(Y) and
TH(R), respectively.
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9.4 Solid-state continuous controllers

9.4.1 CIRCUIT SURVEY

Table 9-5 summarizes the circuits discussed here.

Table 9-5 Solid-state continuous controllers

section circuit features number of
triacs used

9.4.2 single-phase controller for resistive & inductive load 1

9.4.3 three-phase full- for resistive & inductive load (star- or 3
controlled controller delta-connected)

9.44 2 kVA battery charger for automatic battery charging 3

9.4.2 SINGLE-PHASE CONTROLLER WITH RECTIFICATION

In the circuit of Fig. 9-51, a single-phase bridge rectifier is controlled by varying
its a.c. input (circuit designed to control the d.c. input to an inverter); a triac
functions as the control element (phase control).

G si6a
(1000V) {2w)

BT X94-600

4xBYX25-600(R)

CONTROL
CIRCUIT

220V

Fig.9-51 0 V to 300 V, 30 A controlled rectifier.
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i 17 lss [:R25 0, 3
'(F) 82n L _TT780

|
i |
AX

@)
lii

BTX94-600

Fig.9-52 Rectifier control circuit; waveforms 4 to E in Fig.9-53.
U, = FZH111/4.NAND30

U, = 2.LRD30

Ui, Uy, = TBA221.

Adjustment (Fig. 9-52):
Set R, to its minimum resistance and adjust Ry so that the rectifier output is

just zero. Set R,5 to its highest resistance and check that rectifier output is
approximately 300 V at 30 A load current.
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Fig.9-53 Waveforms for Fig.9-52.

The control circuit and its waveforms are given in Figs 9-52 and 9-53. The
SYNC PULSE GENERATOR converts the full-wave rectified input 4 into
pulses B, which coincide with the mains zero crossings; these pulses syn-
chronize the SAWTOOTH GENERATOR. The sawtooth generator output,
waveform C, is fed via R,; to the inverting input of the SQUARE-WAVE
GENERATOR, and the variable d.c. voltage V,,,, is connected to the non-
inverting input, so that square wave D is produced.

Bistable multivibrator, gates U,, and U,, in the 20 kHz PULSE GENERA-
TOR, is driven through D, D4 by the sawtooth voltage across C,, this voltage
being caused by periodic charging and discharging of the capacitor; discharging
of C, via Dj R; is effected by saturation of gate II. The pulse generator does
not function while its inhibiting input is LOW (C, held discharged); this input
is connected to the square-wave generator output. Compare waveforms D and E
The pulse generator drives PULSE AMPLIFIER U,. The duration of the trigger
pulse bursts, waveform F, increases with V., and so does the rectifier output.

Sync pulses B drive the non-inverting input of U, via R,,. In this way, square-
wave output D goes LOW before the mains voltage crosses zero, the triac is
not triggered into a new half cycle and loss of control does not occur.

Between pulse bursts, U, output would be LOW if it were not for D, con-
necting U, input pin 16 to the LOW output of U, pin 6. As a result, U,-output
transistor is cut off and excessive collector current cannot flow.

The trigger pulse repetition rate depends on R, x C,, and the trigger pulse
duration is largely determined by R; < C,. The circuit shown produces 20 kHz
pulses with a duration of 10 yus.
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9.4.3 THREE-PHASE CONTROLLER??)

As seen from Fig. 9-54, the three-phase controller consists of a phase shift
section for power control, a logic section to obtain the correct mode of triac
triggering, and a trigger section to turn on triacs TH(R), TH(Y) and TH(B),
which are connected in the phase leads. The waveforms at the top of the dia-
gram clarify circuit operation. The Schmitt triggers (not shown) in the phase
shift units are controlled by the sawtooth inputs®!). The outputs, pins 13, are
HIGH during the periods that the Schmitt triggers are tripped on. The instant
of trip-on, that is, the triac trigger angle &, is related to the control signal V.
A higher control signal decreases ¢, thus increasing the power in the load
Triggering can be advanced to —30°, so that at full output power interference
will be low.
Figs 9-55 and 9-56 are wiring diagrams of the controller.

20y Al467: Continuous Three-phase Control System for Triacs; ordering code 9399 254 46701.
21) Application Book: Thyristor and Triac Power Control using 61-series Modules, Chapter 1 ;
ordering code 9399 266 02601.

