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Abstract

This monograph explains what thermal runaway is, some
settings in which is it of concern (and some in which it is not),
and how to predict it. An archetypal ““power law”” device will
be used to develop certain closed—form relationships
describing thermal runaway. “Perfect” thermal runaway
will be defined to occur in a system whose operating point
is located precisely at the point of runaway. Consequently,
since real systems should be designed well away from this
point, thermal runaway will be seen to have two natural
manifestations. In the first, the thermal resistance of the
cooling system is fixed, and ambient (or more generally,
thermal ground) is increased until runaway occurs. In the
second, thermal ground is fixed, and the thermal resistance
of the cooling system is increased, again until runaway
occurs. In many applications, although the former limit
occurs at a higher temperature than the latter, it will be
found to be a more realistic constraint on the system design,
because the cooling system resistance will be far from the
limit implied by the latter. However, an interesting and
surprising aspect of the latter limit is the constant
temperature offset between thermal ground and thermal
runaway temperature, dependent only on the strength of the
power law itself, and independent (as it turns out) of the
thermal resistance of the cooling system.

Glossary of Symbols
l, Ig current (A)

K, kq, ko slope of system line in non—dimensional
coordinate system

Q, Qo, Qi device power dissipation (W)

o} non—dimensional power

T temperature (°C)

T any reference temperature (°C)

T junction temperature (°C)

Ta: Tc thermal ground, ambient or coldplate (°C)

Tr, Tr1, Tr2 thermal runaway temperature for particular
system resistance (°C)
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APPLICATION NOTE

Ty thermal ground for runaway based on 03y
or (°C)

Ty thermal ground for runaway based on 0;x»
or (°C)

V, VR, Vg voltage (V)

z non-dimensional junction temperature

03x, 03x1, O3x2 Steady state thermal resistance of system
(°C/W)

A “strength” of power law (°C)

INTRODUCTION AND BACKGROUND

Thermal runaway may occur in a semiconductor
packaging application when the power dissipation of the
device in question increases as a function of temperature. In
more particular, it describes the situation when no nominally
steady—state operating point of the device, under the
influence of the specific thermal system, can be established.
Ordinarily, of course, a device that dissipates a fixed amount
of power can always achieve a steady state operating
condition, though the specific junction temperature attained
may fall beyond recommended limits. If the thermal system
around the device is characterized as having a steady state
thermal resistance, then this equilibrium (or steady state)
condition may be described as follows:

TJ = Q- 63x + Tx (eq. 1)

For the present purpose, it is crucial to use a fixed
reference temperature in the model, that is, the temperature
that provides the thermal “ground” for the system. Thus, in
an air cooled system, we would speak of “x” as being the
ambient air temperature, and have, for example, T,. In a
water cooled system where the device of interest is mounted
securely to the water—cooled block, it would be more
appropriate to refer to the “coldplate” temperature, T, as the
reference (or if the system is very efficient and the thermal
resistance from the “case” of the device to the coolant is
negligible in comparison to the device’s internal resistance
from junction to case, perhaps T; is simply the case
temperature).
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From Equation 1, it may be seen that a small perturbation
in power will result in a small perturbation in the junction
temperature. If the power level briefly rises above the
equilibrium value and then returns, the equilibrium
temperature will eventually be restored. Likewise, if the
power falls and returns, the temperature will drop and then
return. This is because we have defined the system to be
capable (at steady state) of dissipating exactly the amount of
power needed to achieve the original steady state junction
temperature. Indeed, solving Equation 1 for power, given
the other values, we have:

Ty — Tx
Q 0 (eg.2)
Also note that the rate of change of system power
dissipation, with respect to changes in junction temperature,
is given by:
d 1
L- o (eq. 3)
From Equations 2 or 3, then, we see that for a small
increase in T3, the system (described by 6;,) can dissipate
slightly more power than the original Q.

Straight-Line Devices and Systems

Identification of the device/system operating point may
be illustrated graphically. In Figure 1, we begin with a
device that produces a fixed amount of power regardless of
its temperature. With power as the vertical axis, and
temperature as the horizontal axis, this means we have a

Power

“device” line that is horizontal. The “system” line is a
straight line of slope % (Equation 3), intersecting the
X

horizontal axis at thermal ground, Ty. Where the device line
and system line cross is the nominal operating point (T3, Q).
Wherever the system line is higher than the device line, more
power is leaving the system than is being introduced by the
device, so the system cools. Conversely, wherever the
device line is above the system line, the system heats up.
Thus we see that to the right of the equilibrium operating
point, more power can be dissipated by the system than the
device is producing, and to the left, more power is coming
in than may be dissipated. In either case, one might picture
the resulting imbalance in power as a restoring force that
causes the junction temperature to move toward the
operating point.

