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CHAPTER I
INTRODUCTION

There exist several important guestions pertaining to
the high—frequency operation of SCRs. (High frequenciés
will be considered in the text 1o be frequencies between
10 kH, and 30 kHz,)

Where =nd why can SCRs be used for high-frequency
applications? There are many industrial applicationsg where
frequencies higher than commercial line frequencies are
either needed or lead to definite advantages in eguipment
design. There has been a growing interest for the past few
yvears in the application of SCRs to power eguipment which
operates at audio and‘ultrasonio frequencles up to 30 kHz,
such as: generators (inverters) for ultrasoniec cleaning,
welding, ecutting, mixing equipment and induction heating,
radio (for VLP band) and sonar transmitters; cycloinverter
supplies, the output of the cycloinverter itself being use-
ful for all applications where a-c¢ power isused., Electronic
tubes are being used for =211 mentioned eguipment up till now
and even today. However, the potential advantages of solid
state devices over tubes are well known. Alsoe, for d—-e teo
d-c SCR ronverterg there are several advantages of using them

with high=freguency carriers. The device.is smaller in size



(because of reduction of size of all magnetic components)
which implies lighter weight and lower cost of the device,
~too. BSince the time constant of the output filter must be
much greater than the period of the carrier, high frequency
is responsible for the increase of break frequency in the
transfer function of the filter; the feedback system is
faster, thus dynamically better with less error without
increasing the gain of amplifier which may produce parasitic
oscillations. Also, using a SCR as a chopper iﬁ a d-¢ 1o d-c
converter introduces a time delay equal\to half of the
period of the carrier signal, and, as is well known, the
longer delays may produce'an unstable system; i.ée,operation
at a higher frequency implies a more stable system with
respect to the SCR's equivalent time delay.

What are the limitations of using SCRs for high-
frequency applications? The energy per cycle that the SCR
must dissipate to maintain thermal equilibrium comes from
conduction losses (SCR is in ON étate), blocking losses
(SCR is in OFF state) and switching losses. For low=fre-
quency applications the switching losses can be neglected,
but for higher frequencies they comprise an appreciable part
of the total SCR losses, so they must be taken into account.
Since the power dissipation increases with increasing fre-
quency, there exists some frequency limit where the total
power dissipation of a given SCR reaches its maximum allow-
able value. The second problem which restricts the increas-—

ing of frequency is due to the time intervals required for
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SCRs to switech from an OFF to an ON state {(turn-on time) and
from an ON to an OFF state (turn—off time) which is the time
that has to elapse before the SCR can block the reapplied
forward voltage.

Which SCR parameters are important for designing an SCR
high~frequency device? The important SCR dynamic parameters
are the maximum allowable d4i/dt and dv/dt and the tufnmoff
time. For high-frequency applicationg a combined effect of
these parameters exists, s0 they are interdependent and
their characterizatian on an individual basis is noct suffi-
cient to insure satisfactory operation of the SCR. There-
fore, for highmfrequency SCRs the principle of concurrent
characterization of the dynamic characteristics is necessary,
and, as a result, such devices are adaptable %o agpplications

with excessive switching losses.



CHAPTER IT

THECORETICAL CONSIDERATIONS ASSOCIATED WITH

SCR'S HIGH-FREQUENCY OPERATION

P-N-P-N Device, Its V-1 Characteristics

and Transistor Analogue

The silicon controlled vrectifier is @ semiconductor
p-n-p-n device with three junctions. It has electrical
characteristics similar %o the gas thyratron or ignitron,
having both high- and low-impedance states. Figure 1
illustrates the V-1 characteristics of a typical gate-~

controlled SCR.

/-HlGN CONDUCTION REGION

MAXIMUM

REVERSE 1 1 1G+0
VOLTAGE  LORPINE— se e ¢

e e
BLOCKING FORWAR
REVERSE REGION REGION DREAKOVEDR
AVALANCHE VOLTAGE
. REGION {FORWARD AVALAMCHE REGION]

Figure 1, V-1 Characteris-
tics of an SCR

In the forward blocking region, increasing the forward

voltage does not tend to increase leskage current until the



point is reached where avalanche multiplication begins to
take place. Past this point, the leakage current increases
gquite rapidly until the total current through the device is
sufficient to raise the internal loop gain to avalue greater
than or equal to one. Then the device will go into high
conduction region, if the anode current is greater than the
holding current. When the ancde current drops below the
holding current, the SCR reverts to its forward blocking
gtate. In the reverse direction the p-n-p-n gtructure looks
like two reversewbiésed p-n Junctiong in series.. In typicel
operation the SCR is biased well below its minimum forward
breakover voltage, and triggering is accomplished by inject-
ing current into the gate lead. Once the gate has been used
to trigger the SCR into conduction it loses control and the
only method of turning the conducting device off is to
reduce the anode current below the holding current.
Diagrammafically, an SCR can be represented as shown in
Figure 2(a). In the forward blocking region the junctions
J1 and J3 are forwardmbiased,\and the junctiocn J2 is
reverse-~biased. In a simplified analysis the SCR can be
visualized as consisting of twoe ftransistors, a p-n-p and an
n-p-n (with current gains 0y znd 0o s respectively) inter-
connected to fo;m a regenerative feedback pair as shown in
Figure 2(b). The coilector of the n-p-n transistor provides
base drive for the p-n-p transistor, and the collector of

the p-n-p transister along with gate current I, supplies the

g
base drive for the n-p-n transistor. Let IA and IK be the
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Figure 2. Structure and Transistor Analogue
of an SCR

anode and cathode current of the SCR, respectively. Since

4

the base current of the pen-p traunsistor, using the corn-

ventional notation, is

Ipy = (1= aglIy = Iggg; (2~1)

g

(1= eIy = Topgq = ol + Topoz - (2-3)

>

Sinee I, = jA + I, the last sguation can be solved for
K g

where the I“BO? + 1 RO2 is the leakage current of the
Wb o o

A%

center Jjunction J2.



Both 0 and 0o increase with an increase in the anode
currgnt IA’ and with the proper gate current a regenerative
effect will occur when oy + Qp = 1o A posgitive-Teedback
condition results which causes both transistors to be driven
into a saturated state and causes the Jjunction J2 tc become
forward-biased to a point where it will no longer support
the applied voltage. Moreover, this condition can occur
without gate drive by other means which will be considered

later.
Physical Theory

In Figure 3(a) is represented a nonbiased p-~n-p-n
device. At each junction a space~charge layer (a transition
region in which donor and acceptor impurities are uncompen-
sated by mobile charge carriers) develops which results in
a "build~-in potential.®" The hole and electron concentra-
tions throughout the device are determined by the impurity
doping levels, dimensiocns and temperature,

By applying a positive voltage (Figure 3(b)) to the
anode of the device, electrons on the n-type side of J2 move
toward the anode, leaving behind positively charged donoiso
In like manner, holes move %toward the cathode, leaving
negatively charged acceptors on the p-type side of J2. The
space-charge layer of J2 spreads and creates a high electric
field which sustains the applied voltage. The space-~charge
layer width reguired to suppoert the applied Voltage can be

determined by solving Poisson's eguation (1). Outside the
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Figure 3. P=-N-P=N Device at Equilibrium and in
: the Forward Blocking State

warge layers the semlconductor material is essential-

s the charges of the donors and

acceptors are neuL7411 ed by the presence of free holes and
electrons) which implies that outside the space-charge
regions the device scts as a conductor with the negiligible

electric field.
Now, with J1 and J3 forward-biased, and J2 reverse-

t

bizsed by a fixed applied vol

N e

tage, one may examine the

e

gteady~state current-carrier flow. Throughout the



semiconductor, hole-electrons pairs are generated by thermal
agitation. A gradient of minority carriers is formed in the
base regionsg ni and p2. Holes injected intec or generated in
the base region nl diffuse toward J2 and are swept hy its
high electric field into region p2. In the same manner
electrons in region p2 diffuse to J2 and are gswept intoe nl.
Carriers generated within the space-~charge layer of J2 are
also swept into adjoining base regions. Since ni and p2 are
egsentially Spaceucharge neutral, if a hole diffused from
nl is collected at J2,‘a hole must be injected from pl1 to ni
or an electron from n?1 to pl to preserve charge neutrality.
If the ancde current is I, (in Pigure 3(b)), then the
injection efficiency of J1; the hole current which reaches
J2 (some of holes recombined with eleétrons) is 4891, =aqIy
where B1 is the transport factor. Thus, the Hd¢tal hole
current Ip which is swept into p2 by the space-charge layer
of J2 is:

« I (2~5)

Tp = oy + Tpa + Ipse

T
where Ipd and Ipsc are currents due tc the holes thermally
generated within ni and the space-charge layer of J2,
respectively.

Since J3 is also forward biased, electrons are injected
from n2 across J2 t¢ p2 and diffuse ftoward J2. The electron

current at the p2 side of J2's space~charge layer is:

In = ool + Ing (2-6)
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where IK igs the cathode current, QQIK is the electron
current due to electrons injected from n2 and collected at
J2, and Ind is the current due to the electrons thermally
generated in p2.

