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TRANSIENT THERMAL RESISTANCE — GENERAL DATA AND ITS USE

INTRODUCTION

For a certain amount of dc power dissipated in a semi-
conductor, the junction temperature 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 amount 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:

Tr=PpRgjr+ TR (1a)
Ty =junction temperature
TR = temperature at reference point
Pp = power dissipated in the junction
RgJR = steady-state thermal resistance
from junction to the temperature
reference point.

where

Power ratings of semiconductors are based upon steady-
state conditions, and are determined from equation (1a)
under worst case conditions, i.e.:

_Ty -TR
PD(max) Rk o) (15)

TI(max) is normally based upon results of an operating
life test or serious degradation with temperature of an im-
portant device characteristic. TR is usually taken as 25°C,
and RgJR can be measured using various techniques. The
reference point may be the semiconductor case, a lead, or
the ambient air, whichever is most appropriate. Should
the reference temperature ina 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,
particularty at high voltages, second breakdown® may
occur at power levels less than that given by equation (1b).
Second 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.

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

DC Safe Area and thermal resistance allow the designer
to determine power dissipation under steady state condi-
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 will
not yield true power capability because the thermal re-
sponse of the system has not been taken into account.

Note, however, that semiconductors also have pulse
power limitations which may be considerably lower — or
even greater — than the allowable power as deduced from
thermal response information. For transistors, the second
breakdown portion of the pulsed safe operating area defines
power limits while surge current or power ratings are given
for diodes and thyristors. These additional ratings must
be used in conjunction with the thermal response to deter-
mine power handling capability.

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:

RoIR(t) =r(t) -RgIR (2)

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 results obtained, are shown in Figure
1. These curves show the relative thermal response of the
junction, 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 for most of the devices;
(ie., Ty 1), a characteristic generally found true of
metal package devices. The curves shown are for a variety
of transistor types ranging from rather small devices in
TO-5 packages to a large 10 ampere transistor in a TO-3
package. Observe that the total percentage difference is
about 10:1 in the short pulse ( 4 1) region. However, the
values of thermal resistance vary over 20:1. As an aid to
estimating response, Appendix C provides data for a
number of packages having different die areas.

Many 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 = 0, or single pulse curve) but
also has other curves which may be used to obtain an
effective r(t) value for a train of repetitive pulses with
different duty cycles. The mechanics of using the curves

Circuit diagrams external to Motorola products are included as a means of illustrating typical semiconductor applications; consequently,
complete information sufficlent for construction purposes is not necessarily given. The information in this Application Note has baen care-
fully checked and is believed to be entirely rellabie, However, no responsibility is assumed for inaccuracies. Furthermore, such information
does not convey to the purchaser of the semiconductor devices described any license under the patent rights of Motorola Inc. or others.
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to find TJ at the end of the first pulse in the train, or to
find Tj(pk) once steady state conditions have been
achieved, are quite simple and require no background in
the subject. However, problems 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

Part of the problem in applying thermal response data
stems from the fact that power pulses are seldom rec-
tangular, therefore to use the r(t) curves, an equivalent
rectangular model of the actual power pulse must be deter-
mined. Methods of doing this are described near the end
of this note.

Before considering the subject matter in detail, an ex-
ample will be given to show the use of the thermal response
data sheet curves. Figure 2 is a representative graph which
applies to a 2N5632 transistor.

Pulse power Ppy = 50 Watts
Duration t = 5 milliseconds
Period Tp= 20 milliseconds

Case temperature, T¢ = 75°C
Junction to case thermal resistance,
Rgjc = 1.179C/W

The temperature is desired, a} at the end of the first pulse
b) at the end of a pulse under steady state conditions.
For part (a) use:

Ty=r(5ms}RgJcPD + TC

The term (5 ms) is read directly from the graph of Figure
2 using the D = 0 curve,

STyp=049X1.17X50+75=285+75=103.5

The peak junction temperature rise under steady condi-
tions is found by:

Ty =r(t,D) Rgjc Pp + TC

D =t/rp=5/20=0.25. Acurvefor D= 0.25 is not on
the graph; however, values for this duty cycle can be inter-
polated between the D =0.2and D =0.5 curves. At 5 ms,
read 1(t) = 0.59.

