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To design reliable semiconductor cir-
cuits, it is necessary tc hoid junction
temperature below its maximum rating,
regardless of operating conditions. Here-
tofore, little information has been avail-
able to determine junction temperature
under puised power conditions such as are
encountered in switching circuits. This
note expiains 2 workable method ~ using
the concept of transient thermal resist-
ance — vhich enables the designer to pre-
dict junction temperature at any point in
time regardiess of the power waveform.
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THERMAL RESPONSE OF SEMICONDUCTORS

INTRODUCTION

For a certain amouni of dc power dissipated in a semi
conductor, the junction temperaiure reaches a value which
is determined by the thermal conductivity from the junc-
tion (where the power is dissipated) to the air or heat sink.
When the amcunt of heat generated in the junction equals
the heat conducted away, a steady-state condition is
reached and the junction temperature can be calculated
by the simple equation:

Ty=PpojR+TR
Ty = junction temperature
TR = temperature at reference point
Pp = power dissipated in the junction
OJR = steady-state thermal resistance

from junction to a temperature
reference.

(13)

where

Power ratings of semiconductors are based upon steady-
staie conditions, and are determined from equation (la)
under worst case conditions, i.e.:

T d-T
PD(max) =~ R )
8IR(max)

TJ(max) is normally based upon rescks of an operating
life test or serious degradation with temperature of an im-
portant device characteristic. TR is usually taken as 25°C,
and 8JR can be measured using varicus techniques. The
reference point may be the semiconductor case, a lead, or
the ambient air, whichever is most appropriate. Should
the reference temperature in a given application exceed the
reference temperature of the specification, Pp must be
correspondingly reduced.

Equation (1b) does not exclusively define the maximum
power that a transistor may handle. At high power levels,
particularly at high voltages, secondary breakdown™ may
occur at power levels less than that given by equation (1b).
Secondary breakdown can be prevented by operating with-
in the Safe Area given on a manufacturer’s data sheet.
Needless to say, abiding by the Safe Area is most impor-
tant in avoiding a catastrophic failure.

DC Safe Area and thermal resistance allow the designer
to determine power dissipation under steady state condi

*Secondary breakdown is a result of current concentrating
to a small area which causes the transistor to lose its abil-
ity to sustain a collector-emitter voltage. The voltage
drops to a low value generally causing the circuit to de-
liver a very high current to the transistor resulting in a
collector to emitter short. See AN-415.

tions. Steady state conditions between junction and case
are generally achieved in one to ten seconds while minutes
may be required for junction to ambient temperature to
become stable. However, for pulses in the microsecond
and millisecond region, the use of steady-state values wili
not yicld true power capability because the thermal cap-
acity of the system has not been taken into account.

To account for thermal capacity, a time dependent fac-
tor r(t) is applied to the steady-state thermal resistance.
Thermal resistance, at a given time, is called transient
thermal resistance and is given by: , : _

OIR{) =r(t) - OJR 163

The mathematical expression for the transient thermal
resistance has been determined to be extremely complex.
The response is, therefore, plotted from empirical data.
Curves, typical of the resulis obtained, are shown in Figure
1. These curves show the relative thermal response of the
juncticn, referenced to the case, resulting from a step func-
tion change in power. Observe that during the fast part of
the response, the slope is 1/2;(ie., TJ « /1) a fact found
true of all devices measured. The curves shown are fora
variety of transistor types ranging from rather small devices
in TO-5 glass header package (curve 6) to a large 10 ampere
transistor in a TO-3 package (curve 2). Observe that the
total percentage difference is less than 4:1 in the short
pulse (fo) region. The values of thermal resistance vary
over 50:1, however. Therefore, the curves could be ap-
plied with judgement to any semiconductor type. The
package is the most important single variable which affects
thermal response.

Recent Motorola data sheets have a graph similar to
that of Figure 2. It shows not only the thermal response
to a step change in power (the D = O curve), but also has
other curves which may be used to obtain an effective r(t)
vaiue for a train of repetitive pulses with different duty
cycles. The mechanics of using the curves to find Ty at the
end of the first pulse in the train, or to find Ty(pk) once
steady state conditions have been achieved, are quite sim-
ple and require nc background in the subject. However,
probleras where the applied power pulses are either not
identical in amplitude or width, or the duty cycle is not
constant, require a more thorough understanding of the
principles illustrated in the body of this report.