The total current flowing across the reference plane

at the p2 of J2 is:

Ip= I+ I, o (2-7)
Since with gate drive

and denoting the total thermally generated diffusion current
with Id==Ipd-+Ind9 combining the last equations and solving
for IA’ yields:

I - aply + Ig + Ig,

AT 1 Q(Md +0.2) (2‘9)

where Isc = T since that term of current is evaluated on

psc’
the p2 side of J2's space-charge layer. Since a4 varies

with I and o varies with IA + 1 it is necessary only to

A? g?
increase Ig or to raise the device temperature (which causes
Iz + I, to rise) in order to cause aq + ay—> 1, However,
the switching would occur even before oy * qg-ﬁ>ﬁo It can
be shown that switching will begin when the sum of the small-
signal current gains a,ys apg reaches unity (1) (Because
the alprhas of p-n—~p-n may be a highly nonlinear function cf
current, oy, 8nd ayy may be greater than the d~c values. )
Holes which are swept fron nl into p2 raise the
forward—-bias voltage across J3, causing it to inject more

electrons, which diffuse across p2 to J2 and are swept into
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n1. This causes an increase in forward-bias across J1, so
more holes are injected through J1 into nl. Thus, the
process 1is a regenerative one which continues until the
concentrations of carriers in both base regions exceed their
zero-bias equilibrium values, and until the voltage across
the device d{ops to the order of one volt. The current
through the device in the conducting state must be limited
by the external lcad resistance; otherwise, the device may

be destroyed.
Characteristics of Steady-State Operation

Reverse and Forward Blocking Characteristics

As was shown in Figure 1, for voltages up to the
reverse breakdown or the forward breakover regions, a
relatively small leakage current flows. Using equation (2-9)
with Ig = 0 one could obtain the form cof the forward blocking
- current. However, tc determine the magnitude ¢f the current
and the device parameters which conitribute %o it, @ more
fundamental analysis i1s required. Such an analysis is
complicated by the nonlinear current gains assoclated with
the device. In the forward blocking region, J2 is reverse-
biased and J1 and J3 are’slightly forward-biased due to the
’leakage éurrent through the SCR. Thus, to determine the
biocking current, the leakage current across J2 and the
current resﬁlting from injection (at J1 and J3) and

diffusion across nl and p2 must be calculated,
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In the case of reverse blocking (cathode positive with
respect to anode) J1 and J3 block the flow of current,
whereas J2 1is forward-biased. Usually J3 has very limited
voltage~blocking capability and will go into avalanche break-
down with the application of a few volts. Thus, the n-p-n
transistor of the SCR's analogue can be approximated with
an avalanche diode in series with p-n-p transistor having
no base connection. It can be shown that the blocking
current should be of the form (1):

Id + IS

C

I ==
%pnp

. (2-10)

Forward Conducting Characteristics

The forward conducting voltage drop of an SCR is defined
as the .yoltage drop VAK from anode to cathode ih the ON
state, which includes lead and contact drops. The total
voltage drop is approximately egual to the voltage across
each junction. At low levels of load current the voltage
drop across the base regions is negligible because most of
the current flows by minority-carrier diffusion. (It must
be remembered that a field current has a voltage drop
associated with it, whereas a diffusion current does not.)
It is highly advantageous to maintain the minority-carrier
lifetimes at a high level to achieve low forward drops.

Unfortunately, the short SCR turn-off time requires a

smaller value of carrier lifetime.
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Analyzing the flow of free carriers in an SCR in the
conduction state is a rather complex process. However, an
analysis can be carried out if each saturated (in this case)
transistor of the SCR's analogue would be represented by two
transistors, one normally polarized (with its normal qn) and
the other inversely polarized (with its inverse ai) (1).
Then, using the superposition principle (i.e., by applying
voltage across each junction separately and then adding all
currents) one can obtain for the sum of the voltage drops

across all Jjunctions J1, J2, J3:

nkT . M8 's,t
Vp = VJ1-+VJ2-+VJ3 == 1n I + |1n Tgnfg—} = VAK (2-11)
173

where‘I is the I,'s density, k is Boltzmann's constant,

A
T is the absolute temperature, g is the magnitude of the

carrier's charge; IS ’ IS ’ IS are the saturation currents’
2

densities of each ju;ction witi other junctions short—
circuited; A1, A2 and A3 are.functions of the normal and
inverse current gains: and n varies from 1 to 2.

Using the fact that at normal lodd currents might be
A1A3/A2 = 1,62, the experimental value n = 1.5, and an
anode current density of 50 A/cm2, ong may determine the
total voltage drop across the SCR to be 1.14 volts (it can
be derived that the voltage drops across junctions are:

V = 0096V, VJ2 =z 50095V, al']d VJ3 = 1013V)o

J1
For higher load currents one cannot neglect the voltage

drops, KIij, across the body of the p and n regions and the
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voltage drop across the lead resistance (IR). It yields:

I. I
S
nkT 2
VAKi:—a—-lnTé——I—S-— + KVI + RI (2=12)
3 M1

where K- is a constant and ln(ATAz/AB)wasvneglecteda

However, in the conduction region the forward character
istic of an SCR (as well as for & semiconductor rectifier)
at low current density can be approximated by (2):

v =V, + iRp (2-13)
where VO is the applied voltage necessary before appreciable:
forward conduction occurs (for SCRs it corresponds to the
holding curreﬁt) and Rf is the forward slope_resiétance
which depends primarily on junction area. Typical values

for V, and Ry are 0.8 volts and 0.02 ohms, respectively.
Dynamic Operation

Triggering Methods. Dv/dt Capability

An 3CR can‘be switched from the forward blocking state
to the conducting mcde by several methods: thermal turn-on,
dv/dt triggering, voltage triggering and the normal gate
trlggerlng method.

As was prev1ously described, leakage current (Id+-I
in equation (2-9)) through an SCR increases exponentiszlly
with temperature. As temperature increases, more hole-
electron paifs are created. This implies that aq + ao, can
approach unity and that thermal turn-on can occur. The

forward breakover voltage therefore tends to be guite
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temperature sensitive and at é high enough temperature the
SCR loses completely its ability to block forward voltégea
A rapidly rising positive voltage applied to the anode
of an SCR can turn it on if the rate of riée of voltage
dv/dt and the applied voltage is sufficiently great. By
considering the two-transistor analogue of an SCR and the
capacitances across all three junctions it can be seen that
a rapidly rising voltage VAK can cause a current through the
capacitance of J2 which may cause oq + Qo to approach unity.
A high dv/dt can be troublesome when it occurs in some SCR
circuitry during transients. MNost SCRs have a dv/dt
capability of 50 to 100 V/usec. The dv/dt capability of an
SCR can be increased by a shorted-emitter design using an
aluminum disk to cause a partial shorting of p2 and n2
regions; this implies a by-pass of some turn-on current. (1).
Voltage triggering occurs when a blocking junction
approaches 1its aval anche breakdown voltage point. As is
well known, a Junction avalanches- when minority carriers in
the space-charge layer are accelerated to a sufficient speed
such that their collisions with the lattice result in the
creation of more hole-electron pairs, i.e., carrier multi-

plication occurs.

Gate Turn-0On

The triggering methods described in the preceding
section represent undesired triggering methods in normal SCR

operation.,. Intentional triggering is.generally performed by
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a gate'pulses- To twlgger an SOR xnto ite conducting state,

the blocking 1unct10n I (F'gurﬂ’i(b)) us

t be discharged.

Discharge is‘aeéomplisked by 1mcreasing the concantration

of majorityf@ar jers dd Rant to J2.  As ir

ated in |
equatlon (PwQ) tis nocessary @n$v to 1noTu%s e I_. in order
to 1n ate sw1rchlng action. howover, the load current I

through'an SCR does not respond immediately

cation of gdte current., Ip'canvb@ characie

period tﬁ,and.a rise periocd . (Figure 4).
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4. Voltage and Current Wave
During Turn-on

Delay time 1g defined zs the Time between the ten per
cent point of the leading edge of the gate current pulse and

the ten per cent point of the anode volta age waveform.
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with a step function of current, electrons inject into base
p2 and diffuse toward J2 which they reach after the base
transit time of p2 (%, =‘w§2/2Dn where W, is the width of
p2 and Dr—the diffusion constant of electrons). These
electrons are swept in nl1 and cbnsequenfly holes are in-
jected from p1 to n1 to maiﬁtain charge balance. They
diffuse and reach J2 after the base transit time of n2 and
are swept into p2, causing an increase in injected electrons
by J3. This process continues until the current is limited
by the load. Thus, the minimum t; is equal to the sum of

- the base transit times. As a consequence of their wide base
widths, high~voltage SCRs have longer delay and turn-on
times than low=-voltage SCRs.

Rise time fr (Pigure 4) is defined as the time required
for the anode voltage to drop from 90% to 10% of its initial
value. In a yurely resistive circuit the current will rise
in the same manner as Tthe voltage falls. Rise time, as well
as delay time, tends to be reduced by a large gate drive
within the allowable gate dissipation ratings of the SCR.

If Iy

current data can be approximated by the expression

>> I, in a resistive clrecuit, experimental turn-on-—
&

i = A expla(t - td)] (2-14)

where A and a are constants (1),

In an inductive circuit the rate of increase of current
will be mainly determined by the time constant of the
circult. Inductance decreases tro However, one must be

careful with the duration of +the gate signal Tto avoid “"slow
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switching® (3).

Total turn—-on time is defined as ton = td + tro For an
all-diffused and an alloy-diffused SCR structure the typical
values of ton are between 1 and 3 usec; for a planar

structure of an SCR (smell-current SCR) ton = 1 wsec.

Di/dt Effect

Gate turn-on is initiated in a small area near the gate,
causing that part of the deviece, for a short time, to be ON
and the remainder to be OFF with a voltage drop across SCR
of geveral volts. The current during this period is space-
charge limited by the mobile carriers. Consequently, fast-
‘rising-currents cause heat to be generated at a very rapid
rate and can readily cause failure in a large area device
owing to & hot spot. Fdr this reason, the rate of rise of
anode current di/dt must be limited.

A saturable reactor in serieg with the SCR during
turn—~on switching interval will greatly reduce switching
- dissipation in the SCR (4). Attempts have been made to
increase the di/dt capability of an SCR by increasing the
number of gate injection points to avoid a hot spot. The
gate drive reguirements increased rapidly as gates were
added. Usually SCRs have maximum allowable di/dt = 50 to
150 A/usec, but the International Rectifier's new “"acceler-
ated cathode excitation SCR" has di/dt = 800 A/usec (5).

It should be mentioconed that except for radar pulsemodulators

and high-~frequency inverters, the load itself provides only
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about 5 A/usec at the most. But an RC network which is
placed in parallel with the SCR to suppress the dv/dt effect,
when diécharged into the SCR can provide a very stringent
di/dt to the device (6).

When an SCR must handle a large current in a short time
in order to increase the di/dt capability of a device, there
are special requirements for gate drive signal. The same
requirements are imposed for high-~frequency operation

(usually t,. = 0.1 psec of a gate signal).