Ty=059X1.17X50+75=34.5+75=109.5°C
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FIGURE 2 — Thermal Responss Showing the Duty Cycle Family of Curves
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The average junction temperature increase above am-
bient is:

Ty(average) — T =RgJCc PD D
(1.17) (50) (0.25) (3)
14.62°C

Note that Ty at the end of any power pulse does not
equal the sum of the average temperature rise (14.62°C in
the exampie) and that due to one pulse (28.5°C in ex-
ample), because cooling occurs between the power pulses.

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 exarnple,
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 to solve
problems which otherwise defy solution.

Using the principle of superposition each power interval
is considered positive in value, and each cooling interval
negative, lasting from time of application to 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 ternperature is the algebraic
sum of the terms.

The application of the superposition principle is most
easily seen by studying Figure 3.

Figure 3a illustrates the applied power pulses. Figure
3b shows these pulses transformed into pulses lasting from
time of application and extending to infinity; at tg, P
starts and extends to infinity; at t], a pulse (-P]) is con-
sidered to be present and thereby cancels Py from time t[,
and so forth with the other pulses. The junction tempera-
ture changes due to these imagined positive and negative
pulses 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 results when the total time of interest is much less
than the time required to achieve steady state conditions,
and must be used when an uncertainty exists in a random
pulse train as to which pulse will cause the highest tem-
perature. Examples using this method are given in Appen-
dix A under Method 1.

For uniform trains of repetitive pulses, better answers
result and less work is required by averaging the power
pulses to achieve an average power pulse; the temperature is
calculated at the end of one or two pulses following the
average power pulse. The essence of this method is shown
in Figure 6. The duty cycle family of curves shown in
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 conditions are ach-
jeved. Method 2 in Appendix A shows equations for cal-
culating the temperature at the end of the n¢y or n +1
pulse in a uniferm train. Where a duty cycle family of
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FIGURE 6 — Model For a Repetitive Equal Pulse Train

curves is available, of course, there is no need to use this
method.

Temperature rise at the end of a pulse in a uniform train
before steady state conditions are achieved is handled by
Method 3 (2 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.

A random pulse train is handled by averaging the pulses
applied prior to situations suspected of causing high peak
temperatures and then calculating junction temperature at
the end of the ngp or n + 1 pulse. Part cof 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 response 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 pulse and the model
are equal.

Experience with various modeling techniques has lead
to the following guidelines:

For a pulse that is nearly rectangular, a pulse model
having an amplitude equal to the peak of the actual
pulse, with the width adjusted so the energies are equal,
is a conservative model. (See Figure 7a).

Sine wave and triangular power pulses model well with
the amplitude set at 70% of the peak and the width
adjusted to 91% and 71%, respectively, of the baseline
width (as shown on Figure 7b).

A power pulse having a sin2 shape models asa triangular
waveform.

Power puises having more complex waveforms could be
modeled by using two or more pulsesasshownin Figure 7c.
A point to remember is that a high amplitude pulse of
a given amount of energy will produce a higher rise in

(a)

/T\ 0.7 Pp . 0.7 Pp
{b} /ﬁ‘ml1 tl\ Zcx.:f|1 :X

Pilty —tg) + Pa{ta —ty) = A

ic)

FIGURE 7 — Modeling of Power Pulses

junction temperature than will a lower amplitude pulse
of longer duration having the same energy.

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, I¢, collector to emitter voltage,
VCE, and power dissipation Py, 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, T} at the end of the rise, on, and fall
times, T1, Tz and T3 respectively, will be found.