110



pemaes »/\/\ 30kHz
! PULSE | 7/8
e A GENERATOR| |
o (U13)
1 R 7*tr|p-on
Do ST Jevel
P 5 27nF
P ; ; ®
100 33kQ R A S i +24V
kQ 'y 1
wl s :
o - r RSa
20V | 1lpc. suppLy i 13JO < | [27k0
A ‘ O A 2/as ||| 11| R-PHASE » frm—
. SHIFT UNIT R11a ! g Rl2a  to
i 1%
10| SYNC. UNIT ; Y 14 6 8 T80
20V (u1 15 ! 12 & 1k uu 1 820 THR
| 75 l 10/17 L =
C2a _C3a R&4a
o.zzwl nF 5,6 k0
R1b R2b 7 ¥ %
100 33kA +26V
kQ
14 Vs ® R9b
20V | 1fpc. SUPPLY 13 2,7kQ
oIl Y-PHASE «—9 [
N & 24344, M shiET unT !
g 1 R11b R12b  to
10| SYNC. UNIT T8y B 5 o——{—s—(:}—M'TGO
T wa) ¢ 12 f\ e B2 THI
7 s Wool 017 ]
L c3p R4b
OZZMFIJ;MF 56kQ
33k0
1% 1/5 ®
20V [ 1|pc suppLy| 13
D Ce B-PHASE
\ & e W shiET uniT
R || sync. uniT 14 to
R3c (us) -« TT60
T (u3) ﬂ% 12 THB)
16 100 10/17
c1 - i 1
- C3C Rgckn | i
N e D22pF nf 5 | |
(Lov) |
i S
& e et =
=
RS PHASE SHIFT SECTION LOGIC SECTION TRIGGER SECTION
R7
TkQ | le—"
(lin) $
tca Veontr
1000 pF (0V to5V)

Fig.9-54 Basic diagram of three-phase controller; 9 =

(16V)

trigger angle.

111



R

Y

J

Rla R2a C3a

+24V N
100k 33kQ ’_;I,‘F R1la ® to load
- F——%
T TkQ
2 r———]— P
fl ! I | poL (B o [
. 987664321 9876654321
20V
\ RSAB1 u1 sync UPAB1 us Ri2a
20V | 0 .
17 16 15 14 13 12 11 10 17 16 15 14 13 12 11 10 8201 TT60
T T
TL
Rka 9 R
SEk I
—-C2a
2LV
;ZZO"F R1b R2b Cb
/ 2 [ ,
100k 33kQ 1nF Ri1b to load
r — ©
. > TkQ
/Téll g LT T [fl 4 L +24 &
%5 987665464321 987654 21 'E
\
RSA61 u2 sync UPAB1 us
LB ¥n R12b %
17 16 15 14 13 12 11 10 17 16 15 14 13 12 11 10 EFI0) TT60
L EE LT L
R3b 4 +ouy 1 -
100kQ) c N Y
Sk
T
zzoanI -
C2b Ric R2c "
; +24V — R . il
100kQ  33kQ | 1nF Rile 0,104
P ’———lf z I
‘Tél ji_ e | Téfl |
- 387654321 9876564321
208 RSAS! u3 sync UPAB1 Us
20V 1716 15 146 13 12 11 10 17 16 15 14 13 12 11 10
' L i W I
100k
F &
200FL ”
CZc; ontr
2 ] ca
1000pF
C1[}+
400 pF 68000 10 (7in )
(&0v)

Fig.9-55 Wiring diagram of phase shift, trigger and power section.

Adjustment (Fig. 9-55):

Z5
2.
3.

fo N & v ok

Check that the phase sequence is R-Y-B.

Set all potentiometers to their mid-position.

With R, adjust V..., to the threshold value at which control must start ( for
example, 0,2 V).

Adjust R, so that the pulses at pin 13 of U, are about 0,2 ms wide.
Increase V., until the duration of the pulses at pin 13 of U, is about 8 ms.
Adjust Ry, Ry, so that the pulses at pin 13 of Us Uy have the same duration.
Reduce V,,,,, so that the pulses at pin 13 of U, are again about 0,2 ms wide.
Adjust Rsy, Rs. so that the pulses at pin 13 of Us Ug have the same duration.
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9.4.4 2 kVA TRACTION BATTERY CHARGER

Intended to charge traction batteries this system provides rapid charging to
minimize vehicle down time, without the risk of overloading the battery.
Charging is a three-period program??) comprising:

1. Initial (rapid) charging with high current 7,44

2. Charging with constant voltage V

3. Final charging with low current 7, oy

Change-over from period to period occurs automatically (by monitoring voltage
and current), and a clock is built-in to disconnect the battery once charging is
completed, thus preventing over-charging.

As shown in the block diagram, Fig. 9-57, the system is built up as follows:
(a) regulator controlling output voltage ¥ and the high and low levels, 7,6y
and 7, ,y. of output current, (b) three-phase controller as described in the
previous Section, (¢) mains-supplied, triac-controlled step-down transformer,
(d) three-phase diode bridge. In the power circuit, Fig. 9-58, the RC compo-
nents across the transformer secondary suppress phase-control transients. The
secondary is tapped to provide a wide output voltage range. The voltage and
current measuring circuits?®) provide isolation between charger output and
regulator input.

