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Physical principles of losses calculation andwarage power losses calculation in
power semiconductor diodes and thyristors are dtaiéhe mathematical model,
permitting to plot the frequency dependences of dime current pulses amplitude at
stationary conditions of devices is designed. By é¢ixample of devices DL343-630-34
and MT3-500 the comparative analysis of the diode and tthgistor frequency
characteristics (the frequency response curvesgriged out.

1 Introduction

Frequency response curves fall into the most inporcharacteristics of power
semiconductors devices (PSC), since dynamic priegest devices, their output capacity
and conditions of cooling, which indispensabletfair normal operation depend largely
on them.

Frequency response curves are usually interpreteddependences of PSC
different parameters on frequency and duratioruofent pulses and/or voltage, affecting
them, which prescribed by the operational standartsexpressed by way of diagrams,
mathematical formulas, tables or numeric parameterthe present paper basic physics
of calculation of losses and average power lossepower thyristors and diodes at
passing of sine current pulses through them anedstaand the mathematical model
permitting to plot amplitude frequency dependencoésthese pulses at stationary
conditions of devices' activity is designed.

The part of energy, which is released in PSC airastin the form of heat is called
losses. At stationary conditions of a device attithis heat should be equal to energy
retracted from this device at cooling. Thereforeaaerage power loss for the period
between pulses is

_Ti-Te
P(f 12-) - ’ (1)
h

wheref - pulses repetition rate; - their duration T; - steady-state temperature value of
semiconductor structurel.- temperature of PSC package (cooler temperatiRg),
steady-state heat resistance value of «PSC steucphackage» system.

The heat balance equation (1) underlies the mattiemh model, formulated in the
present paper.



2 L osses and average power of lossesin power semiconducting thyristors

As it well known (see, for example, [1-3]), enetggses by activity of thyristors
are composed of switching losses at turning thegp@m and off and losses at their
activity in open condition. Thus,

P(f,7) = Pr (F,7) + Py (f,7) + Pro (.7), (2)

whereP(f, 7) andPgro(f, 7) - average powers of switching losses at turning pamesind
off accordingly Pa(f,7) - average power of losses by activity of a thyrigtoopen
condition.

2.1 Switching losses at athyristor actuation

A thyristor turning on implies the process of devicansference from off (non
conducting) state of low conductivity in on (conting) state of high conductivity when
applying a forward voltage to it. Thyristogsn-p-n-structure actuation may be put into
effect in different ways: by increase of voltaggher than some threshold value, by
injection of a control current pulse in a base tapg lighting of structure, by its heating
etc. However a physical nature of all these metliedsn [1-3], that, some of majority
carriers are injected at least, in one of the tegers of a thyristor, which stimulate
minority carriers injection by emitter junction. I8e part of injected carriers recombines
in PSC base, and some part reaches collector gumatid by the field of a bulk (space)
charge layer is carried out in other base, whezg fferve as majority carriers.

In the base, these carriers cause an injectionidnity carriers from the second
emitter junction. For their turn, a part of emitj@nction carriers recombines, and another
part reaches collector junction and comes in th& base, which results in favourable
conditions for increase of injection through thatfiemitter junction.

As a result the current flowing through the stiwetrises, the density of extra
carriers in bases increases, and at getting of sate conforming to a critical charge of
actuation, it starts to satisfy the conditionstfog spontaneous regenerative current rise.
From this moment to maintain the process of cumigetthere is no need to inject
additionaly extra charge carriers in base laydesy enter there in sufficient quantity
through a collector junction in consequence ofenftrflowing through the device.

From the practical point of view the most commombgd and, therefore, the most
interesting method is to actuata-p-n-structure by a control current pulse. Therefn
the present article we shall limit ourself to calesiin particular this method of a thyristor
actuation.