Conditions:
TO-3 package,

Rgjc =0.59C/W, Ic = 60A, VCE(off) = 60 V
Ta =50°C

tg=80 ps, tp = 20 us

VCE(sat) =03 VE60 A

Frequency = 2kHz .. 7 = 500 us

Pon =(60) (0.3} =18 W
Pr=30X30=900W=P,

Assume that the response curve in Figure C3 for a die
area of 58,000 square mils applies. Also, that the device
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is mounted on an MS-15 heat sink using Dow Corning
DC340 silicone compound with an air flow of 1.0 1b/min
flowing across the heat-sink. (From MS-15 Data Sheet,
Rgcs =0.19C/W and Rgsa = 0.559C/W).

Procedure: Average each pulse over the period using
equation 1-3 (Appendix A, Method 2), i.e.,

Pavg =07 Pr0.71 ¥ +Pop O+ 07 Pp071
= (0.7) (300)0.71) (20)+(18)(150)
+(0.7)(900)(0.71) g0

=179+54+715
=048 W
From equation 14, Method 2A:
Ty = [Pavg + (0.7 Pr - Payg) - r(t] - to)] ReJC
At this point it is observed that the thermal response
curves of Figure C3 do not extend below 100 us. Heat

transfer theory for one dimensional heat flow indicates
that the response curve should follow the \/t-law at small

www fastio.com

times. Using this as a basis for extending the curve, the
response at 14.2 us is found to be 0.023.

We then have:

T = {94.8 + (630 - 94.8) .023] (0.5)
=(107.11)0.5) = 53.559C
For T2 we have, by using superposition:
T2 = [Pavg - Pavg -1(t2 -~ to) + 0.7 Pr - 1(t2 - to)
=07 Py -x(t2 - t1) + Pon -1tz - t1)] RgIC
= [Pavg + (0.7 Pr - Payg) - r(t2 - to} + (Pon - 0.7 Pr)
(12 - 11)] Rgye
= [94.8 + (630 - 94.8) - r(164 us) + (18 - 630)
(150 us)] (0.5)
= [94.8 + (535.2)(.079) - (612)(.075)] (0.5)
= [94.8 +42.3 459] (0.5)

=(91.2)0.5) = 45.6°C
For the final point T3 we have:
T3 = [Pavg - Pavg " 1(t3 - to) + 0.7 P - r(t3 - to)

-0.7Pp -r(t3 - t1) + Pop "1(t3 - t1) - Pon " 1(13 - t2)
+0.7 Pr - 1(t3 - t2)] RgJC
[Pavg * (0.7 Pr - Pavg) ' 1(t3 - 10) + (Pon - 0.7 Pp)
*1(t3 - 11) + (0.7 Pg - Pop) - r(t3 - 12)] RgscC

= [94.8 +(535.2) -1(221 ps) + (-612) -1{206.8 us)
+H612) +r(56.8 us)] (0.5)

= [94.8 +(535.2)(0.09) - (612)(0.086) + (612)(0.045)]
(0.5)

= [94.8 + 481.7 - 52.63 + 27.54] (0.5)
=(117.88)0.5) = 58.94°C

The junction temperature at the end of the rise, on,
and fall times, Ty, T2, and Tj3, is as follows:

Tyr =Ti +TA + Rgca *Payg
Roca =Rpcs+Rpsa=0.1+055
Ty) = 53.55+ 350+ (0.65)94.8) =165.17°C
Ty2=T2+TA +RYCA "Payg
=456+ 50+ (0.65494.8)
=157.22°C

C

C
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Tj3=T3+TA+*RECA ‘Pyyp
=58.94 + 50 +(0.65X94.8)
= 170.56°C

Ti(avg) = Pavg (RgJC + RecstRysa)+Ta
=(94.8) (0.5 +0.1 +0.55) + 50
=(94.8) (1.15) + 50 = 159.020C

Inspection of the results of the calculations Ty, T3,
and T3 reveal that the term of significance in the equations
is the average power. Even with the poor switching times
there was a peak junction temperature of 11.59C above
the average value. This is a 7% increase which for most
applications could be ignored, especially when switching
times are considerably less. Thus the product of average
power and steady state thermal resistance is the determining
factor for junction temperature rise in this application.