THREE - T THREE - BATTERY
<——>O_>_ REGULATOR oo PHAsE a2 S0 00 e PHASE BEING
adjust CONTROLLER . DIODE BRIDGE CHARGED

v

io-measurement

adjust adjust
Tiow

TigH

Vo-measurement

Fig.9-57 Battery charger block diagram.

22y VDE 0510/8.70 — Bestimmungen fiir Akkumulatoren und Akkumulatoren-Anlagen,
§ 16.

23) AN No. 136: D.C. Voltage Transformer; ordering code 9399 260 63601.
AN No. 133: D.C. Current Transformer; ordering code 9399 260 63301.

114



12A rapid fuses — [] []

a.c. contactor

BTX94-1200
from TT60 BY206
m ‘
14
U/ [Brxes-1200
from TT60 Bva0s
L) g‘
¢
N BTX94-1200
from TT60 eV305
- — -

3x29Vac. —

3x58Vac.—»
l mpp-L
TauF " 1000
1oonﬂ
150 u.ur—I-
1000
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40Vde 12Vdc o o o
N I I (ot ] e -j— =
120Vdc 60Vd.c. 5; T
B \_/ o
AN e,
De U \J De
VOLTAGE
MEASUREMENT
DCT6?

Sturns
CURRENT o
MEASUREMENT
- +
- -|F—j+

Fig.9-58 Power circuit of automatic battery charger.
D, DD, = BYX25-600R on common 56293 heatsink extrusion, 5 cm long
DyD.Dy = BYX25-600 on common 56293 heatsink extrusion, 5 cm long.
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The regulator, Fig. 9-59, contains three DOA61 op amps, 4,, 4, and A5, 10
control the levels of 1, oy, Ig;6y and V. Diodes D, D, constitute a “LOWER
THAN?™ gate passing the lower of the op amp output voltages v;; and vy to
control emitter follower 7R,. In the “HIGHER THAN™ gate D, D,, TR,
output is compared with output v,, of 4, and the higher of the two signals
passed, ultimately controlling 7R,. Regulator output V,,,,, is connected to the
three-phase controller — Fig. 9-54 in the previous Section.

Fig. 9-60 represents the charging process pictorially. The upper graph shows
the charger output voltage v, and current 7, as a function of time. The lower
graph gives op amp outputs v;;, v;; and vy. Change-over to period 2 occurs
when vy falls below v,y (controlled by “LOWER THAN™ gate), and change-
over to period 3 occurs when v,, rises above vy (controlled by “HIGHER
THAN?” gate).

The built-in clock controls the duration of period 3. Its control circuit is
according to Fig.9-61. As soon as v, exceeds vy (start of period 3), the DOA61
output becomes negative, and the control gate output switches to HIGH level;
the trigger pulse source then oscillates, so triggering the BTW43, which energizes
the clock. After the preset time, the clock contact opens and disconnects the
charger.
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Replacing laborious handwork with modern, triac-controlled
fishing net manufacturing machinery paves the way to net

profits.




Fig.9-59 Regulator circuit; +12 V and —12 V supplies are stabilized. Modules required:

R8
L7kQ

3 xDOAG6I.
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< period1——» «—period 2—» = period3 ——»

Fig.9-60 Curves illustrating regulator performance.

Adjustment (Figs 5-59 and 5-61):

s
2.

3.

2

Set R, R Rg to minimum resistance.

With the charger unloaded, adjust zero offset potentiometers R,z R4 Ry¢
to make A, A, A; outputs zero.

Adjust zero offset potentiometer Rs, to make comparator output zero.

Set Ry to about one tenth of its maximum resistance position; note that A,
output goes maximum positive.

With A5 now exerting control, adjust Rg until charger output voltage has the
required value (e.g. 2,45 V/cell for lead-acid batteries, 1,60 V/cell for nickel-
cadmium batteries, 1,75 V/cell for nickel-iron batteries*).

. Set Rg to minimum resistance and check that all op amp outputs are now zero

and charger produces no output.

Connect battery to charger. ENSURE CORRECT POLARITY.

Set R, to obtain low charge current I, oy, e.g. current conforming to 50-hours
discharge time*).

. Set Rq to obtain high charge current Iy, €.g. conforming to 5-hours discharge

time*).

10.Adjust clock to the required duration of the third charging period (three to

six hours®).