USE OF TRANSIENT THERMAL RESISTANCE DATA

art of the problem stems from the fact that power
pulses are seldom rectangular, therefore to use the r(t)
curves, an equivalent rectangular model of the actual pow-
er puise must be determined. Methads of doing this are
described near the end of this note.

Circuit diagrams externa! to Motorola products are included as & means
of ifiustrating typical semiconductor applications; consequantly, com-
plete information sufficient for construction purposes is net neces-
sarily given. The information in this Application Mote has been carafully

checked and is believod to be entirely reliable. However, no responsi.
bility is assumed for inaccuracies. Furthermore, such information does
not convey to the purchaser of {he semiconductor devices described
any licanse under the patent rights of Motorola inc. or others.



Before considering the subject matter in detail, an ex- The temperature is desired, a) at the end of the first pulse
ample will be given to show the uze .7 ho thermal respanse b) at the end of ¢ pulse under steady state conditions.

data sheet curves. Figure 2 is 2 represiaiative graph which For parc a use:
applies to a 2N3467 transistor.
i Ty=1{Sms}d3cPD+TC
Pulse power Pp = 5 Watts The term (S ms) is read directly from the graph of Figure
Duration t = § milliseconds 2 using the D = O curve,
Period rp = 20 milliseconds 5 Ty=033x35x5+75=57.80 C+75=132.8°C
Case temperature, TC = 756C
Junction to case therma! resistance, The peak junction temperature rise under steady condi-
8yc = 359C/W tions is found by:
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Ty=t(tD) 63 P+ T

D= t/fp =520=0.25. A curve for D=0.25 is not on
the graph; however, values for this duty cycle can be inter-
polated between the D =0.2 and D= 0.3 curves, A1 S ms,
read r{t,D) = 0.45.

Tj=045x35x5+75=79+ 75 = 1549C

The average junction temperature increase above am-
bient is:
TI(average) - TC=635CPpD
=(35)(5){0.25) 3
=43,759C

Note that Tj at the end of any power pulse does not
equal the sum of the average temperature rise {43.75°C in
the example) and that due to one pulse (57.8°C in ex-
ample), because cooling occurs between the power pulses.

If the temperatures caiculated are lower than TJ(max),
the device should operate satisfactorily providing the load
line of operation is within the safe area. Safe area should al-
ways be checked. As a rule of thumb for pulses of power
shorter than 1 ms, second breakdown limiis power at low
reference temperatures while thermal resistance limits pow-
er at high temperatures.

While junction temperature can be easily calculated for
a steady pulse train where all pulses are of the same ampli-
tude and pulse duration as shown in the previous example,
a simple equation for arbitrary pulse trains with random
variations is impossible to derive. However, since the heat-
ing and cooling response of a semiconductor is essentially
the same, the superposition principle may be used te solve
problems which otherwise defy solution.

Using the principle of superposition each power interval
is considered positive in value, and each cocling interval
negative, lasting from time of application fo infinity. By
multiplying the thermal resistance at a particular time by
the magnitude of the power pulse applied, the magnitude
of the junction temperature change at a particular time can
be obtained. The net junction temperature is the algebraic
sum of the terms.

The applization of the superposition principle is most
easily seen b ~iudying Figure 3.

Figure 3a trates the applied power pulses. Figure
3b shows the:o wulses transformed into pulses lasting from
time of app.:ation and extending to infinity; at tg, P}
starts and extends to infinity; at ti, a pulse (-P1) is con-
sidered to be present and thereby cancels Py from time i3,
and so forth with the other pulses. The junction tempera-
ture changes due to these imagined positive and negative
puises are shown in Figure 3c. The actual junction tem-
perature is the algebraic sum as shown in Figure 3d.

. Problems may be solved by applying the superposition

principle exactly as described; the technique is referred to
as Method 1, the pulse-by-pulse method. It yields satis-
factory resuits when the total time of interest is much less

than the time required to achisve sieady state conditions,
and raust be wood when an uncoriainty exists in a random
puise train as to which pulse will cause the highest tem-
perature. Examples using this method are given in Appen-
dix 1 under Methed 1.