EPPENTIE

SUMMARY

This report has explained the concept of transient ther-
mal resistance and its use. Methods using various degrees
of approximations have been presented 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 and surge ratings must also be observed. It is
possible to have Tj well below Tj(max) as calculated from
the thermal response curves, yet have a hot-spot in the
semiconductor which will cause a failure.

In the examples, a type 2N3647 transistor will be used;
its steady state thermal resistance, RgJC, is 35°C/Wand its
value for 1(t) is shown in Figure Al.

Definitions:

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

Ty, T2, T3... Ty =junction to case temperature
atend of Py,P2,P3...Pp

tn = times at which a power pulse
begins or ends

1o, t1, t2, . ..

r{tp - tk) = transient thermal resistance factor
at end of time interval (ty - ti).

www fastio.com

TABLE 1 — SEVERAL POSSIBLE METHODS OF SOLUTIONS



http://www.fastio.com/

ClibPD

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

General Equation:

Procedure:
Find r(ty-tk) for preceding time intervals from Figure

n . . .
Th =i£l Pi [t{t2n-1 -t2i-2) - r{t2n-1 - t2i-1)1Rg3C(1-1) 2, then substitute into Equations 1-1A, B, and C.

where n is the number of pulses and Pj is the peak value of

the ith pulse.

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

(1-1A)
(1-1B)

T; =P1r{t1) RgjC

T2 = [P1r(t3) -Pir(t3-11)
+Par(t3-t2)] RgIC

T3 =[P r(ts) -Pyr(ts-ty) +P2r(t5-12) (1-1C)

-P2r(ts-t3) +P3r(ts-t4)} Rgjc
Example:
Conditions are shown on Figure 4 as:

P1=40W tg=0 t3=13ms
Po=20W t; =0.1 ms t4=3.3ms
P3=30W t2=0.3 ms t5=3.5ms
Therefore,
ty} -tg=0.1 ms t3-t;j=12ms
ta-t) =0.2ms tg-t] =34 ms
t3-t2=1ms t5-t2=32ms
t4-t3=2ms t5-t3=22ms
t5-t4=0.2ms

Ty =Py e(t1)R9JC=40-0.05 -35=70°C

Tz =[Py r(t3) -Ppo(t3-t1) +P2r(t3-t2))RgjC
= [40(0.175) - 40(0.170) + 20 (0.155)] 35
= [40(0.175 -0.170) + 20 (0.155)] 35
= [0.2+3.1] 35=115.59C

T3 =[Py r{ts) -Pyr{ts-t1) +P2r(ts-t2)
- P2r{ts-t3) +P3r(t5-14)]185C

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
={0.12+0.96+2.1]F 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 temperature residual from Py, Pp,
and P3 respectively are indicated by the terms in brackets.

METHOD 1B — FINDING Tj AT THE END OF THE Nth PULSE IN
A TRAIN OF EQUAL AMPLITUDE, SPACING, AND DURATION

The general equation for a train of equal repetitive
pulses can be derived from Equation 1-1. P; =Pp.tj=t,
and the spacing between leading edges or trailing edges of
adjacent pulses is 7.