Actuation of a thyristor by a control current puisiially takes place in an area
with the maximum control current density adjointoga control gate [1-3].
Simultaneously this actuated state with the teriniabcity vo = 10 sm/ms [3] is
transmitted throughout all the area of emitter jiomc Such a nature of the real process
of semiconductor structure actuation allows usngsfy its theoretical consideration
and to conclude, that it consists of two indepenh@encesses: a unidimensional process
of actuation covering events which occur alongdineent line, and a non



unidimensional process of actuated state transmittiroughout the cathode area. Thus,
an average power of switching losses

tin
P (f.0)=f ji(t) u(t)%dt, ‘)
0

wheret;, - total time of a thyristor actuation(t) - anode current flowing through a
thyristor at its actuationy(t) - anod voltage conforming to this currefi;- the maximum
area of the cathode of a thyristor, which functiomsan actuated stat&t) - area of
cathode region, which is in an actuated statestamt of time.

The difficulty of calculation of average powersfitching losses (3) at actuation
of a thyristor consists of that in the general dase evolution of anode curret{t) and
voltageu(t) are rather complicated and depends on both thiesstbr parameters, and the
mode of its switching on to the open state (theaduoltage, the loading nature of a
power circuit, the amplitude and the rate of nfa control current pulse etc.). The
typical dependences of an anode current time alidgey observed in practice at
actuation of a thyristor, are shown in a fig. 1.
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Fig. 1. Diagrams of control curreigt(a) time dependence and
typical dependences of anode curn¢itand voltageu(t) (6)
at a thyristor actuation by this control current.

As this figure shows, a thyristor actuation transiconsists of three main points
[1-4]: the delay, the current rise (voltage dropdl he stationary state.



The delay implies an initial stage of a thyrishotuation process from the
moment of control current pulse (fig.d), injection up to the momery, corresponding
to the beginning of anode current rise and anodtag® drop. At this stage the device
voltage practically is not varied, and the thynidemkage current rises slowly up to the
switching current (fig. 19). Therefore at moderate temperatufesf semiconductor
structure the loss of energy at a stage of delpgas insignificant, and at calculus of an
average power of switching losses (3) we may igtioeen:
tin
~ ¢ [ Sk
P (f,0) = f j ) g5 & (@)
to
The area of cathode region, which is in an actustai®, at the stage of delay also
practically does not vary and is equal to the &gaf initial region of actuation of a

thyristor (near the control gate), width of whishuisually 0,3 - 0,6 mms [3].
Thus,

S, mpu t<t,

2
S(t) = ﬂ(‘/% +Vp(t _tO)j npu ty <t <ty, (5)

S npu t=>t,,

wherety- time necessary for transmitting of actuated salitever the area of a cathode

S
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The time of delay, includes the timé&; of charge carriers transit through base
layers of semiconductor structure of a thyristat imet, of critical charge
accumulation in these layers. It is necessaryréorsition of a thyristor in a conducting
state:

te =to+

ty =ty +1t. (7)

The time of transity is conditioned only by design factors of the devand equals [4]:
2 W2
td = 0,2 W_n _ P , (8)
2D, 2D,
whereW,, andW, - thickness of-base angb-base of a thyristor accordingly, arfo, and
D,- diffusion constants of minority carriersirbase ang-base accordingly, .
Making use of the Einstein relation, diffusion ctamésD, andD, maybe expressed
through mobilities, and, of charge carriers:
KT,
Dnp =" Hnp. (9)

wherek - Boltzmann constang - electron charge.
For their part mobilitiegs, andz, maybe calculated, making use advantage of a
sem-iempirical relation [5, 6]:



) (10)
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wheregi, = 1350 sri(B(d), andq, = 480 sni/(BI3) [6].
Considering equations (9) and (10), for time oh&ia(8) we receive:

5/2
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Calculations made by the formula (11), show, that@ooduction-run thyristors
the time of transitty lies in the range from 3 up to 10 mcs.
The time of accumulation of critical chargelepends on the amplitudlg of a control
current pulse, and also from the strength of dépaaurrentlsc, connected with the
rise of anode voltage in off condition. In accoridw1], this time may be represented in

the following way:
- lg +lac
ty =ty In( j (12)

lg +loc = lot(Umm)

wheretg; - time constants of the current build-up in thegafromt, to t; (fig. 1, 6), and
le1(Umwm) - the minimum control current required for a iBtor actuation at a preset value
Uy of anode voltage.
The currentc is conditioned by availability of a barrier capgaoiceC on
collector junction of a thyristor, which is gendyadpeaking, depends on the applied
anode voltag&(t):
| = d(CU)
GC dt :