For uniform trains of repetitive pulses, better answers
and less work is required by averaging the power pulses to
achieve an average power pulse and then calculsting the
temperature at the end of the n or atl pulse. The essence
of this method is shown in Figure 6. The duty cycle family
of curves shown con Figure 2 and used to solve the example
problem is based on this method; however, the curves may
only be used for a uniform train after steady state condi-
tions are achieved. Method 2 in Appendix 1 shows equa-
tions for calculating the temsperature at the end of the nth
or n+1 puise in a uniform train. Where a duty cycle family

_of curves is available, of course, there is no need to use

this method.

Temperature rise at the ¢nd of a pulse in 3 uniform train
before steady staie conditions are achieved is handled by
Method 3 (a or b) in the Appendix. The method is basic-
ally the same as for Method 2, except the average power
is modified by the transient thermal resistance factor at
the time when the average power pulse ends.
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A random pulse train is handled by averaging the puises
applied prior to situations suspesicd of causing high peak
temperatures and then caleulating junciion teinperature at
the end of the ¢l or n+1 pulse. Part ¢ of Method 3 shows
an example of solving for temperature at the end of the
3rd pulse in a three pulse burst.

HANDLING NON-RECTANGULAR PULSES

The thermal respense curves, Figure 1, are based on a
step change of power; the response will not be the same
for other waveforms. Thus far in this treatment we have
assumed a rectangular shaped pulse. It would be desirable
to be able to obtain the response for any arbitrary wave-
form, but the mathematical solution is extremely unwieldy.
The simplest approach is to make a suitable equivalent
rectangular model of the actual power pulse and use the
given thermal response curves; the primary rule to observe
is that the energy of the actual power puise and the model
are equal.

For a power pulse that is nearly rectangular, a2 pulse
model having an ampiiiude equal to the peak of the actual
pulse, with the width adjusted so the energies are equal,
can be proven to be a conservative model (see Figure 7a).
For a triangular or sine-wave power pulse, as shown in
Figure 7b, a2 model with an amplitude equal to 70% of the

peak and a width of 70% of the actual width has been found
to yield resuiis close to the actual case. Power pulses having
more complex waveforms could be modeled by using two
or more pulses as shown is Figure 7c.

As an example, the case of a transistor used in a dc to
ac power converter will be analyzed. The idealized wave-
forms of collector current, IC, collector to emitter voltage,
VCE, and power dissipation, Pp, are shown in Figure 8.

A model of the power dissipation is shown in Figure
8d. This switching transient of the model is made, as was

. suggested, for a triangular pulse.

For example, Ty at the end of the rise, on, and fall
times, T, T2 and T3 respectively, will be found.

Conditions:

Device = 2N3715
03c=1.20C/W,Ic=10A,VCE=80V
tf=tr= L s, toff=ton =4 us, . 7= 10us
Pon =20W, pfp =P;P= ZOOW

{Curve 2, Figuze 1 applies to the 2N3716)

Procedure: Average each pulse over the period using equa-
tion 1-3 (Appendix 1}, i.e.,
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From equation 14, Appendix 1,

Ty = [Pavg + {0.7 Prp - Pavg) - 1{t1 - t0)}03C

T{t1 - tQ) is found from Curve 2, Figure 1

At this point it is cbserved that the thermal response
curves of Figure 1 do not extend to a shorter time than
10 us because of measurement difficuity. However, indi-
cations are that the response curve follows the /1 law in
this region.

The value for r(t} - 1) or r(0.7 us) is 6.0085.

We then have: '

T1 = [27.6 + (140 - 27.6) 0.0085] 1.2
Ty = [27.6 + 0.955] 1.2 = 34.39¢C

For T2 we have by using superposition:
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T2 ={Payg - Pavg 1{t2 - to) +0.7 Prp 1 (t2+tq)
-0.7 Prp {12 -t)) *Ponr (2 - 1)} 8jC
=[Payg+ 0.7 Prp=Payg r(t2-1t0)
+Poq r{t2-t1) ~0.7Prpr(t2-1)}63C
= {276 + (140 ~27.6) 0,18 + 20-0.017
- 140-0.017) 1.2
={27.6+2.03+0.24 -2.38] 1.2=33°C