General Equation:

n
Tn=PDjoci;£1 r{(n-i) r+1] (1-2)

—rl(n-i) 7]
Expanding:
Ta=PpRYJC t{(n-1) r+t] -t [(n-1)7]
+r[{e-2)r+t] -r[(n=-2)r] +r [(n-3)r+t]
~r[(n=-3)7] +...+r[(n-i)T+t]

-r[(n-i}7] ..... +1(t)]

(1-2A)

For 5 pulses, equation 1-2A is written:

Ts=PpRgycr(4t+t) -r(4r)+r(3r+1)]

~r(3r)+ 21+ ) -1(20)+e (7 + 1)
=) + (1)}

Example:
Conditions are shown on Figure 5 substituting values
into the preceding expression:

T5=(5) (35) {r(4.20+ 5)-r(4.20) + r(3.20+5)
+1(3.20) +1(2.20 4+ 5) - 1(2.20) + 1(20+5)
- 1(20) + ¢(5)]
T35 =(5)(35) [0.6-0.76+0.73-0.72+0.68
- 0.66+0.59-0.55+0.33] =(5)(35)(0.40)
Ts = 70.0°C

Note that the solution involves the difference between
terms nearly identical in value. Greater accuracy will be
obtained with long or repetitive pulse trains using the tech-
nique of an average power pulse as used in Methods 2 and
3

www fastio.com
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The essence of this method is shown in Figure 6. Pulses
previous to the n¢h pulse are averaged. Temperature due
to the ntj or n+l pulse is then calculated and combined
properly with the average temperature.

Assuming the pulse train has been applied for a period

METHOD 2 — AVERAGE POWER METHOD, STEADY STATE CONDITION

of time (long enough for steady state conditions to be es-
tablished), we can average the power applied as:

(1-3)

i s

Payg = PD

Applicable Equation:

Tn =[Pavg H{PD-Pavg) (] RgjC (1-4)
or, by substituting Equation 1-3 into 1-4,
t t
Tn=[;+ (l-;) r(t)J Pp RgiC (1-5)

The result of this equation will be conservative asitadds a
temperature increase due to the pulse (Pp - Payg) to the

METHOD 2A — FINDING TEMPERATURE AT THE END OF THE N¢p PULSE

average temperature. The cooling between pulses has not
been accurately accounted for; ie., Ty must actually be
less than Tj(avg) when the nth pulse is applied.

Example: Find Ty, for conditions of Figure 5.
Procedure: Find Pyyg fromequation (1-3) and substitute
values in equation {1-4) or (1-5).

Tn = [(1.25) + (5.0 - 1.25) (0.33)] (35)
= 43.7+43.2= 86.99C

Applicable Equation:
To+1 = [Pavg + (D - Pavg) r(t +7)
+Pp r(t) - Pp r(n)i Rgyc
or, by substituting equatien 1-3 into 1-6,

(1-6)

t t
T+l =[; + (1 - F)r(t+f)+ r(t)-1(7)[PpRgjc(1-7)
Example: Find Ty, for conditions of Figure 5.
Procedure: Find Payg 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)
-(5)(0.56)] (35) = 80.9°C

Equation (1-6) gives a lower and more accurate value
for temperature than equation (1-4). However, it too gives

METHOD 2B — FINDING TEMPERATURE AT THE END OF THE N + 1 PULSE

a higher value than the true Ty at the end of the n+ith
pulse. .The error occurs because the implied value far Ty
at the end of the nth pulse, as was pointed out, is sorne-
what high. Adding additional pulses will improve the ac-
curacy of the calculation up to the point where terms of
nearly equal value are being subtracted, 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 reasonabie
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 80.99C i510.99C
higher than the result of example 1B, where the tempera-
ture was found at the end of the St pulse. Since the ther-
mal response curve indicates thermal equilibrium 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.

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

METHOD 3 — A VERAGE POWER METHOD, TRANSIENT CONDITIONS

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

Applicable Equation:

Ty = ['; rt(2n-1)* (1 - %)r(t)] PpRgjc (1-8)

Conditions: {See Figure 5)
Procedure: At the end of the 5th pulse (See Figure 7. ..