But what if the power dissipation is a function of
temperature? Clearly, as seen in Figure 2, if the power falls
as temperature increases (and rises as temperature
decreases), the system still will experience tendencies to
restore the nominal equilibrium value in the face of small
perturbations. Note that it doesn’t matter how steeply the
power falls with temperature, the system line will always
remain above the device line for temperatures above the
operating point, and below it to the left of the operating
point. Hence all such systems are stable. (The possibility of
oscillatory behavior is not excluded, but is beyond the scope
of this discussion.)

As temperature rises, more

System Line heat may be dissipated

Tendency
_ - “to cool
4 Device Line

Q

A decrease in temperature
means system dissipates less

Tendency _ - -

power than device produces,
so temperature rises.

Power does not change
with temperature

At small increase in temperature,
system dissipates more power than
device produces, so temperature falls.

Junction
Temperature

Figure 1. Operating Point of Thermal System with Temperature-Independent Power
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Tendency - - ~
to heat

System Line

As temperature rises, more
heat may be dissipated

Tendency
-~ tocool

Device Line

- -

Power goes down with
increasing temperature

W

X

Junction
Temperature

Figure 2. Operating Point of Thermal System where Power Decreases with Temperature

On the other hand, if the power increases with temperature,
things get more interesting. As shown in Figure 3, power may
increase with temperature without causing any particular
difficulty. Indeed, if the device line has a constant slope, the
device and system lines will always intersect at a unique
point, and if (as shown in Figure 3) the slope of the device line
is smaller than that of the system line, the intersection
continues to represent a stable operating point. (If the lines
happen to be parallel, then there is either no valid operating
point at all, or the operating point is undefined. What happens
in this system if the power or temperature makes a brief
excursion away from equilibrium? Suppose the temperature
goes up — according the device curve, it will now dissipate
more power; but according to the system curve, the system
can dissipate even more power. Hence (as with the previously
considered situations), the system will tend to drive itself
back towards the original operating point — likewise with
small downward perturbations.

Power

System Line

Now consider Figure 4. Here, the two straight lines still
have a unique intersection, so it would seem that the system
should have a valid operating point. Not so, unfortunately.
Again, see what happens if there is a small perturbation in
temperature. According to the system line, a small increase
in temperature results in a small increase in the ability of the
system to dissipate power. According to the device ling,
however, that same small perturbation in temperature results
in an even larger increase in power dissipation. Hence the
system cannot dissipate that much power, even at the
increased temperature, so the temperature will rise even
more, the dissipation will increase even more, and so on,
until catastrophe results. (It may also be interesting to
consider a negative perturbation: If the temperature drops
slightly, the system line says the system is capable of
dissipating less heat, but the device line says the device will
produce even less power, so the system becomes a thermal
“black hole” and sucks all the energy out of the universe!
Obviously one or more of our simplistic assumptions in the
model breaks down at some point.)

Tendency
to Cool

Device Line

At small positive increase in
temperature, system can still dissipate
more power than device produces.

Junction
Temperature

Figure 3. Operating Point of Thermal System where Power Increases with
Temperature, Slopes Favorable
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Device Line
Power

Power goes way up with
increasing temperature

Tendency
to heat

System Line

As temperature rises, more
heat may be dissipated

For a small positive increase in
temperature, increased device
power exceeds increased
system dissipation capacity, so
device “runs away”.

Junction
Temperature

Figure 4. Operating Point of Thermal System where Power Increases

with Temperature

Figure 4, therefore, illustrates the essence of thermal
runaway. And even though we’ve hypothesized “brief”
perturbations, as if time had something to do with it, it is a
concept essentially grounded in steady state system
descriptions. Certainly time enters the picture if we are able
to detect the onset of runaway and change the system quickly
enough (for instance, turn off the power supply, changing the
device line to a constant zero, independent of temperature).

Devices with Non-Linear Power Characteristics

Even more interesting observations may be made when
we start looking at device lines that are not straight, as in
Figures 5 through 9. In Figures 5 and 6, the device curve has

Power
The stable (that is, real)

An unachievable
operating point

System Line

, Slopes Unfavorable

a negative second derivative, meaning that although power
does increase with temperature, its slope decreases with
temperature. In Figure 5, although there are two
intersections between the system and device lines, the lower
“operating” point cannot be maintained. There the relative
slopes are in the wrong relationship (as in Figure 4),
resulting in non-restoring perturbations. In fact, if the
device can be initialized to some temperature above the
lower point, operation will “run away” to the upper point
(which is stable, as in Figure 3). If it can’t be initialized to
at least the lower intersection temperature, then it cannot be
powered up at all.