For the final point T3 we have

T3 =[Pavg - Pavg r(t3 - t0) + 0.7 Prp r(t3-1t0)
-0.7 Prp r(13-t1) + Popr{t3~t1)
-Pon r{t3-12) +0.7 Prfr (t3-12)j €1
= [27.6~27.6-0.0195+ 140+ 00195

-140-0.0180 + 20 0.0180~20+0.0085
+140+0.0085] 1.2

T3 = [27.6-0.538 + 2.73 - 2.52+ 0.36-0.170
+1.19] 1.2=28.65 - 1.2 = 34.49C

Inspection of the results of the calculations Ty, T, and
T3 reveals that the term of significance is the average pow-
er. One might conclude that when a combination of high
duty cycle and short pulse widths are present, the product
of average power and the steady state thermal resistance is
the determining factor for junction temperature rise.

At low duty cycles, the switching losses may produce
high peak temperature while the average temperature could
be quite low. Slow-speed transistors should be checked
for this condition.

SUMMARY

This report has explained the concept of transient ther-
mal resistance and its use. Methods using various degrees
of approximations have been presenied to determine the
junction temperature rise of a device. Since the thermal
response data shown is a step function response, modeling
of different wave shapes to an equivalent rectangular pulse
of pulses has been discussed.

The concept of a duty cycle family of curves has also
been covered; a concept that can be used to simplify calcu-
lation of the junction temperature rise under a repetitive
pulse train,

Safe area ratings must also be observed. It is possible
to have Ty well below Tj(max) as calcuiated from the ther-
mal response curves, yet have a hot-spot in the semicon-
ductor which is hot enough to trigger seccnd breakdown.



APPENDIX 1 METHODS OF SOLUTION

In the examples, a type 2N3467 transistor will be used;
its steady state thermal resistance, 3¢, is 359C/W and its
value for i{t) is shown by curve 4 in Figuse 1.

Definitions:
Py,P2,P3... Py = power pulses (Watts)

T1,T2.T3. .. Ty = junction to case temperature
atend of P1,P2,P3...Py
tp, t1, {2, - - . ty = times at which a power pulse
begins or ends
{tn - ti) = transient thermal resistance factor
at end of time interval {tn - tk).

TABLE 1 ~ SEVERAL POSSIBLE METHODS OF SCLUTIONS

1. Junction Temperature Rise Using Pulse-By-Pulse Method
A. Temperature rise at the end of the ng pulse for
pulses with unequat amplitude, spacing, and dura-

tion.

B. Temperature rise at the end of the nyp, pulse for
pulses with equal amplitude, spacing, and dura-
tion.

2. Temperature Rise Using Average Power Concept Under
teady State Conditions For Pulses Of Equal Amplitude,
Spacing, And Duration
A. At the end of the ny; pulse.
B. At the end of the (n+1) pulse.

3. Temperature Rise Using Average Power Concept Under
Transient Conditions

A. At the end of the ngy pulse for puises of equal
amplitude, spacing and duration.

B. At the end of the n+1 pulse for pulses of equal
amplitude, spacing and duration.

C. At the end cof the ngj, pulse for pulses of unequal
ampittude, spacing and duration.

D. At the end of the n+1 pulse for pulses of unequal
araplitude, spacing and duration.

METHOD 1A - FINDING T3 AT THE END OF THE Nth PULSE IN
A TRAIN OF UNEQUAL AMPLITUDE, SPACING, AND DURATION

General Equation:

n
Tn =g.—2.:1 P; [r{tan-1 - t2i-2) - r{t2n-1 - 2-1)}93C (1-1)

where n is the number of pulses and Pj is ihe peak vaiue of

the ith pulse.

