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Among the greatest challenges
in designing today's power-con-
suming products is managing
the system’s thermal budget.
Since most electronic equipment
include some form of power
conversion, it is necessary to
understand the design’s thermal
constraints, which form the con-
text for many design decisions.

is the average conduction-cycle
current through the power IC, V
is the average conduction-cycle
voltage across the device, and D
is the duty cycle,

In physical circuits, current is
a function of circuit operation.
Voltage is a function of cur-
rent, the device type, junction
temperature and [C control
method. For example, the for-
ward voltage across a diode is
simply a function of current and
termnperature. The voltage across
a MOSFET in the on state is
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Figure 1: A quasidynamic thermal wrapper model accounts for the power
device's parametric dependence on temperature.

Design engineers make a
number of trade-offs to mitigate
thermal problems: power-con-
version  topology, switching
frequency, semiconductor pack-
aging, IC type, heat sinking, the
conversion  circuit’s  location,
circuit-board material and cost.
There are also questions regard-
ing the need for forced-air con-
vection o, for high power-den-
sity applications, liguid cooling.
Frorn this list of options and con-
straints, temperature estimates
are necessary to determine the
impact of the various choices in
finalizing the design.

In  most power-conversion
circuits, the hottest elements are
the power [Cs—diodes, MOSFETs
and IGBTs. For a given circuit
topology, these compeonents
heat up as functions of applied
voltage, load current, switching
frequency, gate-drive dircuit,
package type and mounting.
Of these, the first four dissipate
power and model as thermal
sources, while the last two med-
els as thermal sinks because they
remove heat from the system.

A good first-order estimate
of power dissipation in switch-
mode circuits is P = DVI, where |
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IoRpsiony—the product of drain
current and channel resistance.
Ros(ony: in turn, is a function of
Ip, gate drive and temperature.
The voltage across an IGBT in
the on state, V=VCE(sat), is a
function of current, gate drive
and temperature.

To determine the ICs tem-
perature rise, multiply the power
dissipation by the thermal im-
pedance. The limitation with this
analysis is that it oversimplifies
the power calculation and does
not account for transient condi-
tions. The power device's data
sheet provides thermal response
curves, however, with which you
can overcome that limitation.

The curves assume a rectan-
gular power pulse of amplitude
P for duration t with duty cycle
D. Follow the curve appropriate

to your clrcuit’s duty cycle to
the point along the horizontal
axis corresponding to the pulse
duration. Read the correspond-
ing thermal response from the
vertical axis and multiply that
value by the power dissipation
to arrive at the temperature rise
from case to junction.

The thermal response curves
only address the case-to-junc-
tion temperature rise. They
cannot account for the case's
mounting method, which con-
tributes to its rise above ambi-
ent as a complete thermal-stack
model indicates.

Circuit simulation

Rather than approach the prob-
lem piece-by-piece, using dif-
ferent tools and data sources to
solve each part of the problem,
a circuit simulator can calculate
the total thermal response. The
simulator also allows you to ob-
serve the effect of the thermal
system on the circuit’s paramet-
ric performance, which is difficult
to deduce from pen-and-paper
or spreadsheet analyses.

Circuit simulation uses com-
ponent models and network
analysis, which closely approxi-
mates the operating conditions
for each device in the circuit.
The simulater  automatically
calculates the power dissipation
of power devices, taking into ac-
count a full range of circuit and
device behaviors that include
gate drive, switching transitions
and diode reverse-recovery.

However, traditional circuit
simulators calculate power based
on a static thermal model. In other
words, they fix device behavior
with respect to temperature. This
is adequate for low-power IC sim-
ulation because devices in such
circuits exhibit little self-heating.
Power ICs do self-heat, however,
and an accurate simulation must
account for the device behavier's
temperaturedependence.Adding
a guasidynamic thermal wrapper

model to the static 25°C device
model overcomes this limitation
(Figure 1).

Spice can implement the
thermal wrapper in macro mod-
els. Popular non-Spice simulators
can also implement the thermal
wrapper with macro models.
Alternatively, they can imple-
ment the thermal wrapper in a
hardware description language
such as VHDL-AMS for Ansoft's
Simplorer, MAST for Synopsys's
Saber or Verilog for Cadence’s
Spector simulators. Because all of
these simulators can use macro
models, this article focuses on
that approach and models a
power MOSFET as an example.

The thermal wrapper must
implement two temperature-
dependent MOSFET param-
eters: the threshold voltage,
Vip, and the fully enhanced
channel resistance,  Rpsien)-
The temperature coefficient of
Vip is approximately -7mv/°C.
Rosemys  temperature-depen-
dence models reascnably well
with a quadratic. Implementing
the mathematical relationships
is easy—deriving the operating
temperature that drives these
functions is the challenge.

The thermal system usu-
ally models as a ladder network
comprising Rs and Cs with a step
response resembling the single-
pulse curve. Most new MOSFET
datasheets include the ladder
network, but older datasheets
only provide the curves. In this
ladder model, power is analo-
gous to current and temperature
Is analogous to voltage.

The first item to obtain for the
thermal-wrapper model is chan-
nel resistance as a function of
temperature, Rpson)(Ty), which
all MOSFET datasheets provide
in the form of a characteristic
curve. A simple quadratic curve-
fitting routine can provide the
three coefficients in the form
the model requires: Rpson)(Tj) =
RDS(OH)QSDC)(E}TJQ + BT +0).
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Figure 2: The simulator's calculation of instantaneous power appears as a current source to the thermal network.
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The simulator computes the
value of Rpsieny(25°C) from the
device’s Spice model. Taking
the derivative of the channel
resistance with respect to tem-
perature yields an expression for
the self-heating effect on Rgsion):
dRpson)(Tj) = Ros(en)(25°C)2aT;
+b)dT}. Add dRpsign) as a resis-
tor in series with the MOSFET's
drain.

The next step calculates Tj
from the MOSFET's instanta-
neous power.Neglecting switch-
ing losses in Rg, the gate-inter-
connectresistance, thisis simply:
p = ipvps. This power term
serves as the source to the ther-
mal ladder network (Figure 2).
Note that the absolute-value
block in Figure 2 is necessary
because power dissipation al-
ways adds heat to the system,
no matter what the sign of the
voltage or current. The output of
this model is a voltage that cor-
responds to Tj.

Finally, the shift in Vg com-
pared with the nominal 25°C
threshold is simply:

dVry (T =7 MY (T,-25°C)
°C

This term appears as a floating
voltage source in series with the
MQSFET's gate terminal.

With the characterizing equa-
tions in hand, creating the model
is straightforward. Obtain from
its manufacturer the MOSFET's
datasheet, Spice model and
thermal network. Newer MOSFET
datasheets include the thermal
networks. Obtain or calculate
the quadratic coefficients that
describe Rpgion)s temperature
coefficient. Finally, implement
the macro model, including the
equations for dRpsen)(Ty), the
absolute value of the instanta-
neous power and d\/[h(TJ).

Theif-else staternents account
for the MOSFET's state during
simulation. If Vpg is greater than
100mVY, a 10 resistance adds to
the channel. The model assumes
that the MOSFET is fully on if Vps
is less than 100mV and it adds
the temperature dependent
dRpsion)- In this simple model, T,
is the case temperature. It's easy
to expand the thermal network,
however, to include a heat sink's
performance and its effect on
the system.
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