Tendency
. to cool

Device Line

Power goes up with
increasing temperature,
but rate of increase falls
with increase (negative

Tendency second derivative).
to heat
Tendency
to cool
/F Junction
T Temperature

Figure 5. Operating Points of Thermal System when Device Line has

Negative Second Derivative
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Power

Tendency to cool
everywhere

System Line

Device Line

Junction
Temperature

Figure 6. System with No Operating Point, Negative
Second Derivative, Cannot be Powered Up

In Figure 6, the device line never reaches the system line
at any point. With no intersections, there are no potential
stable operating points, and indeed, this represents a system
that can never be powered up, because no matter the
temperature, the device cannot produce enough steady state
power to “keep itself warm”, so to speak, given the cooling
system. If the slope of the cooling system is decreased (that
is, thermal resistance increased), eventually a stable
operating point may be established.

In Figures 7 through 9, we finally consider systems where
the device line has a positive second derivative, meaning its
slope increases with temperature. In Figure 7, as in Figure 5,
there are two intersections between the device and system
lines. In this case, however, only the lower operating point
is stable. If junction temperature is perturbed above the
upper intersection, it will run away and never return.
Anywhere between the upper and lower points, it will “run
away” back down to the lower point.

Tendency
Power to heat System Line
An unachievable
operating point
The stable Tendency
(that is, real) to cool Device Line

operating point

Q _—— —— —

Power goes up with
increasing temperature,
but rate of increase rises
with increase (positive
second derivative).

Tendency - “ . Ty T3
to heat

Junction
Temperature

Figure 7. Operating Points of Thermal System when Device Line has

Positive Second Derivative
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Power

Tendency to heat
everywhere

Device Line

System Line

Junction
Temperature

Figure 8. System with NO Operating Point, Overheats as
Soon as Powered Up

In Figure 8, the device line (with a positive second
derivative) never intersects the system line. Therefore, as in
Figure 6, there are no steady state operating points. In
contrast with Figure 6, however, any attempt to power up
this system will result in thermal runaway, because at every
temperature, the device produces more power than the
cooling system can dissipate.

Finally, in Figure 9, we have the “perfect runaway”
system. The device line (again with a positive second
derivative) intersects the system line at exactly one point.

Power

Neutral tendency
at only this point

Tendency
to heat

For smooth curves, this must occur at tangency, that is,
where the two curves have the same slope. Since the slopes
are equal at the intersection point, there is not any tendency
to heat or cool at that exact point. Strictly speaking, this is
a point of neutral stability. And though negative
perturbations will push the system back towards the neutral
point, we can’t expect this system to stay at equilibrium
indefinitely. Even an infinitesimal perturbation upwards
means there will be more power in than the system can
dissipate, hence runaway will commence.

Device Line
System Line

Q—}+———
Tendency | Thede_»_(ac.t Irunawzf;\)éI _
to heat | gon ition; slope of device
line equals slope of system
l line at point of intersection.
\ |
I
/'II' TI Junction
* J Temperature

Figure 9. System with Exactly One “Runaway” Operating Point,
Device has Positive Second Derivative
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Same Device, Different Straight-Line Systems

Throughout the preceding discussion, we’ve focused on
changes in the device characteristics in order to gain an
understanding of the nature of the thermal runaway
phenomenon itself. For these purposes, the system line has
been fixed. By now, the significance of the relationships
between the slopes of the device and system lines, and the
relative position of one line above the other, should be clear.
(1t should also be clear that whether either or both lines are
straight or curved is not of direct importance to the concept.)

In semiconductor applications, the problem will likely be
turned around. It is likely that we will have a particular
device, chosen primarily for the sake of its electrical
properties, and we want to know what it will take to keep it
operating at an acceptable temperature. If it turns out that,
due to the thermal properties of the package, we simply
cannot design an acceptable thermal system in which to
place it, we may have to select another device with more
favorable thermal characteristics. But restrictions on its
thermal characteristics are generally secondary, and we
won’t know if they’re significant until we try to design in the
device we want. Let us therefore now turn our attention to
systems where the device curve is fixed (in these examples
having positive second derivative, which as we’ll see later
is true of “power—law” devices), and see what we can learn
about the system characteristics with respect to thermal
runaway. For simplicity, it will continue to be convenient to
depict system lines as perfectly straight, characterized by a
constant slope (the reciprocal of the system thermal
resistance), and a specific reference temperature (thermal
ground).