To find temperature at the end of the first three pulses,
Equation 1-1 becomes:

Ty =Pr1(t1) 85C

T2= [Py r{t3) -P1 r(t3-13)
+Par(t3-12)] 81C

T3=[Pyr(ts) -Prorfis-ty) +P2r{ts~t2) (1-1C)

~Par{ts-13) +P3r{ts-t4)] 83C
Example:

Conditions are shown on Figure 4 as:

(1-14)
(1-18)

Pi=40W to=0 t3=1.3ms
Pr=20W t;}=0.1 ms t4=33ms
P3=30W 12=03ms 1§ =3.5ms
Therefore,
t1-tg=0.1ms t3-t1=12ms
ty -ty = 0.2 ms ts~t3 =3.4ms
t3-t2=1ms t5-t2=3.2ms
t4-t3=2ms ts5~t3=2.2ms

ts5~-t4=0.2ms

Procedure:

Find r{tp~tg) for preceeding time intervals from Figure
2, then substitute into Equaticns 1-14, B, and C.
T} =Py «{t1) 63C =40+ 0.05-35=70°C
T2 =[Py r{t3) -Pyr{t3- 11} +P2r(t3-12)]03C
= 40 (0.175) - 40 (0.170) + 20 (0.155)} 35
= {40 (0.175 - 0.170) + 26 (0.155)] 35
=[0.2+3.1] 35=115.5°C
T3 =[Py r{ts) -Pyr{ts-t1) +P2r{t5-13)
- Pyr{ts - t3) +P3r{t5 - t4)163C
T3 = [40(0.28) - 40 (0.277) + 20 (0.275)~ 20(0.227)
+30(0.07)] 35
= [40(0.28-0.277) +20(0.275-0.227)
+30(0.07)] 35
= [0.1240.96+2.1]1 35=3.18:35=111.39C

Note, by inspecting the last bracketed term in the equa-
tions above that very little residual temperature is left from
the first pulse at the end of the second and third pulse.
Also note that the second pulse gave the highest value of
junction temperature, a fact not so obvious from inspec-
tion of the figure. However, considerable residual tempera-
ture from the second pulse was present at the end of the
third pulse.

TRelative amounts of temperatuie residual from P, Py,
and P3 respectively are indicated by the terms in brackets.




METHOD 1B ~ FINDING T3 AT THE END OF THE MNth PULSE IN
A TRAN OF EQUAL AMPLITUDE, SPACING, AND DURATION

The general equation for a train of equal repetitive 13+ 2r+ ) -r(2n)+i{r+t)
pulses can be derived from Equation 1-1. Pj=Pp, ;= ¢, - K1) + t(¥)]
and the spacing beiween leading edges or trailing edges of
adjacent pulses is 7. Example:
General Equation: Conditions are shown on Figure 5 substituting values
into the preceeding expression:
n
Ta=Pplic 2, rl(n-Dr+i] (- Ts = (5)(35) [ (4.20+ 5}~ 1(4.20) + 1(3.20+5)
-r{@-i) ] +1(3.20) +1(2.20+ 5) - r(2.20) +1(20 + 5)
- 1(20) + r(5)}
E ding:
*panding Ts =(5)(35) [0.6-0.76+0.73-0.72+0.68
Ta=Fp oy riln-D 7+t -r{(n-17] - 0.66+0.59-0.55 +0.33] =(5)(35)(0.40)
+tr{(n-2)r+t] ~cf{(n-2)7] + -3) 7t
[(0-2)7+t] e ((n-2)7] +r [(n-3)7+1) Ts= 7009
~rf(n-3)7]+.. . +r{(n-i)7+1] (1-24)
~rln-)7)..... + (1)} : Note that the solution involves the difference betwsen
terms nearly identical in value. Greater accuracy will be
For 5 pulses, equation 1-2A is written: obtained with long or repetitive pulse trains using the tech-
nique of an average power puise as used in Methods 2 and
Ts5=Pp8sC [(4 7+ -1(47) +1(37+1)] 3.

METHOD 2 ~ AVERAGE POWER METHOD, STEADY STATE CONDITION

The essence of this method is shown in Figure 6. Pulses of time (long enough for steady state conditions to be es-
previous to the ngh pulse are averaged. Temperature due tablished), we can average ihe power applied as:
to the nth or n+1 pulse is then calculated and combined
properly with the average temperature.