Turn-0ff Mechanism end Specifications

The turn-off process 1s generally initiated by reducing
the load current to a value less than the holding current or
by reversing the current flow through the structure. During
this process excesgs minority- and majority-~carrier charge in
the regions must be swept out by an electric field (in the
vicinity of the reverse-biased J1 and J3) or decay by
recombination (in the vicinity of the forward-biased J2).

The current wavefofm can be divided into four regions
(Figure 5). In region I the reverse current I is limited
only by the external circult impedance. When the excess
minority carrier concentration at J3 reaches zero (time t1),
its space-charge layer begins to widen and J3 becomes
reverse-biased; in thié region (II) Iy decays until the
relatively low avalanche-breakdown voltage of J3 is reached
(t2) when the voltage across J3 becomes essentially a

congtant voltage drop in series with p2-ni-p1, which still
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The toff is determined primarily by recombination of the
holes in base n!1 and using the charge controlled analysis

it can be shown that for most high voltage SCRs it is (1)

Ig
Topp = O -
é"OJL;T., Tp in T . (2-15)
H
where Tg is the lifetime of holes, I, 1s the forward current

of the SCR, Iy igs the helding current of the SCR.

Obviously, . 1s the primary controlling factor. It

»
can be decreased by diffusing gold into the wafer during

the manufaciuring process. For high-frequency SCRs, T

i

off

must be as small =g possible; consequently, in this case,
Tp should be small and IH large. The recombination current
can be neglected in comparison with the reverse recovery

current. Thus, with low-reverse-impedance circuits trr
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(usually a few microseconds) is a small part of toff for
which typical values are between 20 and 80 usec. For
high—frcquency SCRs t,pp is less (Tp = 5 psec in this case)
(7).

Turn~off time was measurcd under specified”conditions
because it depends on several parameteré (4), (8). It will
increase with: |

— an increase in Jjunction temperature, Ty

— an increase in forward current amplitude,iF,

- an increase in the rate of decay of forward current

(aip/at) 4 (B T t3),

- a decrease in peak reverse current,

- @ decrease in reverse voltage,

- an increase in the rate of feapplication of forward

blocking voltage,v |

- an increase in forward blocking voltage.

Turn-off time can be decreased somewhat by a negative
gate bilas voltage. An external shunt gate resistance can
also reduce toff by assisting in recovering stored charge
by raising fhe anode holding current and by requiring higher
anode current 1o initiate rewtriggerinnghich, in fact, is

an increasing in the circuit turn-off time, t, (4).



CHAPTER TIIT

SOME CALCULATIONS AND CONCURRENT
CHARACTERIZATION OF
HIGH-FREQUENCY SCRS

Calculations of the Theoretical

Frequency Limitation

The maximum operating frequency fm of an SCR depends on
all the important SCR dynamic parameters, but primarily on
turn-off time. But, because t,pp, as has been shown,

depends on several parameters, T

m 1mplicitly depends on all

~these parameterso Thus, in practice, for specified con-
ditions f; can be found from the concurrent characteristics
of a high-freguency SCR, which will be considered later.
However, an estimate of the theoretical-frequency limitation

may be obtained without such characteristics (1).

A-C Circuits

A circuit turn-off ratio, which gives the fraction of
time that each SCR in a circuit is reverse-blased may be
defined as

t
C
Ko = -1 (3-1)

where t, is circuit turn-off time and T is a period of output

23
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~waveform (Figure 7).

Figufe To An Example of an a-c Circuit With SCR

Since, as is well known, to g'tgffg the maximum
operating frequency fm is approached when the 3JCR turn~off
time equals the circuit turn-~off time, or t,Pf = t_ ., Thig

o w

condition assumes that the dv/dt capability of the SCR is

not limiting, and i1t neglects the time to reach zero current

I
t = (ﬂi/d%) t (t, to t3 in Figure 6). Substituting
_ ou

b= b e and T = /‘f in equation (3-1) ; one can obtain
c off oA ) ‘
£ muj_wm ( 3=2 )
“m boppe 0
(S

where T .. 1s the 3CR turn-off time under the specified

P

In praotice the dv/dt capability of an SCR at its
operating junction temperature may be freguency-limiting,
Since the signal's (dv/dt)sig should be less than SCR's
dv/dt, one may determine that in a~c circuits with a sinu-
soidal driving voltage and a resistive load, f is limited
by the equation (3-2) and the following reiations
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n < TrE, % (3-3)

where Em is a peak voltage of the supply. Usually the

first condition is more severe than the second cne.

D-C Circuit

In order to obtain fm for d-c¢ circuits (actually
circuits with d-c supply) such as choppers and inverters
one should calculate the total circuit forward recovery
time t. (Flgure 6, t, to t?O) In the cases of time-ratio
modulatlon (Figure 8) and pulse~-width modulation the limit
condition of f 1is approached when T, = bt 057> OFF time.

In dwc circuits toﬁ is a design variable determined by the
time constant éf the circuito As an exémpleg consider the
chopper circui% of Figure 8 (LC simulates the inductance
effective in the circult during the early part of the

reverse ‘recovery interval).

\lollude '
0.cross
on SCR

Out put

Figure 8. A Chopper Circuit for Time~Ratio
: Power Nodulatiocon
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If one assumes the following circuit parameters:
E =400V, Ry =8omus, I =E/Ry =504, (di/dt)out =-V,/L, =
= 25A/usec, the total circuit forward recovery time is

T
_ m B
Yer = E/G oy T te Y WA (3-4)

Assume that the SCR is spécified af its operating junction
temperature forktoff'=,EO uSeC and aninitial dv/dt = 50V/isec.
Then, if the maximum SCR Qapébility is to be limiting, one
mey substitute limiting~device parameters for operating-

circuit parameters by taking t, = t, pr and dE/dt = dv/dt,

or
tfr o= %% + 20 + %%? = 2 4+ 20 + 8 = 30usec .

min-
If a duty cycle of ON/(ON + OFF) = 50% is required, and if

the total circuit OFF is consumed by tfr B the maximum
mi

n
theoretical circuit operating frequency is
6
1 10
f = = = ']606 kHz A
m thr 20 30

min
‘Heat Generation Calculations

Introduction

Electrical energy is conveftgd to heat, which must be
dissipated to the heatsink, because of the following elec-
trical power losses: 1. forward conduction losses, |
2. reverse and forward blocking losses, 3. switching losses,
4. gate dissipation (triggering) losses, and sbmetimes

5. transient losses (due to changing the load or main source
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voltage).

Forward conduction losses are the major source of a
- junction heating for a normal duty cycle and low freguencies
However, for high operating frequencies or #ery steep (high
di/dt) current waveforms turn-on switching losses must be

considered.

Forward Conduction Power Digsipation

The average forward conduction power dissipation PC may

e calculated from

veidt (3-5)

Hi
I\JI_‘
acg

where the SCR is in its ON state between the angles g and
o+¥. If the current waveform is represented by i==IPsin§

(where I, is the peak forward current) then using equations

P
(2=13) and (3-5) it was found for SCRs (for which a+¥=m)

(2)

2
I T[Rf .
Pq _M__Z__ y _ E&%?EX] + Vo Iy (3-6)
4sin

where the mean value of current is

o 1 2y |
IP31n¢d§ = — sin® 5 & (3-7)

d

= ==
Iy = 2m

Q-

If Ry is difficult to measure it can be eliminated by

measuring the mean forward voltage drop across SCR
. - .
Vy = 3= S (Vo + ReIpsing)ds . (3-8)

«



Manufacturers' SCR specification sheets contain average
forward power dissipation P - gaverage fTorward current
AV - _
I,y curves for various conduction anglies of 3CR and for
sinuscidal. current waveforms. They are conservative for
rectangular waveforms with the same average velue and
~conduction angles

At low freguencies, sassuming PAV = total average power

digsipation of an SCR, and using PﬁV -

curves (T is maximur sllowable case temperature), one may

determine the required thermal resistance of the SCR heatsink,

Reverse and PFeorward RBlocking Lossaes

Reverse or forward blocking current at any given
junction temperature as a function of voltage can be
approximated by the expression (Figure 9) (1):

";:.: T _~ . ‘ B O
g I mvg o (39)
is dntercept current with no gate current, Vi is

instantsnecus reverse voltage = Vosing and'm is the slope
N S e . r

— Av At

m|=—A-;
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Thus, the average reverse blocking power dissipation is:

Prs = 77 | (Tosine + mVpsine)de (3-10)
a
“where the SCR is in its blocking state between the angies
o and B.
In the same manner one may calculate theaverage;forward
blocking power dissipation PFB by using corresponding elec-
trical angles. The total blocking losses PB are, of course,

equal to the sum PRB and PFBQ

Turn-0On Switching Loss

The accurate power dissipation during & turn-on interval
could be found by multipiying the curves for v and i in
Figure 4. It was pointed out that the total turn-on time
depends on several circuit parameters, as well as on the SCR
structure. Therefore, it is difficult to find the turn-on
loss analytically. But voltage and current oscillograms
taken during an experiment can be integrated numerically to
find the turn-on energy (9). Also, if the L/R time constant
of the circuit is appreciably longer than the turn-on time
of the SCR, the turn-on switching power loss will be negli-
gible. However, if the 1/R time constant is short so that
the build-up of current is,aetermined by the collapse of
voltage across the SCR, the average turn-on power dissipation,
PON’ can be predicted by the following formula (2):

6

Poy = £ ° Vy @ Iy ° 0.65° 107" W (3-11)



where f is operating freguency, VA is anode voltage
immediately prior to switching, and IA 1g andde current

immediately after switching.

Turn—Off Switchir 1g Loss

As was previously discussed, during the reverse recovery

time, t an SCR reverse recovery current, IR Flows (Figures

r?

5 and 6). This current produues a power dissipation of a
turn~off interval. The shape Qf this current and conse-
quently the turn-off loss depends on the nature of the
circuite. If the reverse blouﬁlng Capdbllluv of the jﬁncticn
J3 is gggligible the shape of IPL in an SCR i3 sim ”iar to the

I ‘inaazdiode (10)0‘ Fof-ihStand89 er-a'halfmwave rectlller

R
with an - 1nduct1vemreg1 tive loaﬂ the voltage and current

-

represented in the Figure 10,

wavefo rmg - during
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The time period t_ (the junction recovery time) depends
upon the device. During ts,»IR is controlled by the circuit
components, i.e., IR‘fbllows exactly the circuit current,
the semiconductorvis practically a conductor. After ts the
device assumes & resistive character. During fhé time
period tp (the bﬁlk recovery time), the current is determined
by the diffusion process, iae;, ty and Ip do not depend on
the type of circuit used. Using the diffusion equation'for
a p-n junction, it was found that, if maximum values of

forward and reverse current are adjusted to be egual, then

tp = 0,228 T (3-12)

where 1. is the lifetime of holes (1). (For an SCR one

Y
considers holes in nl.)