In Figure 10 we show one device line and three different
system lines. System line A we’ll call the “original” system.
It is characterized by its slope, the reciprocal of its thermal
resistance junction—-to—ground, 0347 , and its x—intercept,
i.e.,, thermal ground, T,. As depicted, it makes two

Device Line

Power Unstable

point
Stable 1

Operating
Point

operating ——»,

intersections with the device line, but only the lower
temperature intersection is a stable operating point (as
discussed earlier). There is plenty of distance between the
stable point and the unstable point, so we have some
confidence that such a thermal system will work for this
application.

However, there are two things of common interest in a
thermal design. What if ambient (thermal ground) goes up?
And what if the thermal resistance of the system increases,
or is simply higher than planned? First consider the question
of increasing ambient. All else being the same, system line
B shows what happens as the existing thermal system (same
slope) is shifted to the right — i.e., increasing ambient
upwards to Ty until “perfect runaway” is reached and the
device line is tangent to the system line. Clearly we cannot
expect to safely operate our system if ambient approaches
this critical temperature; that critical ambient temperature is
associated with a particular “runaway” temperature, Tr1.
On the other hand, system line C tells us that given a fixed
ambient Ty, how much worse the system can be (i.e., bigger
thermal resistance 0345), yet still avoid runaway. This gives
us a completely different potential runaway temperature,
Tro. A surprising thing we will discover about power—law
devices, is that the temperature offset between thermal
ground and thermal runaway (for any system line tangent to
the device curve), is fixed based on the power law, and is
actually independent of the thermal system!

This is not to say, however, that the lower of these two
potential runaway scenarios is more likely to occur. What
should be clear, however, is that as the operating margin of
the designed system is decreased (i.e., the placement of the
stable actual operating point with respect to the two runaway
conditions), the two runaway points converge, and the
system will not be able to tolerate perturbations in either
ambient or slope.

System Line A

System Line B

System Line C

'l

- - - -d

Bax2

Runaway point
for original theta

Runaway point for
original thermal ground

Junction
Temperature

Figure 10. Generic Power Law Device and Generic Linear Cooling System
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Power-Law Devices and Straight-Line Systems

Before proceeding, it is worthwhile to consider when a
device power characteristic will be a power law at all.
Typically, simple devices such as diodes and rectifiers, and
even many transistors under certain conditions, have a
current vs. temperature characteristic (at fixed voltages) that
follows a power law. For instance, leakage current in diodes
is often described using the rule of thumb that leakage
doubles for every increase in temperature of 10°C. This
particular power law could be expressed as:

T

I =10210 (€. 4)

(Here, Iy would be the leakage current at 0°C. If the
behavior is really a power law, obviously we can figure out
what the leakage is at 0°C, given its value at any other
temperature.) Equation 4 can be re—expressed in terms of the
base of the natural logarithms, as in:

—

T 10
| = 16e™ 270 = 1pe %)

(eq.5)

So we see that any power—law behavior, that is, behavior
described by a geometric increase in the dependent variable
(e.g., a factor of 2) for a linear increase in the independent
variable (e.g., every 10°C), is just another exponential
function, as in Equation 6:

>

I = loe (eq. 6)

From this example, it may be seen that we can define the
“strength” of the power law in terms of that parameter A. If
device behavior is governed by a power law, then knowing
the value of the independent variable (in this case, current)
at any two corresponding values of the independent variable
(in this case temperature), we can say:

T1 -T2

A=t 2

(1)

So far in this example, we’ve only talked about current,
and we need power. But given the premise that a diode under
reverse bias (i.e., leakage mode) sees a constant voltage
(reasonably assumed to be independent of the temperature
of the particular diode), its power dissipation, therefore, is
also a power law:

(eq.7)

>

T
Q = VRlpe* = Qoe? (eq. 8)

Note that under constant current (as opposed to constant
voltage operation), the primary operating condition for
many applications of diodes (e.g., flyback in an inductive
circuit), the power law relationship does not hold with
temperature. Indeed, it is typical for diodes that voltage goes
down linearly with temperature at a fixed current. Therefore,
diodes in constant current operation have linearly
decreasing power with increasing temperature, and as in

Figure 2 earlier, are essentially immune to thermal runaway
concerns.

For the power law situation, however, we may calculate
the slope of the device curve by taking its derivative, that is:

T T
daT A ' dr2 32

Thus we see that the slope increases with increasing
temperature, and all the previous discussions based on
device curves with positive second derivatives apply. In
particular, Figure 10 provides the setting for the subsequent
mathematical development.