Ts = [5/20 - 1{85) + (1 -5/20) r(5}] (5)(35)

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

= [(0.25)(0.765) +(0.75) (0.33)] (175)

=77°C
This value is a little higher than the one calculated by
summing the results of all pulses; indeed it should be, be-
cause no cooling time was allowed between Payg and the
ath pulse. The method whereby temperature was calcu-
lated at the n+1 pulse could be used for greater accuracy.
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METHOD 3B — FINDING TEMPERATURE AT THE END OF THE N+1 PULSE FOR
PULSES OF EQUAL AMPLITUDE, SPACING AND DURATION

Applicable Equation: Ts = [% [(65 ms) + (1- 356) £(25 ms) +£(5 ms)
To+1= [,t; r{tan-1) * (i t;) ((t+7) +r{t) -1(20 ms) | (5)(35)
' ' (1-9) Ts = [(0.25)(0.73) +(0.75}(0.59) + 0.33 - 0.55](5)(35)
- Pp R
r(r)] D 61C Ts = 70.8°C

Example: Conditions as shown on Figure 5. Find tem-

perature at the end of the 5th pylse. The answer agrees quite well with the answer of Method

IB where the pulse-by-pulse method was used for a repeti-
Forntl =5 n=4,tyn_]1 =t7=65ms, tive train.

METHOD 3C — FINDING Tj AT THE END OF THE Ny, PULSE

IN A RANDOM TRAIN
The technique of using average power does not limit it- Example: Conditions are shown on Figure 4 (refer to
self to a train of repetitive pulses. It can be used also where Method 1A).
the pulses are of unequal magnitude and duration. Since  Procedure: Find Pavg from equation 1-3 and the junc-
the method yields a conservative value of junction tem- tion temperature rise from equation 1-4.

perature rise it is a relatively simple way to achieve a first
approximation. For random pulses, equations 1-4 through
1-7 can be modified. It is necessary to multiply Payg by 0.1 1

the thermal response factor at time t(2n~1)- Pavg is deter- Pavg =40 - 33 +20 3 1.21+6.67
mined by averaging the power pulses from time of appli- = 7.88 Watts

cation to the time when the last pulse starts. '

T3 = {Payg r(ts) +(P3-Payvp) r(t5-t4)] ResC
= [7.88 (0.28) + (30-7.88) - 0.07] 35
= [2.21 + 1.56] 35=1320C

Conditions:  Figure 4

Applicable Equations:

General: Payg = {;‘ P; t(2i-1)-42i-2 (1-10) This result is high because in the actual case consider-
=1 Y(2n) -1(2i-2) 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-

For 3 Pulses: tion 1-10 in order to calculate TJ - 1 at the end of the
nth + | pulse. This technique provides a conservative quick
Payg = P ti-to +P 13-t2 (1-11) answer if it is easy to determine which pulse in the train

t4-tQ t4-12 will cause maximum junction temperature.

METHOD 3D — FINDING TEMPERATURE AT THE END OF THE
N+1 PULSE IN A RANDOM TRAIN

The method is similar to 3C and the procedure is iden- + - - -
tical. Payg is calculated from Equation 1-10 modified by Pp r{t2n+1-t2n) -PDr{t2n+1 - t2n-1)] RgJC
r(t2n-1) and substituted into equation 1-6, ie.,
The previous example can not be worked out for the
Tn+1 = [Pavg r(t2n-1) + (PD-Pave)r(t2n-1 - t2n-2) n+1 pulse because only 3 pulses are present.

TABLE 2 — Summary Of Numerical Solution For The
Rapatitive Pulse Train Of Figure 5

77 (3A) 70.8 (38)
Sth Pulse
Steady State — 86.9 (2A) 80.9 (2B)
Peak

Note: Number in paranthesis is method used.

10
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FIGURE A1 — 2N 3467 Transient Thermal Response

To measure the thermal responsé of a semiconductor,
a temperature sensitive parameter of the device is used as
an indicator of device temperature. Other methods are
impractical on a completely assembled device. If the pa-
rameter varies linearly with temperature, finding thermal
response is greatly simplified since the measured parameter
value will be directly proportional to temperature.