The initiating of this current results in reductiofnvoltage of a thyristor switching
in a conducting state with the increase of ratarmfde voltage rise (effedU/dt [1]).
Considering, that forward current sine pulses tghoa thyristor are conditioned by
sinusoidal anode voltage

(13)

U(t) =Uqy sin(gj, (14)

whereUqy, - peak voltage, and neglecting barrier capacit@&dependence on voltage,
from (13) we come to:

- TCUqy
—

lac (15)
Thus, the capacitan€ée@may be computed starting from the condition equalitcontrol
currentlsr(Umy) and capacitive current (13), conforming to suchta of anode voltage
(dU/dt)max When a thyristor is actuated spontaneously, with® control current pulse
injection to a control gate:

=~ terUm)

. (16)
(dU /dt), .,



The value qU/dt).x characterizeslU/dt-stability of a thyristor. As a rule, this
value is determined experimentally and ranks amitrey most important parameters
featuring dynamic properties of the device.

Subject to equations (15) and (16) the time ofaaiitcharge accumulation (12) may be
represented in the following way:

mTM

IG L IGT(UTM)
t=t,In 7(dU /dt) )
LS T 1 lar (U )
| + -
© 7 r(dU /dt) L

In that way, taking into consideration (11) and)(X@r the delay time (7) we have:

7

5/2 lg*+— ™M (Upy)
W W, (Tj] et (U, ™
0 ?

r(dU /dt), .

At considerable amplitudes of control current psilsend steep edge of anode
voltage the time of accumulatidgntends to zero, and delay tirfge to its minimum value
determined by transit timg [augend in expression (18)]. Along with the voltagmse
applied to a thyristor in the forward directionfegtive thicknesses of their base layers
decrease owing to an expansion space charge lagsilector junction, that decreases
the transit timey and also reduces time of delay of a thyristor a@iob.

The delay stage duration(18) conditions minimumunegl duration of turn-on
control current of a thyristor.

The dependence of anode current of a thyristohertiine at a stage of its rise (figo,la
perodt, - t;) usually has the exponential nature [1-4]. Disrdgey the change of current
intensity at a stage of delay, this dependencelmegyesented as:

i) =1 exd 0 |, (19)
tgi

wherels leakage current conforming to an off-state dfaistor [7].
Simultaneously with the anode current rise the enamtage starts to decrease (figo)L,
At actuation of a thyristor for a resistive loaakihg into consideration (14), the voltage
dependence on the time may be described by thessipn:

u(t) =Uqy Siﬂ(ﬂj exp{— t _tOJ. (20)
r ty

The constant of the current rigg, time, which is the part of formulas (19), (20)
and (12), is determined by minority carriers getierarate via the first emitter junction.
Specific valuedy, which lie in the range from 0,3 up to 10 mcs fidj production-run
thyristors, are usually determined from the diagdraxperimental dependence of anode
current on the time, constructed in the semilobarit scale.

When decreasing anode voltage, becomes equal &senwltage drop, the stage
of avalanche-like increase of anode current cométs end. From this moment the stage
of stationary state of a thyristor activity in am-state starts (fig. &,; a period; - t,).

t, =01 . (18)




This stage is accompanied by the increase of Evelbase conductivity
modulation, thus the voltage drop on a thyristacpeds to decrease and in the stationary
state approaches the stationary value, lying imdhge from some tenths of a volt up to
some volts.

In non stationary state, for example, under caoonktof constant voltage rise of an
external source (14), the stage of steady statiegeippears blurred. Therefore we may
consider, that the dependences of anode currentatadie on the time look like (19)
and (20) up to that moment when the rising anode current becomes equakto th
forward current of a sine pulse, which would rurotigh a thyristor opened in full:

I ex 7l npu ty St <t,,
: ty
i(t) = (21)

([ Sin(ﬂj npu t >t,,
T

wherelq, - amplitude of forward current pulses;

Uy sin(@j expg ~ 12 | npu t, <t <t,,
r ty

Uo+%r it) mpu t=t,,

where U, - pinch-off voltage of linearized E-I curve of PSfevice [7],r - dynamic
resistance of the device in a conducting state.