Perfect Runaway

We are now in a position to find the mathematical solution
to “perfect runaway” in a power-law device cooled by a
linear thermal system. To begin, let’s recap the two pertinent
equations.

the linear system line:
T - Ty

= (eq. 2)
e 8Jx
the power—law device line:
T
Q = Qoe? (€a-9)

In this system of two equations, we have two variables, the
junction temperature, T, and the power dissipation, Q. We
also have four independent parameters, the thermal ground
reference, Ty, the thermal resistance of the cooling system,
0;x, the reference power level Qg (which, as expressed,
would be the power dissipated by the device at 0°C), and the
strength of the power—law function itself, A. By finding an
exact solution to this set of equations, that is, a pair of values
(T, Q) that satisfies both equations, we will also create some
relationships between the various parameters.

For clarity in solving the equations, it will be helpful to
make a change of variables. Let us define:

T —Tx
Y

With this new variable, we can rewrite our two equations

as follows. From Equation 2, we have:

T_TX_LT_TX

(eg. 10)

= eq. 11
= Tox e 7 fea-
that is:
Q= BJLXZ (eq. 12)
the linear system line, and from Equation 8 we have:
T Tx T-Tx
Q=Qoe* =Qoete h (6a-19)
or:
Tx
Q = Qge A ez (eq. 14)

the power—law device line (curve).

http://onsemi.com
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Equation 14 suggests that we might choose to define the
non—dimensional power q as:

=Tx

q = (Qloe 3 )Q (eq. 15)

thus, we can make a final restatement of the two governing
equations as follows.

the device line:

q=eZ (eq. 16)
the system line:
q=kz (eq. 17)
where:
K = Le__-{x (eg. 18)
83xQo

Eliminating g from between Equation 16 and
Equation 17, we are left with a remarkably simple
relationship defining points z that are the intersection points
(i.e., the operating points) of our system.

kz = eZ (eq. 19)

Figure 11 is a graphical representation of our transformed
problem, originally seen in Figure 10. It may be interpreted
as the pure exponential function and its intersection with a
straight line of slope k, passing through the origin of the
(z, q) coordinate system.

Now for points representing “perfect runaway” of this
system (i.e., the system line being tangent to the
device-line), there is an exact solution. It begins by
recognizing a unique property of the pure exponential
function, namely, the slope of the function is equal to its
value at every point. In other words, everywhere on the
device line:

Indeed, we may make an even more interesting
observation for lines tangent to the pure exponential curve
(see Figure 12). Since the slope may be defined as the “rise
over the run,” it must be the case that the “run” is exactly
unity for every tangent extended to its z—intercept. That is,
in general the distance between the z—coordinate of any
point on the curve, and the corresponding z—intercept of the
tangent through that point, is:

ZR—zx =1 (eq. 21)

Thus, for zg4, the runaway point arising from a shift in the
original ambient.

k1 = e?R1 (eq. 22)
hence:
ZRr1 = Inkq (eq. 23)

So we find the maximum ambient causing this runaway
(from Equation 21) to be:

Zx1 =Inkpg -1 (eq. 24)

For zro, the runaway point arising from an increase in
system thermal resistance, since the original ambient is
represented by z = 0, we now find from Equation 21 that:

zr2 =1 (eq. 25)
hence:
ko =e (eq. 26)

We should now return to the original, dimensional, form
of the problem, to fully understand the significance of
Equations 21 through 26. First, converting Equation 21
back into the original coordinates, we find:

TR=Tx+ A (eq. 27)

dg
A - ez = (eq. 20)
dz q
Non-dimensional Device Line _
Power System Line A
eZ
_Unstalsle, System Line B
non operaolir;gt > At point of
P tangency,
slope equals
Stable System Line C
operating
point
Runaway point
| for original theta
ky .
K Runaway point for
- 2 | original thermal ground ]
| Non-dimensional \ ,i
1 [1 . Temperature | 1
Zy1 Zr2 R1 Zx R

Figure 11. Solution of Device and System Equations in
Non-dimensional Coordinate System
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This is the result previously expressed verbally, namely
for every “perfect runaway” system line (i.e., the system line
is tangent to the device line), the distance between thermal
ground and the runaway point is actually fixed based solely
on the power law strength, and doesn’t depend on the
particular value of thermal ground or the system line’s slope!
This delta is precisely the strength of the power law, A.