The forward voltage drop of a diode or SCR or the
collector-base junction of a transistor, when operated at
low currents, has a linear voltage change with temperature
and is a good choice for the temperature sensitive parame-
ter. Since the collector-base junction of a transistor is
reversed biased when power is dissipated, 2 measurement
using the forward VCB must be made during the cooling
interval. A suitable measurement procedure is to dissipate
power long enough to achieve thermal equilibrium 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 that can be used to measure thermal resistance
or thermal response of a power transistor is shown in
Figure Bl. With the transistor under test (T.U.T.} in the
circuit, the power-sense switch (SW2) is set in the sense
position which removes the emitter current supply and the
base return from the transistor. After the collector supply
is set at a suitable value, the sense supply is adjusted to
allow a low-evel sense current through the base-collector
junction. Note that the sense current flows in the opposite
direction from that of the collector current; thus, a reversing
switch on the collector current meter is needed to set the
sense current level.

Switch SW2 is then set at the power position and the
emitter supply is connected. With SW| in the response
position, a positive voltage pulse, slightly greater than the
auxiliary supply, from a timer circuit is needed to cycle
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the T.UT. The timer must provide a pulse of sufficient
length to allow the T.U.T. to achieve thermal equilibrium.
At this time, transistors Q1 and Q2 are off and Q3 and Q4
are on. When the output of the timer changes to a low
state, Q1 and Q2 turn on and Q3 and Q4 turn off. Thus,
the only current flowing through the transistor is the
collector-base sense current which allows the collector
base voltage to be monitored by an oscilloscope. The
response curve is photographed at different sweep rates to
facilitate plotting.

The period of the timer output pulse must be variable
in order to allow thermal equilibrium to be achieved for
different types of transistors. Also, the cooling time must
be at least equal to the heating time to allow the junction
temperature to cool to its originai value.

Case mounted semiconductors should be mouated on
a heat sink that will hold the case at a nearly constant
temperature. In other words, the thermal resistance from
the transistor case to the heat sink should be negligible
compared to the junction-to-case thermal resistance. If
this precaution is not taken, the results will be influenced
by the response (the change in temperature) of the heat
sink.

With SW| in the thermal resistance position, steady
state thermal resistance can be measured. For this measure-
ment, the T.U.T. is on most of the time; a narrow pulse
is used to turn the T.UT. off to allow sensing of the
junction temperature. The forward voltage drop vs. temp-
erature must be known in order to calculate thermal
resistance.

Figure B2 is a thermal resistance/response test fixture
for SCRs and rectifiers. Operation of this test fixture is
similar to the NPN test fixture except that switch SW3is
added to provide gate drive to turn the SCR on. When
testing SCRs, the current sense level must be above the
holding current.
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The data presented in this appendix is for the purpose
of enabling a reasonable estimate of transient thermal re-
sistance to be made in situations where data is not readily
available. As can be seen by studying Figure 1, the
normalized response values cover a range of about 10:1
in the time region between 100 us and 10 ms for the
whole gamut of power transistor packages and die areas
offered by Motorola. In this section, data is supplied for
a number of packages, each having several different die
sizes, so that a closer estimate of response can be made.

Each figure indicates some representative part numbers
for the given curves; obviously, space limitations prevent
listing all parts for which the curves apply. Asan additional

aid, Figure C11 may be used to estimate die area from ther-
mal resistance information. Figure Cl1 is not applicable
to Darlington transistors and other dual devices or inte-
grated circuits, as the ratio of active transistor area to total
die area is different from that of the transistors used to
prepare the figure.

Measurement of thermal response can hardly be regarded
as an exact science. As a result of switching, transients
occur which make it very difficult to ascertain response
below 100 ps. One dimensional heat flow theory predicts
that temperature will be proportional to the square root of
time ; even though this relationship is not always observed,
it is generally used to extrapolate data below 100 us.
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