It is known that, depending on the ratio t :te there
are two types of diode commufation behavior during reverse
recovery time: snap-off and tail-off type (soft recovery)
(11). SCRs generally have the former type though they do
not have a severe snap characteristic. Empiriéally it has
been found that Ty E’Oo6trr for a number of Qifferent com-
mutation conditions (4). Usually, t.p lasts a few micro-
seconds. It should be stressed that turn-off logs is less
than turn-on loss. In the worst case, i.e., a soft recovery,
the turn-off loss in a diode 1is:

Porg =% ° Qg * Eg (3-13)
where Qr is the total stored charge and E is the circuit
reverse voltage. In the case of SCRs, since Poff ocecurs

mostly during tp, according to Figure 10:
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W= Ige o (3-14)

'

As in the case of turn—on energy, the energy Wﬁﬂ:iyft

ally (9).

d
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during turn-coff interval can be fou nﬂ_exper
In Figure 11 is shown a distribution of main losses of

SCR subjected to high-frequency operstion. The resulis were

found experimentally (9). o voumae
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Gate Power Dlasvpau on

The heat generated in the gate region of an SCR can be
calculated in much the same manner as outlined for anode-
to-cathode heat calculations (1). But, the peak rather

than the average power should, generally, be used for
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calculation of heating. For the medium current high-
frequency SCRs one might estimate the gate and blocking
losses together to have a value of one watt. However, a
great deal of heat can be generated in the gate circuit if
the reverse avalanche_voltage of the gate~to-cathode

junction is exceeded.

Transient Heating

- If the load impedance or source voltage is instan-
taneously changed, the voltage across the SCR decays and

the current through the SCR builds up, exponentially with

time (1)
i (I = I = exp(=2.2%/%,) ] + I (3-15)
v £ (VM - VF) exp (-zozt/tr) + Vg , (3~16)

where Vy, Vp are instantaneous voltages before and after
switching, respectively; Ilg IM are instantaneous current
before and after switching, respectively; T, is rise time.

The average transient power can be determined by

integrating the product of v and i over the surge period.

- Concurrent Characterization of the SCR
Dynamic Parameters for High

Frequency Operation

When SCRs are to be used in inverters and choppers or
for high-frequency applications there exists a combined

effect of the three most important dynamic parameters: the
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rate of voltage rise dv/dt, the turn—off time topp end the
rate of current rise di/dt.

When SCRs are subjected fo current pulses with high
di/dt (10 to 100 A/usec), incomplete utilization of the
‘device junction area may exist, which results in an in-~
creased forward voltage drop. Consequently, power losses
are increased which result in higher junction temperatures
(Tj)° Both turn-off time and dv/dt capability decrease with

increaging T Therefore, the presence of hot spots caused

jo
by localized heating, may cause circuit malfunction even .
though the specified value of any one of the three dynamic
parameters was not exceeded from the standpoint of indi-

vidual characterization. Thus, the need for the concurrent

characterization is apparent.

Pulse Operation Test

Conventional turn-off time testing is an experiment
which is performed with a low-level (104), relafively long
current pulse (50usec) (4) (8). In order to také into
account a localized heating due to hot spots a method of
test has been deVelopéd which simulates the duty imposed by
actual pulse applications in that dv/dt, di/dt and L
effects are combined simultaneously (12). This is the pulse
operation test for measuring the pulsed turn-off time toffo '

Figure 12 shows the current and voltage waveforms applied

to the SCR during the toffp test.
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Waveforms for 1. -
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The tgff_'%est data was obtained using a current pulse
of 100A peak with @ base width of 20usec (12). An RLC
circuit is used to produce & degired current pulse. A

linear dv/dt of forward blocking voltage is employed since

o

it presents a more

§

severe condition to the test device. In
devices which develop hot spots under pulse operation the

t may be three to four times longer than the conventicnal

ot
turn—-off time toffa

| A so-called interdygamic factor, I.F. = toff/toffb is
defined. Ideal I.F. = 1 for medium current. General ]
Electric Company's SCRs”Cﬁ4O and C141 have I.Re = 1, 1c€.,
their t - and t .. are equal (10 and 15usec, respectively)
(7).

P
As a result of concurrent characterization, these 3CRs

can be operated in inverter and chopper circuits to extreme
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frequencies (about 25kH,), power and case temperatures

which, with conventional SCRs, are impossible to attain.

High~Freguency Ratings

The methods used for developing ratings on conventional
SCRs cannot be used for high-frequency SCRs since switching
losses must be considered.  The problem is further compli-
cated by the fact that the effective junction areé is time
dependent which dreates majorﬁproblems in determining the
forward conducting voltage drop of an SCR (VAK) and thermal
impedance (junction-case), normally used in rating calcu-
lations. This VAK is not only time dependent, but it also
depends on the initial blocking voltage level and the
applied gate trigger signal. The thermal impedance is
difficult to calculate and even more difficult to measure
in microsecond time range. Consequently, peak junction
temperature ij cannot be readily determined. Concurrent
charactefization through the pulse turn-off time test

provides a means to control ijo

High-Frequency Performance Curves

As was previously discussed, low-frequency SCRs curves
are primarily based on forward conduction power losses.
Therefore, for high-~frequency operation low-frequency curves
are useless. Thus, for special high—frequency‘SCRs ménu~ -
facturers! speCification.sheets contain high-frequency

performance curves; the principle of concurrent
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characterization of the dynamic characteristics has been

employed in the development of such curves (13).

Peak Current Rating Curves

‘Pulse turn-~off time depends on many parameters, almost
the same as conventional toffa This implies that the peék
forward current IPK of an SCR used for high-frequency
opefation depends on the same parameters for specified toffe

If such dependence'is denoted by ¥, one may write

I Vv

rx’ VR
(3-17)

XM

»where TC'is maximum case temperature of SCR; PW is pulse
base widfh of forward conducting current, iF;‘GD is gate
drive characteristics; VFXM’ VRX’ VRXM are forward and
reverse voltages across SCR (Figure 13).

For a given SCR the last six parameters in equatidn
(3-17) are specified (which requires specified corresponding
circuit parameters) and, therefore,IPK depends on first four
variables, only. For sinewave iF the peak current and pulse
width of ip determine di/dt; so in this case, the peak
current curves are plotted for variable f and Pw; for
several values of Tca When necessary the velues of TC may
be re-plotted so that interpolation for other values of TC
may be easily performed. Also, for some specified PW an
interpolation for all frequencies may be obtained. An
example of such curves for the SCR C140 and C141 is given

in Figure.13.
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In Figure 14 are shown the energy curves for Ci140 and

‘10141 (7). ' From these curves one ‘may obtain, for required

I, and ng_emergy per‘pulse WPP“
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Multiplication of WPP by f yields average anode
‘dissipation PA which involves forward conauction loss as
well as switching losses. vAdding the gate and'blocking
losses (about 1W) to P, one may obtain the total power
dissipation PT which ought to be used to determine the
thermal resistance 0y of a suitable heatsink by the .

definition

oy = _Q?E*_A (3-18)

where TA is ambient temperature, and TC was specified by
using peak current curves.
For iF waveforms similar to, but not sinusoidal, other

energy curves are given, too,

Derivation of High-Freguency Performance Curves

Application of the pulse operation test over a wide
range of pulse base widths, repetition rates, peak currents
and case temperature results in rating curves of the type
shown in Figure 14. At the wider values of PW, switching
losses are small since diF/dt_is low. At the shorter PW the
curves were developed through the use of concurrent charac-
terization. The values of % rp and dv/dt are held constant
throughout at their factory tested values. Whereas, allowing
a longer toff would result in higher IPK without loss of
commutation, this practice results in higher peak Jjunction
temperature. In the interests of long term device stability

higher peak junction temperature should be avoided. Thus,



40

no increase in IPK is permitted, even in circuits with

longer tc.

Curves for Non-Sinewave iF

It should be stressed that for high-frequency operation
a rectangular waveshape of iF must be avoided since a
rectangular pulse of power will always raise the temperature
higher than any other pulse shape having the same peak and
average value. But trapezoidal current waveforms are
acceptable and cofrespon&ing curves for high-frequency, high~
current SCR (General Electric C~-158) were developed (9).

Unhlike the sinewave, di/dt is not determined with known

I and PW for trapezoidal waveforms. Therefore, in this

PK
case a set of curves is required for each value of di/dt.
Since the dynamic effects of switching losses on SCR
operation were difficult to predict quantitatively an
ihverter test circuit has been developed to study these

power losses and SCRs were subjected to various switching

conditions (9)s

Design Congiderations of High-Freguency SCRs

In order to make an SCR with high di/dt and dv/dt
capabilities and short topr @ delicate balance must be
maintained among‘Several factors.

For increasing dv/dt capability, a shorted-emitter
design is employed which prevents the capacitive current

through the SCR from reaching the switching point during -
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the application of a fast rising voltage. Some of this
current is by-passed through the shorted emitter.
Short turn~off time is accomplished through control

of the carrier's lifetime =« it is achieved through the

o’
diffusion of gold into the silicon pellet.

For high di/dt capability in a high-freguency SCR,
a distributed gate area (or several gates) is used to
enlarge the initial area of turn-on. |

Control of the above mentioned items is a compromise.
Emitter shorting raises gate trigger currents. Short life-
time decrease toff’ but increases blocking currents, thereby

reducing blocking voltage ratings, and also increases

forward voltage drop VAKO



CHAPTER IV

HIGH-FREQUENCY GENERATORS WITH SCRS

General Considerations

Classification

A high-frequency generator is basically a frequency
changer device, it changes the main supply frequency to a
high~-freguency signal. Therefore, it can be a rectifier-
inverter or cycloinverter,

The basic classification of inverter-converter circuits
is based on methods of turn-off (4). PFor instance, in
class A, commutation is performed by resonating the load:
in class C, by C or LC switched by a load carrying SCR; in
class K by @-c line (cycloinverters).