Pavg = Pp - (1-3)
Assuming the pulse train has been applied for a period avg™'D 7

METHOD 2A ~ FINDING TEMPERATURE AT THE END OF THE N¢j, PULSE

Applicable Equation: average temperature. The cooling between pulses has not
been accurately accounted for; i.e., Tj must actually be
Tn =[ Payg H{(PD -Favg) 1())] 85C (14) less than T(avgy when the nth pulse is applied.
or, by substituting Equation {-3 into 14, Example: Find Ty, for conditions of Figure 5.
Procedure: Find Payp fromequation (1-3) and substitute
t t avg .
Ta= ot - ;_ ()i Pp 85C (1-5) values in equation {1-4) or (1-5).
The result of this equation will be conservativeasitadds a Tn = [(1.25) + (5.0~ 1.25)(0.33)] (35)
temperature increase due to the pulse (Pp - Payp) to the =43.7+43.2=86.99C

METHOD 2B — FINDING TEMFERATURE AT THE END OF THE N + 1 PULSE
Applicable Equation: Example: Find Ty, for conditions of Figure 5.
Ta+1 = [Pavg + (PD ~Payg) r(t +7)
+Pp (1) -Pp r(v)] 03C
or, by substituting equaticn 1-3 into 1-6,

(1-6) Procedure: Find Pavg from equation (1-3) and substi-
tute into equation (1-6) or (1-7).

, . Tn+1 = [(1.25) + (5 -1.25) (0.59) +(5) (0.33)
T+t ={ P (1 - ;)r(t o)t r(t)-r(r}]PD 83C (1-7) -(5) (0.56)] (35) = 80.99C

continued




METHOD 2B continueo

Equation (1-6) gives a lower and more accurate value
for temperaturs than equation (14). However, it too gives
a higher value than the true TJ at the end of the nt+ith
pulse, The error occurs becsuse the imyplied vaive for Ty
at the end of the nth puise, as was pointed cut, is some-
what high. Adding additional pulses will improve the ac-
curacy of the calculation up to the point where terms of
nearly equal value are beingsubtracted, as shown in the ex-
amples using the pulse by pulse method. In practice, how-
ever, use of this method has been found to yield reasonable

design values and is the method used to determine the duty
cycle of family of curves — e.g., Figure 2.

Note that the calculated temperature of 80.9°Cis 10.9°C
higher than the result of examiple 13, where the tempera-
ture was found at the end of the 5th pulse. Since the thei-
mal response curve indicates thermal equillibrium in 1
second, 50 pulses occurring 20 milliseconds apart will be
required to achieve stable average and peak temperatures;
therefore, steady state conditions were not achieved at the
end of the 5th pulse.

METHOD 3 — AVERAGE POWER METHOD, TRANSIENT CONDITIONS

The idea of using average power can zlso be used in the
transient condition for a train of repetitive pulses. The

previously developed equations are used but Payg must be
modified by the thermal response factor at time t(2n-1)

METHOD 3A — FINDING TEMPERATURE AT THE END OF THE Ny, PULSE
FOR PULSES OF EQUAL AMPLITUDE, SPACING AND DURATION

Applicable Equation:

Tp= [;— r Y2n-1)* (’ - '::)r(!)}?u bic. (8

Conditions: (See Figure §)
Procedure: At the end of the Sth pulse (See Figure 7. . .
Ts = [5/20 - r(85) +(1~5/2G}=(5}] (5)(35)

= [(0.25) (0.765) + (6.75) (0.33)] (175)

=770C
This value is a little higher than the one calculated by
summing the results of all pulses; indeed it should be, be-
cause nc cooling time was aliowed between Payg and the
nth pulse. The method whereby temperature was calcu-
jated at the n+1 pulse could be used for greater accuracy.

METHOD 3B ~ FINDING TEMPERATURE AT THE END OF THE n+1 PULSE FOR
PULSES OF EQUAL AMPLITUDE, SPACING AND DURATION

Applicable Equation:

T
-] P exc (19

Example:

Tovr= [ etzn) + 1) et 4 e

Conditions as shown on Figure 5. Find tem-
perature at the end of the Sth pulse.

Forn+tl =5 n=4,ty-1 =t7=65ms,

o= [3 wesmre (- £)rosm exsma
~r(20ms) { (5)(35)

Ts = [(0.25)(0.73) +(0.75)(0.59) + 0.33 - 0.55}(5)(35)
Ts =70.8°C
The answer agrees quite well with the answer of Method

1B where the pulse-by-pulse method was used for a repeti-
tive train.