In the last expression that fact, that the timearhpletion of one-dimensional
process of actuation may be both more, and less than the tigwé a thyristor actuation
all over the cathode area, is taken into accoumisThe total time of a thyristor actuation
IS:

u(t) = (22)

in

_ t, mpu t, =21ty 23)
ty mpu t, <ty.

As it follows from the formula (21), the timgis determined by the solution of the

following equation:
t, —t .
lsexg 2—2 =l sm(&j. (24)
tg T

|
t, =ty +ty |n(%j. (25)

S

The root of this equation is:

Expressions (4) - (6) together with equations ,({8)) - (23) and (25) completely
determine an average power of switching lossesocomniig to processes of a thyristor
actuation. If we integrate (4), we derive:

1) att, >ty

KO



where

tko EV— T (27)
0
1
e = v %; (28)
0
(7t t, —to)tg 7t 7t
R (f, )= felUmy 5”'(—0] G tollia |TMUO£|:CO{—ZJ—CO{—KJ:|+
T ) (tko +t2 —to)tko T T T
+r]2 tﬁl( k —b L Cos@rty [T) cos@rt,/T)
™ & -

(29)

+2_7Tsi,.(277(t0 _tKo)j {Ci(zmtm ik _to)j _Ci(ZH(tKo th _to)ﬂ +

r r T r

+2_ITCO{MJ |:S'(2n(tK0 +y _to)j_g(Zﬂ(tKo +t, _tO)jD},
T T T T

whereCi(x) - integral cosine S(X) - integral sine.

The factor in expressions (26) and (29) at impulssguencyf, represents switching
losses of a thyristor at its actuation.

2.2 Average power losses and losses at operation of a thyristor in a
conducting state

At operation of a thyristor in a conducting staipu t > t;,) the averag@ower of losses
Pav(f,7) is determined by the expression:

T
Py (f,7) = f Ii(t) u(t) dt, (30)
tin
where dependences of time on anode cui@nand the voltage(t) are determined by

formulas (21) and (22).
If we integrate (30), we get:

2
Pav (f,7) = fr Yolmm 1+co{ni”j + Mim 1+isin(%j—t‘—” . (31)
T T 2 27T T T

2.3 Switching losses at athyristor turning off

A thyristor turning off implies [1-4] the proces$ its transfer from on-state into
off-state (nonconducting), when it is capable andta definite direct voltage, applied to
it with the specified rate of risd#J/dt.

In the present article we shall assume, that tiigstior turning off is carried out
via the power circuit by applying a reverse voltagé.



A thyristor switchs to its on-state for the finine required to dispers the extra charge
stored in its layers. Thus the back current flowsugh the device, its dependence on the
time is shown in a fig.

ts T £
T —
|
| a)
I
U A l 1
|
N
[ o]
!fslttt £
i =2
H
a)

Fig. 2. Diagrams of currentaj and voltageq)
at a thyristor turning off.

The timet in this figure is counted out from the moment, whies forward current
through a thyristor becomes equal to zero. Dowthissmoment the forward current
decreases up to zero point with the ditdt, determined byhe voltage applied and
parameters of external electric circuit. For thevard current sine pulse duratienthis
rate is:

di _ rAqy
dt r

During the forward current decrease due to the elwecombination of electrons
and holes in semiconductor structure of a thyrigtere is a decrease of stored extra
charge. This process is inertial, and its rate ddpgbasically, on hole lifetimg s n-
0ase (7, = 3+ 6 mkc [1]). Therefore to an instant= 0 in base layerat p-n-interfaces the
considerable extra charge is still remained, andséantt > 0 the back current (fig. 2)
starts to flow through a thyristor, with the saraterof rise as the rate of forward current
fall:

(32)

o di oy
(t)y=—t=—"-"7"72t. 33
(t) o - (33)

At this stage the structure of a thyristor pradljcdoes not block voltage as in its
layers there is still enough number of extra cesridhus, the back current rise stage



durationts = 0,6 + 0,71, [1]. Therefore at a thyristor switching to an waetiload the
energy losses during this period of time with higggree of accuracy may be ignored.
The flow of a back current through the structurenpotes further decrease of extra
carriers density, first, due to recombination peses, second, due to their knocking out
by an external electric field. In the instant ofidits the stored charge decreases so, that it
starts to limit a back current. Thus the resistasfdde device increases sharply, and it
assumes an external voltage (14):

u(t) = -Uqy sin(gj. (34)