From Equation 23, we find:

_TX
TR1 = Tx _ In( A eT) (eq. 28)
A 8Ix1Qo
TR1 Tx ( A ) Tx
/L 2L ) -2 (eq. 29)
A A 8Ix1Qo A
A
TR1 = }»In( ) (eq. 30)
R1 8Ix1Qo0

This expression tells what the runaway temperature
would be of a system with the same slope as the actual
system, as ambient increases until runaway occurs. Clearly
it depends not only on the system thermal resistance 03, but
also on the power—law characteristics of the device (and not
merely on A, the strength, but also on the specific reference
power level, Q). So again from Equation 27, we have:

(eq. 31)

A
Tx1 = )\In( ) - A
x1 8Ix1Qo

If instead we assume thermal ground is fixed, and want to
know the largest thermal resistance for which the system
will remain stable, Equation 26 tells us that:

_TX
Ao h
83x2Qo

= e, SO
(eq. 32)

Tx
3 ‘(7*1)
BJx2 = ~—e
Jx2 Q0

and this runaway temperature, from Equation 25, is the
fixed A above the original thermal ground, that is,

TR2 = Tx + A (eq. 33)
Power Laws Based on Power

Finally, even though a real device may not follow the
particular rule of thumb quoted earlier, if it follows a power
law at all (hence the strength can be calculated), these
general results will apply. For completeness, let us also
express the power—law strength directly in terms of power
(rather than current). Instead of Equation 7, we might prefer,
therefore:

T1 -T2

|n(Q1/Q2)

It may be noted that any two reference temperatures and
power levels may be used to calculate A, but a zero
temperature power level must be used in Equations 28, 31,
and 32. If neither of those reference temperatures is zero,

A=
(eq. 34)

then either one may be used to calculate Q,, once A has been
calculated, using:
S0 35
Qo = Qie * fea- 29
The Operating Point Itself

All these runaway limits themselves are obviously of
some interest, but they remain hypothetical in the sense that
if the system is designed to operate in a safe region, the
operating point itself will be safely removed from these
theoretical runaway points. As was indicated in the
preceding development, the system may still experience
restoring forces for brief power or temperature excursions
taking the junction temperature all the way up to the upper
intersection between the system and device lines,
considerably beyond either runaway temperature Trq Or
Tro. The problem, of course, is that if the perturbation lasts
for “very long” (somewhat vaguely defined), the system will
actually be attempting to find a new steady state at this upper
point, which once reached, as we have seen, is not stable.
And if the perturbation is actually due to a permanent shift
in either ambient or system resistance, then in fact the two
intersection points, and the two disparate runaway points,
will all be converging toward a single dangerous
operating/runaway point somewhere in the middle.

So how much margin does one actually have in a specific
design? To answer that, one must solve Equation 19 for the
particular thermal ground and system resistance of interest.
Due to its transcendental nature, Equation 19 has no general
closed—form solution, so it must be solved graphically or
numerically. Even so, some general statements can be made.
First, it has already been observed that the critical value for
perfect runaway, at the designed thermal ground, results
when k = e (Equation 26). This means that for any proposed
combination of thermal ground and system resistance, if
k > e, there are going to be two intersection points, the lower
one being the stable operating point. On the other hand, if
k < e, there will be no solution at all.

So the first step in finding the actual operating point is to
compute k (Equation 18) and see if there is a solution. (It is
probably easier to calculate the ratio k/e to see if it’s greater
than unity, since you probably don’t remember e, and it’s
built into your calculator or spreadsheet anyway!) If there is
not a solution, there are three possible approaches:

(@) lower ambient: Equation 31 gives the maximum
ambient tolerable (with no margin), given the device and the
originally supposed system resistance;

(b) lower system thermal resistance: Equation 32 gives
the maximum tolerable theta (with no margin) given the
device and the originally supposed thermal ground,;

(c) a different device must be used, and given that most
devices are going to have a roughly similar power law
strength, this means finding a device with a lower Qg -
almost certainly meaning one with a larger piece of silicon
inside.

http://onsemi.com

10



AND8223/D

A Quantitative Example
Consider a particular rectifier in an SMB package. From
its data sheet we find the following information:

VI (V) 12 40
Tmax (°C) 125 125
Tref (°C) 75 75
Itmax (A) 8.50E-3 2.80E-2
Itref (A) 5.20E—4 1.70E-3

Assuming reverse bias operating mode, Equations 34 and
35 give us, for the two reverse voltages (note similarity in A
at two temperatures).

A (°C) 17.9 17.8

9.4E-5 1.02E-3

Qo (W)

The data sheet also gives a psi—JL value of 25°C/W, so
let’s suppose that in an actual application we can achieve a
system thermal resistance of 1200°C/W (in still air, and with
other heat sources in the vicinity). Let’s also suppose that
we’re going to have a worst—case ambient of 75°C. Given all
these values, we can now compute all the remaining
quantities for which we’ve previously derived expressions:

k/e (compare to unity) 10.6 0.97
given Ty max (°C) 117.2 74.4
theta Tr1 (°C) 135.1 92.2
given B3x2 max (°C/W) 1055 96.6

ambient Tk (°C) 929 928

For the lower voltage application, we’ve got lots of
margin. First, the k/e ratio is much larger than unity, so we
know we’ve got a stable operating point. Second, given our
choice of 100°C/W for 63,1, max ambient is comfortably
high, and runaway temperature exceeds maximum rated
junction temperature. Third, we’re nowhere near the
limiting system resistance (1055°C/W), so its associated
runaway temperature of only 92.9°C is no concern.