Two main classes of inverters are parallel and series.
In the parallel inverter (class C) a constant current is
effectively switchedvfrom one transformer winding to another
This type is very useful at frequencies below about 1000 Hz,
but for higher fregquencies it is not suitable. The reasons
are: 1. rectangular wave of current, which implies that
SCRs are subjected to high di/dt, 2. the energy used to
turn-off an SCR is lost and represents a considerable loss

of power as the frequency of operation is raised, and

42
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3. similar to the d-c or chopper circuits (Figure 8), the
circuit turn-off time t, is a small part of the full cycle,
i.e., the maximum theoretical frequency is relatively low.
On the other hend, the series inverter (class C) is the most
suitable for high-frequency operation, i.e., above‘about
1000 Hz, because of the need for an LC reéonant circuit

which carries the full lecad current.

The Series Inverter

For high-frequency operation the series inverter has
several advantages over the parallel type: 1. the current
through an SCR is nearly sinusoidal and, therefore, the
initial di/dt is relatively low, 2. the commutation energy\
is not lost since the current flowing into and out of the
commutating capacitor traverses the load and thereby
delivers energy to it, 3. similar to the a-c circuits
(Pigure 7), t,pp of an SCR may be a substantial part (10%
to 25%) of the full cycle, and 4. if the inverter is
properly designed, SCRs switch at a point in the cycle where
load current is at a low value, thus minimizing switching
losses in SCRs.

The simplest form of the series inverter are the reso-
nant turn-off circuits shown in Figure 15 (14), (4).

In Figure 15(a) when the SCR is fired a step of voltage
is applied to the resonant circuit and a half-cycle of a
sinusoidal current flows. As the current attempts to

reverse, the SCR is turned off and the capacitor discharges
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Figure 15. The Simplest Series Inverbers
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1
4C°R

or R > % V/i/c . (4-3)

1
1-5>

In Pigure 15(b) when SCR1 is turned off, SCR2 should be

fired. The current through the circuit on firing SCR1 is

i(t) = E;f exp(~’£% t) sin wp. (4-4)
» )

where w,. ~V/1/1c - R%/412. The circuit works only if

g2
> =5 or R <2VL/C . (4-5)
4%

-
LC

Applications

There are many applications of SCR high~fréquency
generators:

1. Ultrasonic cleaning, welding, and mixing equipment.

2. Induction heaters,

3. Radio transmitters in the VLF and LF band.

4. Bonar transmitters.

5. D-C to d-c converters where the advantages of light
weight, small size, low cost, and fast response‘due
to the high-frequency link are very apparent. For
instance: upower supplies for computers, telephone
eguipment, radio transmitters, and battery chargers.

6. Step~up cycloinverter supplies. For instance:
variable frequency constant-volt-second a-c supplies
for driving a-c motors; h-f fluorescent 1ighting

supplies for fluorescent lamp dimmers.
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Advantages and Disadvantages of Using SCRs

Instead of Tubes in h—-f Generators

There are several advantages of using SCRs over tubes
in h-f equipment (15). The conversion efficiency line to
high~frequency signal is higher for the 3CR generator com-
paring to tube generators. A second advantaée is the elimi-
‘hatibn of high voltages, i.e., high-voltage transformers.
Then, SCR generators have reduced size and weight (sometimes
by a factor four); it resﬁlts in lower heat losses. Heat
and high voltage are a prime cause of failure in electronic
equipment. Low voltage and low operating temperatures
result in high reliability. SCR generators do not require
delays caused by warm~up or start-up time. Also, they have
Iarger power handling ability than tube generators.

The disadvantages of SCR h~f generators in comparing
to tube types ares limited operating frequency range and
producing of radio-frequency noise due to almost ideal

switching characteristics of SCRs.

A Short Description of Several
High-Frequency Generators

Using SCRs

Thomson's Audio-Freqguency Inverter

An audio-frequency (10 kHz) series inverter with a
load connected in series with the commutating capacitor was

first proposed by Thomson (16), but there are, also, a few
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more articles concerning its applications (17), (18), (1)°
The original circuit is shown in PFigure 16(4a), however, the
practical gemerator circuit (in Figure 16(b)) has a center—
tapped capacitor, which, while not altering the basic circuit

action, reduces the ripple current flowing from the supply.

SCR1

Ry

SCR2

G

(a)

Figure 16. Original and Practical Basic Circuit of
the Thompson's Inverter

Assume SCR1 (Figure 16(®)) is conducting and, as the
current tries to reverse it turns off and is reverse biased
by somevVX volts, After a time delay, tqs SCR2 is fired,
applying positive voltage to the lefi-hand side of the load.
Simultaneously a voltage is deVelQped-acfoss the”béﬁtom~-
section of the choke of a polarity which driveéjfhéTEafhode
of SCRT more pésitive with-respect to its ancde during én
intrinsib time delay, t,. The waveforms of the voltages
across SCR2 and the pure resistive load are shown in

Figure 17. The circuit turn-off time is equal to tg + txe
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Por operation of the circuit, fthe condition (4-5) must be

satisfied.
|
l
| !
| _ : CONDUCTING
" (a) SCR2 VOLTAGE WAVEFORM
{b} CURRENT THROUGH R
FigureLjYQ‘ Tdealized Waveforms of
. ’ the Thomson's
Inverter
The circuit described was used for high-freguency

applications (17): for a d-c fo d-c converter; for an
ultrasonic generator driving a magnetrostrictive transducer
(in this case frequency doubling is achieved by coupling
the load to the center-tapped inductor).

Without special precautions, the inverter will develop
a short circuit across d-=c¢ supply with light loads. At the

other extreme, if load resistance is too low, circuit Q
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becomes very high and can lead to excessive voltage on the
SCRs; thﬁs,bthis inverter requires high-voltage SCRs. A
shortcoming more is that the circuit has poor load regula-
tion since the load sees a constant-current source; also,

the inverter is sensitive to reactive loads.

Seguential Inverter

This is a type of inverter (also proposed by Thomson
(19)) that uses several previously described series inver-
ters. The SCRs are triggered sequentially giving relatively

long rest periods between anode-~current pulsges. Turn;off
time of SCRs can be long; thus, SCRs with poor dynamic
characteristics may be used in audio frequency inverters,
or high speed SCRs may be used for radio transmitters in the
VLF and LF band.

Figure 18 shows a circuit consisting of five simple
inverters.

The gates are triggered sequentially 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 1, 2, etc. One of the requirements of this
circuit is that the resonant circuit @ be high enough so
that the voltage, to which each capacitor is charged, is
greater than the peak voltage across the transformer
primary. High power operation is limited to approximately
100 kHz due to the finite turn-on time and switching losses

in SCRs.
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- Figure 18. Sequential Inverter
- ' and Its Waveforms

Fry's Ultrascnic-=Freguency Inverter

This type of inverier was developed to drive a magneto-

;

strictive transducer of the spaced lamination type, for an
s p P 4

3

wltrasonic cleani generator (20). The basic ecircuit (in

Figure 19(a)) has a constani-current source supplyving a
parallel resonance circult and a2 lcocad. A d-c blocking
capacitor CBL was placed in geries with the load since the
trensducer reguires ad-c biag current in order to increase
the transducer efficiency.

Pigure 19(Db) shows how the transducer ZL was connected
into the circuit sqthat not only high~freguency voltage hut
alsc d-c bias murreht is supplied by the inverter. Because

the transducer is 2 highly inductive load, the value of
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Pigure 19. The Bagic Parallel Resonant Cireuit
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The practical inverter and waveforms of its principsl
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Figure 20, Fry“s,Ultrasonic Generator Circuit
) and Its Waveforms

The»trigger signal for the SCR was faken, across feed-
back circuits, from the points 1 and 2 (in Figure 20(a)),
since the signals in these points have the correct phase
relationship to‘fire‘the~SCRa“Due to the feedback circuits
thé‘genérator has the automatic'frequency tracking (AFT)
characteristic because the operating frequency £, follows
chéngea in the resonant freqmen@y of the itransducer when
water level is changed due to objects being placed in the
cleaning tank. Also, by changing the resistance of R2, f,
is menually adjustable from 16 to 21 kHz. The generator
was designed for ultrasonic cleaning, only. In comparison
with corresponding tube Type generators it possesses the
previously mentioned general advantages plus automatic
frequency tfacking ability which simplifies or completely
eliminates manual tuning. The overall efficiency was

increagsed since the ultrasonic transducer of the generator
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is a magnetrostrictive device of the spaced lamination type.
It has reduced the transducer impedance (usually high) as
seen by the tank, thus improving its matching with radiation
impedance.

The generator is not of general purpose type. It has

poor load regulation and distorted sinewave output signal.

Step-Up Cycloinverter With a Synchronous Tap Changer

Step-up cycloinverters are circuits for conversion of
power signal from low to high'frequencies directly, without
filtering the low-frequency signal. The advantages of such
devices comparing to rectifier-inverter systems are elimi-
nating the need for power filter components and commutation
circuits. The serious disadvantage is: the high-frequency
has the low-freqguency source waveform as an amplitude-
modulation envelope. This distortion needs to be removed
for many applications. A synchronous tap changer is used
for reduction of such distortion (21). In effect it is.an
active filter (Figure 21(b)) which is believed to have many
advantages over a passive type filter.

The synchronous tap changer consists of a transformer
with number of taps which are selected by a set of SCR
switches. The peak value of secondary voltage waveform can
be held constant if the turns ratio of the traﬂsformer is
varied in proportion to (i.e., in syncronism with) the input
envelope. This would require a tap for each cycle of high

frequency. However, complexity, cost and reliability
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RECTIFIER
INVERTER

SASE]
s
(IF REQUIRED)

(a) BLOCK DIAGRAM (b) SYNCHRONOUS TAP CHANGER

FPigure 21. Step-up Cycloinverter With a
Synchronous Tap Chenger

considerations limit the number of taps.