From this moment (the periag- t,, in fig. 2,a) with the decrease of extre charge
density the back current passing through a thyrggareases sharply from its maximum
valuel,, practically up to zero point [2]:

) -t
i(t)=-1._ exg - S|, 35
=1, ;{5j -

wheret; - the time, which is usually considered as thalfstage of a thyristor resistance
recovery duration (fig. 3).

Fig. 3. A standard method of back current curve approttona

As it follows from the formula (33) the maximum lkazurrent value
HTM
=—1t..
T S

I rr (36)

Taking into account, that an average power of $witglosses at a thyristor turning off

Pro(f.7) = £ [i(®) u® t, (37)

S

using expressions (34)-(36) we derive

- Tt ¢ Uy Tt 2 2.2 (&j}
Pro(f.7) f(T2+ﬂ2t?)t(4rz+n2t$){3mtfco{Tj+(2r °t)sin =

(38)

It should be noted, that back current rise tigrend its fall time depend essentially
on the forward current amplitude, which flows befarthyristor turning off, on the rate



di/dt of its change and on the temperafljref semiconductor structure. As our study
demonstrates, for the wide class of devices thiedéence is described by these
empirical formulas:

as ) (Belm )02 T 3/2
ts(lTM’di/dt’Ti):tso[llTMJ ((dlldt)oj (_JJ ’ (39)
0

0 di/dt T,
a ; (Bl) ™% 3/2
. I (di/dt) T
te (I, di/dt, T;) =t | ¥ Oj . 40
t (Itm i) fo[ Iy j ( di /dt T (40)

where as, a;, 5, and 5 - experimentally determined parameters of a modeichvh
depend only on design features of PSC devicetgmamdt, - back current rise time and
fall time accordingly measured at the temperafig®f semiconductor structure, at value
lo of classification current, which drops with theedtli/dt), at PSC switching from
conducting state to a honconducting state.

The expression (38) together with (39) and (4@ mheines completely an average
power of switching losses and losses [the factdr at (38)] at a thyristor turning off.

The average power of total losse®(f,7) is determined by formulas (2), (26) -
(29), (31) and (38).

As these formulas demonstrate, the average poimetad losses is proportional
to the current pulse repetition rate. Thus losbesnselvesE = P/f do not depend on
frequency and at given current amplitude are detextnby pulse duratiom only.

Graphs of total losses dependence versus forwardnt sine pulses duration
constructed on the basis of obtained formulas tbyastorMT3-500 under different
values of a currenty,, are shown in a fig.4 (continuous curves) . Ingame figure
graphs of switching losses are figured at a detwin@ng on (dotted curves) and a device
turning off (chain curves), and also graphs ofésdsy a thyristor operation in on-state
(dashed curves).

The analysis of constructed graphs demonstratasirtfarea of sufficiently large
losses in thyristors are conditioned, basicallyldsses at their operation in conducting
state. The switching losses in this area of pulseation may be neglected.

With the decrease af, at operation in a conducting state losses aigp, @gnd switching
losses, quite the contrary, grow and at duratior200+ 300mcs are comparable with
losses by a thyristor operation in on-state.

At 7< 200+ 300 mcs switching losses at the device turningdofhinate. In this
area ofr, losses at a thyristor turning on and losseddgperation in a conducting state
quickly decrease due to that the pulse duratioonmes comparable with the turn-on time
of the device. Therefore forward current pulseshastrict sence, cease to be sinusoidal.
Their rise-up portions are distorted heavily undlee influence of the turning on
transients.

At last, when the pulse duration becomes equaltton-on timeof the deviag [
5+ 7 mcs), it ceases to be turned on completelyn#dllerr losses of a thyristor are
conditioned, basically, by leakage currents pasingugh the device.