*) Consult battery manufacturer’s instructions.
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Brief triac data

The Table below shows the main specifications of our triacs, thus giving an
overall impression of their performance. To select the triac best suited to a
particular application, our Data Handbook System, Semiconductors and

Integrated Circuits, must be consulted.

brief triac data

triac type — BTW43 BTX9%4 BTW34
description |
max. crest working off-state voltage?) 400 to 800 400 to 1200 600 to 1200 V
max. repetitive peak off-state voltage®) 600 to 1200 400 to 1200 600 to 1600 V
min. breakover voltage at max. rated junction
temperature®) —— 500 to 1300 700 to 1600 V
max. r.m.s. on-state current?) at 360° con-
duction angle for:
T 7576 15 — 55 A
Tan<s 85°C 12 25 45 A
max. rate of rise of on-state current after trigg-
ering through gate?) 50 50 50 Alus
max. non-repetitive peak on-state current,
semi-sinusoidal waveform lasting 10 ms, for
device having max. rated junction temperature
before surge current?®) 100 250 400 A
max. [?t content of semi-sinusoidal current
lasting 10 ms for device having max. rated
junction temperature before current surge?) 50 312 800 AZs
max. junction temperature?) 125 125 125 °C
max. rate of rise of off-state voltage that will
not trigger any device at rated max. junction
temperature®) 50 100 200 V/us
max. rate of rise of commutating voltage that
will not trigger any device at rated max. junc-
tion temperature®) 10 30 30 V/us

?) rating
®) characteristic
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Reference is made to page numbers, bold type faces indicating the pages containing the main
information. Consult the Table of Contents at the beginning of the book for entries not
tabulated.

Angle; trigger — vs. load phase — . . . . . . . . . . . . . . . ... 25;. 38
Ailea of cerfain triggering + o« « « v % © 3 % 2 5 w3 3 L E FE G L H s 23
Area of uncertain triggering . . . . . . . . . . . . . .. ... 23
Breakover . . . . e e e e e e e 11, 18

Burst firing, see nme-propomonal control

Central gate of triac . . . . . . . . . . . . . . . . ... 4
Certain triggering; area of — . . . . ¢ % S EE EE RS §E 23
Choke (to reduce commutation current decay rate) - 18, 28, 38
Choke calculations . . . . T T T 31-34
Classification; voltage — of triac . . . . .o 14, 41
Commutation,
— current decay rate . . . . . . . . . . ... u e 11, 18, 28
—interval . . . . L L L L L Lo e e e e e e e 27
hatd — s 3 ¢ @ 58 5 & B 85 8 8§ 5 28 5.6 5 8 8 6@ & & & 28
soft — . . s % B L% EE T EE LB EEF SR RS E 28, 38
Construction (structure) of BHEG # 5 = 6 % 5% 4 6 5 6 % 63 5 & & o = o 2-7
Control,
principle of time-proportional — . . . B T o e o 46
loss of — (uncontrolled turn-on, undesnred trlggermg) “ = = 1,6, 11, 16, 28, 36
Controller,
COMtIMIOUS — & v + 5 & @ ® & & ¢ 8 & & & &5 « 8 55 = & n u 465 107-120
full-controlled — =+ = « & ¢« =« 5 « v 595 ¢ ¢« = s = = 5 s« «» 5 « 46;107-120
halfreontrolled — & = 5 & v 5 © 5 = % & 95 8 & & @ & 7 ® @ = 46
Crystal half {friac) « o o « 5 % = si9 @ g% » & & & % 2% & % & & @ @ % 4,11, 16
Current,
decay rate of commutation — . . . . . . . . . . . . ... L. 11, 18, 28
gate — . . e e e e e e e e e e e e 2,13, 18
inrush — (condmon) e e e e e e e oo ... ... 25,36,38,41, 45
intrush —rating . . . . . . . . . . . .. ... 15
holding —. . . A I 10, 13
latching — (plck -up —) e T L 10, 13, 47
leakage—« = ¢ = 55 0 5 s 5 3 ® % § 5 & % § B @ F & HE F A @ 10
parallel gate — .. s wE o P E W W S M EE S EE S 24
pick-up — (latching —) N T 10, 13, 47
rise rate of on-state — (turn-on di/ds) . . . . . . . . . . . . . . 18, 38, 45

122



D.C. triggering . s
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Fusing for triac protection .

Gate (triac)
— current .
— leads .
— signal . ¢
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Leakage current
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Magnetic biasing of transformer how to prevent it

One-way conduction (rectification) in a.c. controller .

On/off switch
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Quadrants of triac characteristic .

Quasi-proportional control, see time proport:onal conrrol

Radio-frequency interference (r.f.i.) reduction
Rate of decay of commutation current
Rate of rise, see rise rate
Rectification (one-way conduction) in a.c. controller
Reliable turn-off . - .
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Rise rate,
— of voltage
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Shorted-emitter structure
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Symbol letter designation code .
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Time-proportional control

— principle 5 B
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Triac
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— main termmal
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— types
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Trigger
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— pulse train, its advantages

— signal, see gate signal

— signal requirements
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