METHOD 3C — FINDING Ty AT THE END OF THE Ny, PULSE
IN A RANDOM TRAIN

The technique of using average power does not limit it-
self to a train of repetitive pulses. It can be used also where
the pulses are of uneque! magnitude and duration. Since
the method vields a conservative vaiue of junction termn-
perature rise it is a relatively simple way to achizvaa first
approximation. For random pulses, equations 1-% through
1-7 can be modified. It is necessary to multiply Fyyg by
the thermal response factor at time t{2n-1). Pavg is deter-
mined by averaging the power pulses from time of appli-
cation to the time when the last pulse starts.

Applicable Equations:

n 4 . - .
General: Payg= £ P ~Qi-1-42i-2) (1-10)
1

=1 Y2n)-Y{2i-2)

For 3 Pulses:

ti-to ., t3-12

Y )‘11
t4-t0 t4-t2 (-11)

cantinued

Pavg =P}




Example: Conditions are shown on Figure 4 (refer to

Method 1A).
Procedure: Find Payg from equation 1-3 and the junc-
tion temperature rise from equation 1-4.

Conditions:  Figure 4

0.1 i
Payg=40. i3 +20 §=1.2i +6.67

= 7.88 Watts
T3 = [Payg r{ts) +(P3~Pavg) 1{t5-14)]101C

METHOE 3C contirued

T3 = [7.88(0.28} + (30-7.88) - 0.07] 35

=[2.21 + 1.58] 35=132°C

This result is high because in the actual case consider-
able cooling time occurred between P2 and P3 which
allowed Tj to become very close to T¢. Better accuracy
is obtained when several pulses are present by using equa-
tion 1-10 in order to caleulate Tj - tC at the end of the
nth + 1 puise. This technique provides a conservative quick
answer if it is easy to determine which pulse in the train
will cause maximum junction temperature.

The method is similar to 3C and the procedure is iden-
tical. Payg is calculated from Equation 1-10 modified by
1{t2n~1) and substituted into equation 1-6, i.c.,

Tn+1 = [ Pavg r{t2n-1) + (PD-Pave)r{t2n.1 - t2n-2)

METHOD 3D — FINDING TEMFERATURE AT THE ERD OF THE
N+1 PULSE IN A RANGOM TRAIN

+Ppr{t2n+1-t2n) ~Ppr{t2n+1 ~t2n-1)} 63C

The previous exampie can not be worked out for the
n+! pulse because only 3 pulses are present.

TABLE 7 — Summary OFf Numerical Solutions For The
Peopatitiva Puise Train O7 Figure &

Tamperature Temperature Obtsined, °C
Desired {Method tUsad)
piend Pulse by Pulse | Averags Powar, Nep Puise Averzge Power,
of Sth N+1 Puise
puice 70.0 {18) 77 {3A) 70.8 (38)
Seady
state —_— 86.¢ (24) £0.9 {(?B)
ouak
Note: Number in parenthesis is method used.
TABLE 3 - Curve identiticstion, Dis Size, "
And Package (See Figisre 1 of Text) 2N Curve Cie Size 2N Curvs Die Size
o et Number  Number  (Mils  Packags Number  Number iMilsh  Package
N Curve Cio Size 2N3252 Py
H ) 35 x 3% T0-39
Number  Numbar {Mits} Pacikage 53 8 X IN3T13 2
13 2 120 x 140 T0-3
INTI22 3 150 x 150 Toer 213444 4 35 x 35 T0-20 15 2
2 3 6 2
2N3445 3
46 3 180 x 1 703
INZ192 2 47 3 SGx 153 - 2N3719 7
a3 a4 ag 3 %0 ? 60 x €0 TO-38
[-23 4 36 x 35 10-38
&5 4 .
INIG6T a 40 x 40 1023 283743 5 25x 25 TO.36
88 4
2N2217 8 2N37ER 2
18,4 6 20 x 20 TO-S 2N3EBT 3 80 2 !
19,4 -1 88 a3 91 2 150 x 150 103
39 2 92 2
90 3 150 x 150 TC-6Y
aNzona.a M 25 x 25 0.3 81 3 2NA307 2
' 92 3 oe 2 50 x 150 T0-3
09 2
2N3021 1
2N3438 3
z 7 b M MJ2255 2
24 1 60 x 60 TO-3 2N3300 4 a8 x 36 TD.39 56 2 120 x 140 TO-3
25 1 3501 a 57 2
26 1
MJI2267 2
2N3506 5 150 x 150 TO-3
2N3065 2 o7 5 60O x 860 TO-39 68 2
2MN3232 2 120 x 140 TO-3
3 1
2N3238 2 23634 . M.szagz ; 120 x 140 TO-3
335 .
2ns2ed ) 40x40  TO39 36 4 4ox40  TO38
45 4 37 4 MJ2001 2 180 x 158 03