On the other hand, at the higher voltage application, we
have problems. First, the k/e ratio says there is no solution
for the operating point. We could have concluded this
indirectly by noting that our chosen theta exceeds the max

theta calculated based on the given ambient, and that
maximum ambient exceeds our chosen ambient, given theta.
Unfortunately, we can’t lower the maximum ambient, but
upon further consideration, we believe that a theta of
80°C/W is quite realistic. Recomputing values, we now find
that k/e has risen to 1.609, maximum ambient has risen to
83.5°C, and runaway temperature based on this theta will be
101.3°C. Both runaway temperatures are well below
maximum rated temperature for the device, but we won’t
know our “real” margins without calculating the actual
operating point, and its unstable upper partner. So, using the
goal-seek feature of a spreadsheet program (or the iterative
procedure outlined in the sidebar), we find the two
mathematical solutions of Equation 19, for k = 1.609e, to
bez=0.312 and z = 2.315.

These translate into a stable operating point at 80.6°C (and
0.09 W), and its unstable partner at 116.3°C (0.69 W). So no
matter how you look at it, even this 80°C/W system design
will succumb to thermal runaway somewhat below the
maximum operating temperature of the device. We have at
least established some reasonable margins around the design
point.

Solving Equation 19

2 _ 1 -1In(kzj)
i+1- 71

i,
Zj

Observe that Equation 19 may
be rewritten In (kz) = z, then
posed as function y = z-In (kz) to
which Newton’s method may be

applied. This results in the fairly 1 Converges to

robust iterative formula shownat  Zo = lower point
right. For k ranging between 2.72

and 1000, convergence is to a

dozen significant digits in fewer ;' _ | ) Converges to

than 10 iterations. upper point

A Seeming Paradox

Interestingly, Equation 30 shows that for a given device in
a given thermal system, thermal runaway temperature does
not depend directly on the value of thermal ground. It does,
however, require defining the system thermal resistance to
encompass the entire thermal path from junction down to
thermal ground. A specific example will serve to illustrate
what may appear to be a nonsensical consequence, but
which in fact will emphasize this requirement, once
understood.

Imagine the two thermal systems illustrated in Figure 13.
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05W N\ e 0.5W
) )
Case A : : Case B
U U
\J \
100°C Junction > Identical < 100°C Junction
§ 50°C/W § 50°C/W
75°C Lead Y, \_ 75°C Lead
§ 100°C/W § 0.2°C/W
25°C Thermal Ground 74.9°C Thermal Ground

Thermal runaway, based on
0;3x = 150°C/W, calculated to
be at 125°C.

Thermal runaway, based on
03¢ = 50.2°C/W, calculated to
be at 150°C.

Figure 13. Two Applications of Another Device
(not the device of the previous examplel!)

The point of these two system models is that the very same
device, seeing exactly the same “local” conditions (that is,
junction temperature, lead temperature, and power
dissipation), has, according to Equation 30, two vastly
different “runaway” temperatures (based on the two
different system resistance values). Clearly the only
difference in the two applications is the combination of
thermal ground and total system thermal resistance. So the
question which may present itself is, “If the device is
experiencing the exact same boundary conditions (so it
would seem), how could it possibly be sensitive to the
thermal resistance beyond those boundaries, and thus have
different runaway values?” Another way of putting it might
be, given this simple model, “If we increase the power level
in Case A until T reaches 125°C, why will runaway occur,
whereas if we increase the power level in Case 2 until T
reaches 125°C, will it remain stable?”

Paradox Lost

The answer lies in the very reason that the total system
thermal resistance must be used in calculating runaway
temperature. Consider first what happens in Case A if the
power is increased by a small increment, say 0.1 W. Thermal
ground, of course, remains fixed at 25°C (that’s why it’s
thermal ground). T\, on the other hand, rises by 10°C, and
T rises by 15°C. Consider now Case B for the same small
increment of power of 0.1 W. Again, thermal ground
remains fixed (this time at 74.9°C). Now, however, T, rises
by only 0.02°C, and T rises by only 5.02°C.