The design and optimization of such systems are rather

compleX.

Mapheam's High~Frequency Inverter Using a Single SCR

The basic circuit (in Figure 22) of this inverter is
similar to the circuit shown in Figure 15(a) (22). The
diode D1 serves as a path for reverse current of the
capacitor C. The inductor L, simulates the primary induc-
tance of an ocutput transformer. At the cessation of diode
current energy will still exist in L2° It is transferred to
capacitor C as a negative voltage with the period of

2n ¥ L,C. The next time the SCR is triggered an increase in
2
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Figure 22. The Basic Circuit of
. the Single SCR
Mapham's Inverter

the c¢ircult current will be ﬁotioed, because the supply
vqltage_has in effect been increased by the overshoot
voltage. The currents and voltages will continue to
increase each cycle until equilibrium is established. If
the triggering rperiod is made greater thén zwvfigé fhe over-
shoot voltage will become of opposite direction to supply
voltage, thus reducing the circult current. In this case
the output volitage would be a2 wavy line with a period‘of
n/I,C. The diode D, prevents that.

The analysiz of this circ

it is complicaied, go it was
made by using a computer.

This cireult has many advanitages ovér previous inver-
terso A Mapham's inverter with two SCRs will be described
and analyzed ir much more detail. These two inverters have
similar characteristics and calculations and conclusions
for the next inverter which are also valid for this one.

Of course, the inverter with two SCRs can handle with

larger power than the inverter with only one SCR.
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Mapham's High~Frequency Inverter

Using Two SCRs

The Features of the Inverter

1o
20
3

The good features of this inverter are (23):

Sine~wave output voltage.

Low switching 1osses in the SCRs.

Absence of misfiring because of the clean waveforms
produced.

Ability to operate with light or no loads.
Having good load regulation; the load seeing a
constant-voltage source.

Being little sensitve to reactive loads.

No requirements for very high-voltage SCRs when
operating under heavy loads.

Losing‘of triggering pulses does not result in a

short—circuit d-c voltage source.

The only shortcoming of this inverter is an increase in

the SCRs required current-carrying capacity by roughly 50%.

The inverter can be used for all previously mentioned

h—f'generatdr applications at frequencies from about 1 kHz

up to about 30 kHz.

Circult Description

form,

Figure 23 shows the circuit in its most elementary

-while Figure 24 and Figure 25 give typical circuit .

waveforms.
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that the output voltage, and peak SCR voltage and current
remain almost unchanged.

Figures 25(c) and (d) show the effect of a heavy capac-
itive and inductive load, respectively. Neither leading nor
lagging Zero power factor loads have any serious adverse
effects on this inverter circuit.

Figure 23(b) shows the effect of varying the triggering
frequency (fo) on the output voltage (Vc) waveform while
keeping the resonant frequency (fr)‘of the LC circuit
constant. Lowest distortion occurs ata ratio offr/fo=:1o35u

As most practical applications of thisg inverter need an
output tramsformer either for isolation or voltage trans—
formation, the complete analysis ought t0 assume an induc-
tance L2, simulating the primary inductance of a transformer
" across the load R. Lowrelative values ofL2 drastically
shorten the turn-off time during starting but otherwise do
not have a very significant effect on the operation of the
circuit.

If the inverter has a reactive load the resistive part
of the load will be used as the load resistor R, while the
reactive part should be combined with the capacitor C to
give a new value of Ceq = C 4+ C". In Figure 26 is shown how
& series resistive-inductive load was converted to am

equivalent parallel circuit.
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Pigure 26. Conversion of Inductive Load to
: Iiquivalent Parallel Circuit

¢ircuit Anelysis by Using the Computer Lenguege BASIC

In the article (23) éhe inverter was analyzed by numer-
ically solving the circuit with four differential eguations
by means of a GeneraleElectric 265 Time Sharing Computer.
The opening and closing of the switches representing the
5CRs and diodes were controlled by current zero-crossings.
The following assumptions were made: 1. capacitors and
inductors ‘are pure and lossless; 2. SCRs and diodes turn on
ingtantaneously, have zero voltage droﬁ and there is no
~ilow of reverse recovery current; 3. the power supply has
zero impedance at all frequenciles. |

The soiution is presented as a set of variables con-
verted to normalized or dimensionless Torm; 1t enables the
design data to be presented as a set of universally appliég
ceble tables with three variables: R®//L/C, f./f  and L,/L.

The following definitions of the parameters are:

IS ~ peak steady-state SCR current,

ID - peak steady-state diode current,



- avergge steady-state supply current,

Ing

VC ~ peak steady-state capacitor and load voltage,

VCrms - root-mean-square steady-state C and R voltage,

VS ‘- worst-case peak SCR forward and diode reverse
voltage,

Ty ~ pulse-width (duty cycle) of steady-state
SCR current,

tD - pulse-width of steady-state diode curreant and
steady-state circuit turn-off time (%),

toin — Worst-case g (in the first cycle of operation).

In designing an inverter one must know: the desired

output
degire
desire

power

power (So), the desired output freguency (fo), the
d output waveform, load characteristics (phase angle,
d regulations, starting loads), the voltage of the

supply (E) and some less important characteristics.

Design Procedure

T

Choosing f,./f, (Figure 24): lower values of fr/fO

-give shorter tc and higher VSD

Choosing LZ/L: very low values of L2/L (f. ex. 10)

require a low-cost transformer, but t, is shorter.

Choosing full-load R/) I/C: +too low value of full-
load R/Vr£76‘will economize in circulating current,
but at the expense of 1, and load-regulation |
performance.

Finding IDC: knowing S, end E and assuming the

efficiency of the inverter (N1 = 0.9), IDC may be

found from Ipy = So/2EM amps.
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Finding/L/C: having chosen f /T , L,/L, and
R/)/ L/C the value of IDCb‘L/C/E may be read off from

the table. As In~ and E are known, ) L/C can be found.

DC
Voltage and current relations: knowingl/L/C and E,

the following can be found by multiplying the table
values of current and voltages ratios by E/V L/C and

E, respectivelyz IS’ ID’ VC and VCrmso

Finding m|[/LC: knowing fy»> the half period of the LC
circuit may be found from

106

IC = - us(uH, uF and Hz units) .
2fo T 7io 4

Time relationss as wV LC is known, one may obtain

t t and T . by multiplying the table value by

s? "D? min
LC.
Resonant frequency: £, = f_ - f./f Hz.

Component values: knowning [/ 1L/C and f_, R, L,
L2 and C are

6
F“ Vu/c 0, L=m°1o uH

Qﬁfr

6
° L HH, C: 10 o

2nf,. Vi/c

Choosing the SCR: the SCR may be specified by taking

SRR

L2 =

I T t t, ... The

S? *3* “o?!' “s?! “"min

only unknown parametervdv/dt depends on the value of
the Rfo circuit in parallel with the SCR which is
needed to damp out the ringing in the inductor L.
Choosing the diodes the diodes work hardest when the

circult is lightly loaded, hence Ip should be
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calculgted using the highest,; possible in practice;
velue of B/ V/L/C, along with Vg, £, and tg. The
diodes should be of the fast recovery type in order.
to reduce the turn-off loss, the high peak transient
voltage across diodes and the radio freguency inter-
ference problem (11).

If the load momentarily presents a virtual short
circuit to the inverter (rectifiers with C-input filters,
incandescent lamps, and a-c motors) an additional capacitor
should be connected in series with the load.

Besides the described center-tapped-supply configur-

ation, there, also, exist center-tapped load and bridge

(with four SCRs) configurations of this inverter.

Conventional Method of Circuit Analysis

Assuming LZ—% Infinity

Since a reasonably high L2 deces not have any signifi-
cant effect on the operation of the circuit, in order to
simplify the analysis one may assume L2—%>infinitya

Before the circuit reaches a steady~state mode of
operation, there exists a transient period which lasts a
few cycles. The same equations are valid for both modes of
operation but during the transient period the same intervals
have different initial conditions.

Looking at the circuit shown in Figure 23, one can see
that, after starting, there exist five different intervals

of the operation of the circuit. These are shown in
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. - . i . i . . -
Figure 27. TFor figures 4~ and 57 the resistor and capaclitor

24

3 4 ) e - - JE - . el PR 3 j.
were reversed with respect to the locations ol ligures <

i . o a an . .
and 37, This was done to ahow that the same loop sguations

were applicable in both cases. After the §Lg the sequence

. . . . . " i A R §
of the following intervals are agains 2 37, 4T, BT 27
i | s R e e

3, eoe o Only the 17 will not repeat agaln.

During the transient period the next intervals have
i

initizl conditions from the corresponding previous
intervals, but in the steady-state operation the initial
conditiona are the ssme. The same assumptions were made as
well as for the analysis by using the computer language

BASIC (23). The closing of the switches S1and 82 represents,
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in fact, the ceasing of the diode currents i1(t) and ig(t),
respectively. The output voltage vc(t) is the voltage
across the capacitor or the load.

The first interval begins with triggering SCR1 (%t =0)
and lasts until SCR2 is fired (%, =To/2)° The equations for

the 1i are:s

ai L . di
Lﬁ+%§i1dt-%§i3dt=}z : 11(0)20,((19) =3 (4-1)
£=0
- % S it + % S 1,45 + Riy=0 , 13(0) = 0 (4-2)
VC = Ri3 a (4-3)

Solving these eguations, if R > = V/I/C, one may obtain:

. E ‘ E 1 .
11(t)==Lw exp(-at)sin wrt-+§ [} - Vﬁf?z exp(~at)

1 1
sin(wr1t+-qu (4-4)
VC (t) =5 [1 - "'""_1’“"' eXp(*at)Sil’l(wr1 + 61)] (4"“5)
2
where .