APPENDIK 2 THERMAL RESPONSE MEASUREMENTS

To measure the thermal response of a transistor, a tem-
perature sensitive parameter of the device is the best indi-
cator of device temperature. Other rocihods 2te impractical
on a completely assembled device. Ii the parameter varies
linearly with temperature, finding thermalresponse s greatly
simplified since the measured paramecter value will be di-
rectly proportional to temperature.

The forward voltage drop of the collector-base junction,
when operated at low currents, has a linear voltage change
with temperature and is a good choice for the temperature
sensitive parameter. Since the collector-base junction of a
transistor is reversed biased when power is dissipated, a
measurement using the forward Veg must be made during
the cooling interval. A suitable measurement procedure is
to dissipate power long enough to achieve thermal equili-
brium while periodically switching the circuit to shut-off
the power, forward-bias the collector-base junction, and
monitor its change in voltage as the device cools off. The
switching must be performed rapidly or the initial part of
the response will not be seen.

A circuit suitable for finding the response is shown in
Figure 1. With the transistor under test in the circuit, the
power-sense switch (SW2) is set in the sense position which
removes the emitter current supply and the base return

able value, the sense supply is adjusted so that a sense cur-
rent through the base collector junction, just sufficient to
bring the forward drop into a fairly linear position of its
V-i characteristic, is obtaincd. The switch is then set to the
power position, and the emitter supply is connected. The
power can now be applied by opening SW1, which turns
on QI, permitting Q2 and Q3 to turn on, thereby com-
pleting the power citcuit for the transistor under test.

Power is increased by increasing emitter current until
the voltage change of the collector-base junction, when
SW1 is thrown to the measure position, is sufficient for
accurate readings. Usually about 100 mV is adequate, and
several pictures, using different sweep rates, are taken of
the response display on an oscilloscope. The thermal re-
sponse curve is plotted from the photographs.

Power must be supplied to the transistor under test for
a sufficient amount of time to insure that the collector-
base junction temperature has stabilized. Also, care should
be taken that the transistor is mounted on 2 heat sink in
such a way that the case is at a nearly constant tempera-
ture. In other words, the thermal resistance from the tran-
sistor case to the heat sink should be negligible compared
to the junction-to-case thermal resistance. If this precau-
tion is not taken, results will be influenced by the response

from the transistor. With the collector supply set at a suit- of the heatsink.
POWER =30 v
SW1 O, 9
0 b T.U.T.
MEASURE ‘
21800 SENSE COLLECTOR
> (] R SUPPLY
{ sw sw2 10041 & FOR T.U.T.
12082 LW e ’
0.1 uF Yl 4 i POWER +
__) ‘___ az 1.0 k
EMITTER =
4 .y SUPPLY
A Qi = - FOR T.U.T.

3 1000 L SENSE o .
> 1.0k 5;,0 o SUPPLY Powen § sense

.. [ 2 } sw2
- - 4 ;

b e
a3
Q1. Cp, Q3 — 2N3I762

FIGURE 1 — Thermal responss test fixturg for PRIP iransistors up to 1 Armpare Io. A flature for NPN
transistors is built using NPN compliments of the transistors shown and reversing ail power
supply polarities. The circuit can be scaisd up 20 handis higher currents,

REFERENCES

1. Gutzwiller, F. W., and Sylvan, T. P. “Semiconductor
Ratings Under Transient Loads”, AIEE Transactions,
Volume 79, Part 1, pp. 699 to 706. (Communications
and Electronics) January, 1961.

11

2. Lockett, R. A., Bell, H. A., Priston, R. “Thermal Resis-
tance of Low Power Semiconductor Devices Under Pulse
Conditions,” Mullard Technical Communications No. 76,
July, 1965.