T L T T T
T S---AFRTTTA-A——-MTrTT T—T - —
u S-S AFRTTTA-A——-mMTrTT T—T - —
._..m .m .m —- - -AFTTTA-1——-MTrT T T—T -
" o Rie o S H R R o e R b e -
== ] = LIV S Iy Y A
o 1”0 T -I_-.
n [ P VN T T I I AR R I B
| 2 B = [ [T O T T T

W == _= dod_mripa_ W

1 17T mTrrr 1w

1 o I 1t ‘NW
1 [ iy _ﬂ\\r
u I_I|_||I_|_|_.._-ﬂ._|_|u.|w F
1 o IIEEEE
e o TR + '
I [ ey
I IR ' [ e P e
el bl b b = b = bl el = 1= = =T —d—— =+ i P.r-ll
it -+ = F = = 4t iAo - - — — - H—— —H+ — ——
MTr-rr-r--TITRn gy A= ST AT e~
Fit -+ = F = = 41t FI4 4 - - 3 ,.m__|||11+1+_ﬂ.|4-|1|||
i ||IL\$\_.-I_T¢|f|||

[ IR [EARWEII

AL U B T I B B Y ﬂﬂu.__.___._ "R

1 _ _L-_11 T . L]

il "I.“. “l ._.._._II“I“ [ ."|-th L
L 11

|
|
|
1
17 |
1 |
1 |
b B T e I ST AT T T ==
1 e IR I
1 e oo 4 FIIF A
[ e ni .._.. g g
IR e ni i [
I Y T T SR I T P O Y EOY R .+.I|_|._.|.r||
HitF—F ¢ = F = = 414 FIH - —I- = = —— =+ P+ —+ - —A
HitFI-F+ - F = -4t FA44-F —1- - - —— —Htt+ Pt —+ - —
Hi+FI-F+—F - — 414 HIHd—F —1- — — ———Ht+ -t — - —
I Y T T SR I T P O Y EOY R T TR R
NI IR LT T— =
AL R 1 I A T Y Y I T I A R B B [ T R R
L L T iy O Y I Iy N L1
IR nrere o N
NI IR N
AL R 1 I A R I R T I I R I B R A U NN [ T Y R
IR e N
[N e oo I
FTr-rT-r=--TITrAa-rC-i- - - rrT—T-—
IR e N
IR e N
IR e N
[N e oo I
i ey L L L
o — =) - k)
= = [ o] o]
— — — — —

#T ‘3 - BradaHg

(41)

10°
1}

2
0

T] _TC

2fr RyU

1+ﬁ

Fo MEC

Fig. 4. Losses of a thyristaviT3-500 depending on forward current

10°
sine pulses duration (Uny = 1280B, T; = 398 K, T, = 298 K):

i

2U0
I

Iy (f,7) =

2
10
HnuTentHOCTE MMNYNBCA -

flowing through a thyristoMT3-500, are shown in fig. 5.
Unfortunately, to obtain explicit expressions floe functionlny(f,7) is proved to

bedifficult. It is possible only in one particularsa- atr >> t;,,, t,;, when switching

losses at a thyristor operation may be neglectethi$ case

continuous curves - total losses; dotted cunssgitching losses
at the device turning on; chain curves- loss at#ace turning off;

dashed curves - loss by a thyristor operation Hstate.

10°
In an implicit form the frequency dependence ofwlard current sine pulses

amplitude in stationary conditions of a thyrist@eaation is set by equation (1), in which
an average power of lossBff,7) is determined by expressions (2), (26) - (29),) @nd

(38).

3 Frequency dependence of sine current pulses amplitude in stationary
The graphs of this dependence (level lines) coatdufor different values of a

conditions of athyristor operation

currentlqy,
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Fig. 5. Frequency response curves of a thyrisfdi3-500, constructed

for sine current pulses under following conditions:
P(f,7) = Pay (f,7) + P (f,7).
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4 Lossesand an average power of lossesin power semiconductor diodes
The average power of losses at diodes operatiarconducting state is
determined by expression (31), in which the turrtiore t,should be put as equal to

Zero:

Um = 1280B, T; = 398 K, T, = 298 K. A straight line in this figure

corresponds to continuous mode of a thyristor opmratvhenf = 1/r.
practically immediatelly, as the process of tl®nductivity modulation is finished for
several tens microseconds [1, 2]. Thus the phypizalesses flowing in diodes by their

operation in a conducting condition and at theiitdwng from conducting to
nonconducting condition, practically do not diffesm those processes, which flow in

semiconductor thyristors. Thus, the energy lossdgdes operation are formed from
losses in the term of their operating in on stai@ switching losses at their turning off:

As against thyristors, the actuation of power semtictor diodes is carried out



U, ri2
P, (f,7)= fr O™ ™ML 43
av (F.7) { = 5 } (43)

An average power of switching losses at switchihgiodes from the forward to
the reverse direction may be calculated under dhedla (38), in which a back current
rise time ts and a time of its fali; are set by expressions (39) and (40).

Formulas (42), (43) and (38) - (40) completely deiee an average power of
total lossed(f,7) and total lossek = P/f in power semiconductor diodes

As well as in case of thyristors the average pafé¢otal losses in diodes appears
proportional to a current pulse repetition rateugtosses do not depend on frequency
and at given amplitude of a current are determed pulse duratiom. only.

Graphs of total losses versus forward current guiges duration constructed for a
diode /1J1-343-630-34 under different values of a currépt, are shown in a fig. 6
(continuous curves). In the same figure graphswvafching losses are figured at the
device turning off (chain curves), and also graphksses at the diode operation in on-
state (dashed curves).

As this figure demonstrates, at sufficiently lamgéhe main contribution to losses
of diodes is energy losses (43) at operation istate. With the decrease pfthese

losses drop practically linearly and at smalbecome less than losses (38) at switching
of diodes from the forward to the reverse direction

i
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Fig. 6. Losses of the diod&J1-343-630-34 versus duratiohof
forward current sinpulses Uy = 1280B, T; = 398 K, T, = 298 K):
Continuous curves - total losses; dotted curve#tcbmag losses at



the device turning on; chained curves- loss atithece turning off.

Thus, at small durations of current pulses flowihgugh diodes, their losses, as
well as the losses of thyristors, are conditiongakically, by switching losses at their
turning off.

At 7, equal to several tens microseconds (fig. 6), esarkase to work normally, as
the pulse duration becomes comparable with the déihe®nductivity modulation at
devices operation or with the timygof back resistance recovery.

5 Frequency dependences of amplitude of sinusoidal current pulsesin steady-
state conditions of activity of the diode

In an implicit form the frequency dependence ofwlard current sine pulses
amplitude in stationary conditions of the diode rapien is set by equation (1), in which
an average power of lossBff,7) is determined by expressions (42), (43) and (38)r
>> t.,, when switching losses at the diode activity mayéeglected, this dependence may
be shown in the explicit form (41).

Graphdy(f,7) (level lines) constructed for different valuesaodurrentry,
flowing through the diod@J1-343-630-34, are shown in fig.

f
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Fig. 7. Frequency response curves of the difdle343-630-34, constructed
for sine current pulses under following conditions:
Um = 1280B, T; = 398 K, T, = 298 K. A straight line in this figure
corresponds to continuous mode of operation oflibde, whenf = 1/7.



6 Conclusion

Results, obtained in at present study, demonstifzdé frequency response curves
of diodes and thyristors are determined by suchrggnsses, which are evolved in
semiconductor structures of PSC device by way ait.hat large durations of pulses
these frequency response curves are conditionedaligdy losses of energy at devices
operation in conducting state. In this case thexjdency dependence of sine current
pulses amplitude may be expressed by the formula @t small durations of pulses,
frequency response curves of diodes and thyrist@conditioned, basically, by energy
losses at devices switching from conducting to@omnducting state.

Comparison of frequency response curves of diodestlayristors demonstrates
that main differences are connected with switclangrgy losses at thyristors turning on.
These losses influence on dynamic properties ofdtoys in area of pulses durations]
200+ 300 mcs and also result in distortion of rise-optipn of forward current pulses .
The analysis of frequency response curves of diaddghyristors allows us to conclude,
that for improvement of dynamic properties of P&Qides it is necessary, first of all to
minimize energy losses at devices operation inng@gcting state (43) as well as at their
switching from conducting to non-conducting st&38)(
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