. £ l/ ¢ 2 % 5 -

Wpq = 2nfy = /1/LC - (1/2RC)° is the corner resonant
frequency

o} = ~%§ ig the damping constant
g, = ?%[/L/C is the damping ratio
By = cos™ ! g1 -

The initial values ij = i,(0) and vy = v, (0) for the
next interval one can obtain putting t = TO/2 in the
equations (4-4) and (4-5). Thus, for the 2% the initial

. .0 . 0
conditions are: i = 11(T0/2) and v, = v (T,/2).
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The second interval begins with triggering SCRZ(t1=TO/2

and lasts until i1(t) ceases (t2)o The equations for the

2" are:
di
1 1 1 o)
L Tt T S 11dt + 7 13dt =v, - E ,
. 0
di Vv, -
, . 1
14(0) =37 |g) =~ T (4-6)
1Ciat + =+ € iat 0
ol S 1, + G S 13 + Rl3 - Ri, = v, ,
Ve
13(0) ='?T ’ 12(0) = 0 (4"7)
' di,
- Ri3 + Ri2 + L =% < E (4-8)
Vc = R(i3 - i2) o (4—9)

The solution of these eguations in the case that

R > %IVL/ZC and concerning the variables of interest, only,

yields:
(E+Vo) (E“Rio)
1,(t) = ——— exp(-at)sin w.t ~ ——— exp(~qt) -
Wro 2RV1~§§
sin( t+9 )--’-l io-+§“t+ E_ ex (=at)sin( t+28,) (4-10)
Wpot+bp/) =73 1q+7 T r pi=a Wyo 2
0 (o] 0 -

(+) i1 B v, - E 2§2i ( )
i % RIS e + | pm—— e———] O XD "'Q,-t sj_nw %

‘T2

- _ (19R-E)
- "“”*—E 9XP(~at)Sln(wr2t~92) - ‘—77:;::5 exp(-at) °
1~52 2R 1—§2
sin(up,t+6y) — o exp(~at)sin(u,,t+26,) (4-11)
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Q .
v )
6] . :
vo(t) = - exp(-at) | —= sin(uw.,t-8,) +
.0 .
2e Ri

+ —2 1sinwr2tJ - | (4-12)

2k ) | .

where

weo =V/2/1C = (1/2RC)?

Eo ='4Z-I2_il/i76 and 8, = cos™ 8o o

Since the frequency of i1(t) changes at the point
t = T,/2 from f.q to f.,, the end of the second interval (t2)
cannot be found in simple manner. One may find t, from the
equation (4-11) putting i (t,) = O; by using the equations
(4=10) and (4-12) the initial values for the third interval
ares |

i = ip(t,)  and vo = vo(ty)

The third interval begins when i1(t)“ceases (t2) and lasts
ﬁntil the SCR1 is fired, again (t3 = To). The equatioﬁs
which govern 3i are:

ai . o o
15 : (4""']3).

L—f+Ri,-Riy=E, 1i,(0) =
. (o}
- v : .
~Ri, +Riy+g S 1386 = v9 , 13(0) = ¢ + 1) (4-14)

The solution of these equations5 in the'case that
R > %W/L/C and concerning the variables of'inferest, only,

yields: -
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.0 0 .0
-1 N E+v, 2841,
12(-t) S — _2,_263(1(‘@@511'1((»1,1?’91) + Tw : 12 ] eXpé’abSil’lert
r N z
Vi-e2 /i-5,7
v 2|1 - —L—extkadsin(u, t+e;) (4-16)
2
1w§1
(B+v0) 28, (vO+RiZ)
vc(t) = =B +_..._..9_exp€-0’§sin(wmt+e,]) . C, 2 exp(-gﬁsinwﬂt,
1~g12 1m§12
(4-17)

i

The initial values ig and vg for the next interval one
may obtain putting t = I  in the equations (4-16) and (4-17)

From the Figure 27 it is obvious that for the 4% ana 5%
valid the same eguations derived for the Zi and 3i, respec-—
tively, 1f one replace 11 by i2 and vice versa and reverse
the polarity of v (%) and (vg) thus considering the upper
end of the circuit as the lower and vice versaeb

After several cycles the circuit will reach its steady
state of operation.

In order to design the inverter by using the conven-
tional circuit analysis one should, for the given require-
ments (d-c¢ voltage supply E, output power and frequency and
load resistance — in the case of reactive loads, the load
reactance should be addedvto the value of C) choose R/VCEZE
end f /f , and from these conditions find L and C of the
circuit. Then by using the derived equations one should
determine when the steady-state operation is reached. Fron

-

the steady-state equation (4-17) one may obtain V and

Crms



69

R / - g . - o PO
VC (from dvc/dt = 0). The values Igy Ip can be found from
the steady-state eguations (4-10), {(4-11) and (4=16) and the

value of Vo by adding E to V. (in fact the worst case V. may
) ¢ )

3
happen during one of the transient cycles; so one must take
it into account). The circuit turn-off time tczmtD one may
obtain from the steady-state equations (4-15) and (4-11),

but the worst case tc:ztmim one should evaluate from the

equations (4~4) and (4-11) for the 1i and 2. The duty
cycle tg of the SCRs can be found from the steady-state
equations (4-10) and (4=16).

As it is obvious the analysis is rather complex, even
assuming L2+—§infinityc

The typical waveforms for the circult with a resistive

load with the operation intervals are shown in Figure 28,

scRIf] | ! "
| . ;
VG i T TO{ - % : :
scrg| | | 3 [1 1.,
[ o | ' |
27 ] |
~ T u
4 ! L i }/i{-\\;\/{t
_ /I 1 i . {
N e e
o |
@ 1 b
= R = —
v | - ! ll = ! !
¢ iNT e AT
/| . V] o
‘ Lo | b
| | | - | i
I T R R R |
S L e L Y- BRSO

Figure 28. Waveforms for Circults of

Figure 27



70

Circuit Analysis by Using the IBM System / 360

Continuous System Modeling Program (S/360 CSMP)

5/360 CSMP is a problem-oriented program designed to
faciliate the digital simulation of continuous process on
large-scale digital machines (24); The program provides an
application-oriented language that allows these problems to
be prepared directly and simply from either a»blockudiagram
representation or a set of ordinary differential equations.
Simplicity and flexibility are characteristice of this
language, which was designed for use specifically by the
engineer or scientist who is familiar with analog computer
simulations. S/360 CSMP requires only & minimum knowledge
of computer programming and operation.

As is well known, an analog computer simulation of the
system allows system parameters to be varied at will, and
provides & relatively quick and inexpensive way of opti-
mizing the system parameters for a given application. The
author suggests the use of S/360 CSMP for an analysis of
SCR inverter circuits. All operation intervals of the
Mapham's inverter can be represented by their block diagrams;
then using 5/360 CSMP programs for each operation interval
and defined E, R, L, C one mdy obtain the graphical solutions
of the équatiOns describing corresponding intervals. It is
an easy task to find, from these plots, the important values
of the inverter: IS’ ID’ VC’ tD’ ts and from VC to calcu-
late V

and V taking into account that for the ratios

3 Crms
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£/, = 1.5, 1.35, 1.2, Ve/V T 1.44, 1.40, 1.36,

respectively.

Crms

Oof éburse,'as well as for the conventional method of
analysis, one Should consider the intervals until the circuit
reaches its sfeadywstate operation. The initial conditions
for every next interval should be picked up from the
corresponding previous interval.

After little rearrangements of the equations (4-1, 2,
3, 6, 7, 8, 9, 13, 14, 15) one may draw the block diagrams
and write the programs for each interval. For example:

T, = 100us, E = 75V, R = 12,5/, L = 30uH, C = 4.7uF. (Note

all summers and integrators are non-inverters with gain=1.)

2.
d-1 .
1 1 . 1. . di B
S Sl 1,(0) =0 ( ) =T (4-18)
312 Ic "1 Y IC '3 1 T ST
di
£ = - o5 i3+ o i1 13(0) =0 (4-19)
VC = Rl3 o (4_’20)

Let i, = C1, iy = C3, v, = 04, di,/dt = X1, di3/dt = X3,

C
d2i1/dt2 = X4, 1,(0) = IC1, 1,(0) = IC3, (di,/dt),_q=1IC4,
1/CR = K1, 1/IC = K2, R = K3.

The block diagram for 1% is shown in Figure 29.
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Pigure 29. Block Diagram for the
’ First Interval
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Let ij = C1, ig = 02, 15 = C3, v, = G4, dijfdt X

3
e e . o

1

9
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(4=~21)
(4-22)

(4=23)

(4”24)

12(0) = 102, iB(O) = 103, (di,/dt),_ o = IC4, 1/CR = K1,

1/LC = K2, R = K3, R/L = K4, E/L = K5.

The block dizgram for 2% is shown in Figure 30.



Let 1, = (2,
“ .
12(0) = ICEW 1%(0) o

/L = K5.

-

iC3

v, = C4, di,/dt = X2,

- 5

O X Uea X We ¢l

]

OZp

le\
<O POUTPUTS
Ki ;// X3 Tc3 c3
I K3
K4 M
% ca
Jé__oéi\
STEP(o) 02/ X2 c2 J
»oan Ic2
K4 v
Figure 30. Block Diagram for the
Second Interval
i
EN
dd
2 R . R . E .0
ICE D T s PR W VI 12(0) = lo (4-25)
. . 0
di, 4 di o Vo
o 3 " o ¢ £ P .