We haven’t been explicit about the device power—law
parameters (though they went into the runaway calculation,
and into the very fact that the operating points of Case A and
Case B are what they are). Indeed, changing the power must

be viewed as a temporary disturbance to the system anyway,
since you can’t actually change the power at all and still
remain in equilibrium — that’s why the power law device has
a specific operating point in a particular context.

But we can surely see this: the fact that a small
perturbation in power pushed the temperature of Case A’s T
up by 15°C, whereas that same perturbation in power pushed
up the temperature of Case B’s T; by only one-third that
amount, suggests that Case A is much more sensitive to
small perturbations. (This could have been turned around to
show that it only takes about a third as much power in Case A
to cause a similar increment in T as is required in Case B.
So we’d say Case B is more “robust” to power fluctuations.)
The argument then goes that because this is a power law
device, small perturbations in Case A are more dangerous
than in Case B. This may be translated into a lower runaway
temperature.

Yet another way to see it is that if we’d designed our two
systems to run at a very small margin below the runaway
temperature of Case A, then (due to this differing sensitivity
in T to power), a very small perturbation in Case A would
send it into runaway, whereas the same small perturbation in
Case B is just that, a small perturbation.

There is yet a third way to look at it. Consider how little
the lead temperature changes in Case B, for the same
increment in power as in Case A. Because the lead is so
much closer to thermal ground in Case B, it makes sense that
at a given operating point, power and temperature at the
junction should be much more firmly “anchored.” Potential
runaway must therefore be farther away from the operating
point, even though the operating point itself is the same in
both applications.
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CONCLUSION

This monograph has focused on power—law devices. In
short, this is because we can make some precise statements
about their behavior, even if in a somewhat idealized thermal
system. Nevertheless, it should be clear that regardless of the
actual shape of the device line, or even of the system line, the
concepts driving a thermal design with respect to thermal
runaway are generally applicable, even if they must be
implemented graphically or through some other iterative
method of calculation.

For a power-law device, Equation 27 was perhaps the
most surprising result, namely that for a “perfect runaway”
system (that is, one where the operating point is at exactly
the thermal runaway point), the offset between thermal
ground and runaway temperature depends solely on the
power—law strength. However, we should never design a
system to operate at precisely the runaway point, so although
this result is an interesting mathematical fact, it is only of
secondary importance. In fact, there are two different
theoretical runaway points (one based on holding system
resistance constant, and varying ambient, and the other
based on holding ambient constant, and varying the system
resistance). The latter is always the lower of the two, and is
at the fixed power—law strength, A, from the nominal thermal
ground. (It is also surprising that for the 2x—per—decade rule
of thumb, A comes in at only 14.4°C! A cursory study of
several actual data sheets shows that A may be as high as
20-21°C for some real devices. In any event, this margin is
quite small in absolute terms.) However, in many situations,
there will be relatively much more margin in system
resistance than in thermal ground, so the former runaway
point will be the one of primary interest.

Thermal runaway has sometimes been stated exclusively
in terms of the relative slopes of the device and system lines.
That is, if:

Q. 1

dT ~ 8x (eq. 36)

then runaway will occur. It should be evident from this study
that this is somewhat of an oversimplification. If both device
and system lines are straight lines, it is surely true. However,
if either or both lines are curved, then not just the relative
slopes, but also their second derivatives, and the specific
placement of the lines relative to each other, are all factors.
More particularly, for power—law devices, there is not just a
stable operating point and potentially two runaway points,
but also an unstable higher operating point. It is actually this
upper, unstable operating point that limits the junction
temperature (and spells disaster if junction temperature
exceeds this value), so long as the conditions do not persist
for “too long.” But what happens due to increases in ambient
or system resistance is that the two “operating” points begin
to converge, bringing the two runaway points inwards with
them. All four points thus coalesce at a common value when
conditions depart from the nominal for a sufficiently long
period of time, and runaway then occurs. Clearly, therefore,
the precise manner and duration by which the system is
perturbed from the operating point, dictates the exact
temperature at which runaway ultimately occurs.

It is also certain that one can never have a stable operating
point where the condition of Equation 36 is violated locally
(for instance, the upper point just referred to in power—law
device operation). But, as we saw, in the case of devices with
negative second derivatives, this only means that the lower
of two theoretical operating points (i.e., solutions to the set
of equations) cannot be maintained. The system may “run
away” from the lower point, but not necessarily to oblivion,
only to the upper, stable point.

Accounting for all these factors, it will be found that in
many applications, thermal runaway is likely to occur at a
temperature far below the maximum rated temperature of
the device. In other words, if thermal runaway is a failure
mode of the application, it may be the most stringent
constraint on the thermal design.
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