FF =g byt oae e 1300) =dy =g e d (4-26)
V{, = R(ﬁ,fé b 12> o (4“2’!")

dis/dt = X3,

, 1/CR = K1, R = K3, R/L = K4,

e X i . . )
The tlock disgram for 37 is shown in Figure 31.
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: 3
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Figure 31. Block Diagram for the
' Third Interval

The programs are.given in Table I for the seven inter-
vals. As well as in the case of the conventional method of
analysis thevﬂ}fL and 5i_are similazytozi;and.3%;respeéti§elyw
One should substitute i, for i, and i, for i, and take into‘
account thaf for 4i;i§v5vi2(mo)" iB(To)z;—vc(Tg)/R and
ve = = R(i3-i4). It is obvious that similar SCR inverter
'ciréuits méy also be analyzed by using the S/360 CSMP in

- the manner described.
Trigger Circuits for h-f SCR Generators

In order to decrease the turn-on switching losses there
. are special‘requirements for trigger circuits, which are
.speCified by . manufacturers. .For example, for the "General

- Electrié" high-frequency SCRs C140 and C141 the character-

istics of a gate supply should be: 20 volts open circuit,

20 ohms,‘Square wave pulse with a minimum width of 1.5 usec

and a maximum rise time of 0.1 usec.
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TA bL 1

/360 CSMP PROGRAMS FGR THE COPER

“"¥as%CONTINUOUS SYSTEM MODELING PROGRAMS* % -

“‘PRUBLEM INPUT STATEMENTS“U : - ;

TITLE: HIGH FRFQUENCV SuR GFNERATUR. FIRST INTERVAL

CINCTTAL
CONST._K1217000, K22 7092'E*0Q|K3'1215

lN(ﬂN lCl=0.'lCA 0.glC4=25 E+05

UVNAHIC ]
X42¥Y3-Y )
X3=21-13
. Xl=|NTP9L(lCA.X4)
C\—INTGRLIIC\.XII
r3=lNTbRL(lC3.X3)
C4aK3¢C3 )
Y1l=K2%C1
' Y3sK2%C 3
! . IAETIR 1A
23=K1#C3
YFRM!NAL :
TIMER DELT#5, E-oa.FlNTIH-ss E~ un.PRUEL-5 F~07, OUTOEL®5.E~ T
CRIPL.C1:C3404 :
PRINT C1,C3,C4
METHOD _RKSFX
TEND
s10p

TITLE- HIGH-FREQUENCY SCR GENERATOR. SECOND INTERVAL

INTTIAL
CONST _K1=17000,,K2=7092, E'Oé,KB’lZ 5,K4341666T K5225.E405

INCON 1Ci=8.6,41C250. y1C3=84241C4=89 ,E+04

DYNAMIC
X43-Y1-Y¥3
X3=x2-21-1%3
X2=R-Q2+Q3
XL=INTGRLUTC4 ¢X4 )
Cl=INTGRL(JC1,X])
C2= INTGRL € 1C2, X2}
C3a= lNTGﬂL(lC3:X3'
C4= =K 3 #4
R=K5%STEP{O)
Y1=K2%C1l
Y3=K2*C3
© 21=K1%C}
23=K14C 3
Q2=K4*¥C2
Q3=K4%(C3
M=C3-C2
TFRHINAL §
TIMER DELT=5.E-08 FINTIM=55,E~06, PRDEL=5o5~07 OUTDEL=5.E-07
e PRINT C1, C2, C3 C&__ . .
PRTPL Cl, C2, €3, C4
ME THOD _ RKSFX s
END
sTaQp

TITLE HIGH-FREQUENCY SCR GENERATOR. THIRD lNTERVAL

INITIAL
CONST  KE=17000,9K3=12,54Ké= 416667..K5=25‘E005
INCDN . 1C2=52.3,1C3=51.78

DYNAMIC

X3=x2-23
X2=R-32+03
C2=INFGRL{IC2 X2}
c -thGRL(lca.le
C4=K3#Y
R=K5#STEP(O)

1623

4¥C2
Q3=K4¢C3
M(3-E7
TERMINAL
TIMER. DELT=5,E~ oe,FlNTIH-ES E- 06.PRDEL=5. -07.DUIDEL-5.t-07
PRINT €2, C3, C4
PRTPL"CZ,C3,Cs
METHOD 'RKSFX o
END : : i /
sTep - L
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TABLE I (Continued)

TITLE  HIGH-FREQUFNCY SCR GENERATOR. FOURTH INTERVAL

INITIAL N
SONST_K1217000,K2x 1092‘5tub,msgiz,s.xezaa5551,415.zs.s‘n5,»,uﬂ

INCIN  C1=044[22%28,42,1C339.671C4=153.E+404

DYNAHIC
X4E=¥2~Y3

X3=X1-22-17
X13R=01$0Q2

X2=INTSRL(ECSH o X4)
NYGRLIEC) X1}

TGRLE1C2,4X2)
LA=]NISRILLICH, X))

Ca=KIoM
R=KS#STEPLNY

22=K1%52
23zK1s01

Ql=K4¢C1 i
N3=K4et3d ’ '

M=C1-C3
JEaYINA]L

TIMER DELT*S.C- DS.FINHH=55-E 064PRDEL=5., E-OV.DU!DEL-S.E 07 '
PRINT. L), L2, C3y 24

PRTPE Cle C2) €3,y C4
METHID RLSEX

TITLE  HTGH-FREQUENCY SCR GENERATOR, "FIFTH INYERVAD

TINIT AL ) o -
. CONST _K1=170004,K3212,5/K47416467.0K5225,E405
THEON ~TCT=50.67,T1C3544,01

DYNANTT

. X3zxi-23
KISR=41+03
CL=INTGRLUFCE X1}
TTATINTGRETTCY XYY
CCHsKAEN -
REKS*STEPTOT
73=K1*C3 :
QIERE¥CT
-Q3=K40C3

M=C1-CY
TERMINAL

eLi=3,
PRINT Cly €3y C4
TUPRIPUCY TN LS T
METHOO RKSFX

TETLE 'HIGH-FREGUENCY SCR GENERATOR, SEXTH INI'ERVA'L

INITIAL
INCUN__1C1=25 14|IC2=§]‘.1C]=1 48:1C4=62.6204
CUNST  KI=170001K2=7092 1€ +06 K3=12+51K4241 6667 £ K525 E 405

DYNAMIC
. X4z=y1=¥3
X3=x2-21-23
X2=R=02+Q3
XI=INTGALE|CayX4)
ChL=INIGRL{ICLILXE)
C2=INTORL{1C2,X2)
e GATANTGRELACH XT)
C4=X3%4
R=KS*STEP(Q)
YlaK2wCl
Y3i=XK24C3
Zh=Kl*Cl
23:K14C3
Q2:K44C2
03:K42L3
M=C3-C2
JERMINAL ~ ;
TIMER DELTSS k- ns.Flnrln-ss E=06)PRUEL=5.E~ 01.0UIDEL-!-E-07
e PRINE €L L0 L34 €
PATPL Cle €2, C3, u4
METHOD._BXSFX
ENO e L
S198. .

TITCE  hich-¢ R'Eb'u 'l.

ST ANIT AL
. CONST Kl=l1000-,&]=lz.5.x4-416b61
TTTTT LNCON |cz-45 11,1€3540076

DYNARIC -
X3wx2-13
T x2=R=Q2¢Q3 " 77
C2= INTGRLTIC2:X2)
Bt T C3=INTGHLLTES 4431
CaxKI®H
RaKS€STEPTO}
233K #C3
Tt T gaekaeC2
Q3=KeeC)
HeC3-C2 "7
TEANINAL .
VAER DY 5, =08, FINYTH 55 E UFFRD'EF'SmmE['TE‘GT-
PaINY €7y €3y Ch
PRIPL C2, €3, C4
HE 1100 RKSFX.
EHD
cIne
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A simple variable-freguency itrigger circuit with a u.ni«=
junction transistor for triggering of a single SCR (in
Figure 33(a)) can be used up to about 3 kHz, because the
timing‘circuit RC has its limitations: 1. R > 3.2 Kohms
is needed for the cperating of a unijunction tranéistdr
oseillator, and 2. C > 0.1 uF since a lower value of capaci-

-y

tance cannot provide enocugh current for a gate of

a mediumm

or high-current SCR.

Figure 33, UJT Oscillator Trigger Circuits
for BlRs

In Pigure 33(v) is shown a modified UJT oscillator

I

trigger circuit for variable high-freguency {about 2C kHz)

oy

triggering of a single SCR (25). I
However, high-freguency inverters usually have twoe (or

four) SCRs znd, thus, they reguire é‘dual=pulse trigger

circuit with two outpuits, having the 180° phasé-relationship

between their corresponding pulses. Several dusal-pulse
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trigger circuits using conventional transistors have been
developed (4) (16). Some of them have blocking oscillators
on their outputs, thus providing fast rising output pulses
suitable for high~frequency SCR inverters.

A simple SCR trigger circuit is shown in Pigure 34 (26).
The frequency of the output pulses is defined by the

expression _ 8
(Vbe + leb) e 10

f =
75 AN,

where Vbe is the base to emitter voltage of the transistors
in vélts; i, is the base current of the transistors in amps;
Bm is the maximum flux density in gauss; A is the core area
in cm2; and N is the number of‘turnsa

Because Vbe is relatively‘insensitive to oscillator d-c
input voltage E and load curreht, the frequency of the out-
put pulses f is independent of E and the load. However, by
varying the value of the resistor of R the frequency
variation can be achieved from 10 kHz to 20 kHz. Also, the
frequency variation or precise frequency control may be
obtained by using a voltage-regulating transistor instead

of the Rbe circuit.



Figure 34. Simple Trigger Circuit for h-f SCR inverters
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CHAPTER V
SUMMARY AND CONCLUSIONS

High~fregquency operation ¢f silicon controlled recti-
fiers has become important in industrial applications of
power semiconductors. For such purposges special high~
frequency SCRs should be used with high-freguency perform-
ance curves which take into account all dynemic parameters
which affect the operation of the SCR at high-frequencies.

Several h-~f SCR generators have been developed. Some
of them are useful for one kind of application but not for
others. Mapham’s SCR inverter with two SCRs ssems to be
the most versatile and universal h-I generator for appli—
cations where a h-f voltage scurce with good regulation and
sine-wave is required.

At present, there is no published complete study
covering all of the problems associated With the h-f oper—
ation of SCHs. The author has presented a theoretical
study of this field and has provided the reader with main
references for further and deeper investigaticns of particu-
lar problems in the area of the production of h-~f SCRs, as
well as in the area of their industrial applications. - Thus,
the author hopes that this work may serve asg a basic theory

of h-f operation of SCRs. 1In addition, the author has

82
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developed and presented a technigue for relatively simple

‘analysis of some SCR inverter circuits which uses the

computer language S/360 CSMP which, it is believed, some-

times has advantages over a conventional method of analysis
and an analysis by using pure digital compubter languages.
The main problems in future investigations would be
the practical realization of h~f SCR generators for ultra-
sonic applications such as ultrasonic welding, cutting,

drilling, soldering and cleaning equipment. Such appli-

cations impose special load requirements such as: self-

tuning, impedance matching, etc., on h~f generators. MNost
of such problems have not been properly solved, even for

tube generators.
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