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17.7 Thermal Design Issues 411

a low impedance path between power and ground and leads to what is known as shoot-
through current. Recall that in bipolar implementations of a totem-pole output stage, a resis-
tor was placed between the power supply and the sourcing (upper) transistor to limit the
shoot-through current. This approach is not realistic for a power driver because of the high
currents involved. The presence of a resistor in a power driver would introduce unacceptably
large drops in the voltage supplied to the load at the output and dissipate power inside the
driver whenever it was sourcing current.

The designers of bridge drivers handle the problem of shoot-through currents by inde-
pendently controlling the upper and lower transistors and intentionally staggering the time
when one is switched off and the other is switched on—that is, a dead time is introduced dur-
ing each transition. This dead time, when neither the upper nor lower transistor is being acti-
vated, allows time for the transistor that is turning off to fully reach the off state before the
other transistor is commanded to turn on. The introduction of a dead time at transitions
allows for the elimination of shoot-through current at the expense of switching time.

17.6.2 H-Bridge Specifications

For bridge drivers, the most relevant output specifications are for the amount of voltage and
current that can be controlled, the voltage losses to be expected across the switching ele-
ments, and the timing of the switching operations. The input specifications are important as
well, of course, but this discussion centers on the performance of the outputs. The electrical
specifications (both output and input) for the 1.293B, a device with four 1 A half-bridges, are
shown in Figure 17.17.

This device uses separate power supply pins for the logic supply (Vgg) and the motor
supply (V). Notice that the motor supply voltage can be as high as 36 V, however, it can be
no lower than the logic supply voltage. This sets a lower limit on the motor voltage of 4.5 V.

The output voltage to the load is specified in terms of the voltage drop that will occur
across each switching element (Vcgg,y for the upper, or sourcing, transistor and Vg, for
the lower, or sinking, transistor). It is important to recognize that when the 1.293B is oper-
ated as an H-bridge, there will be one sourcing transistor and one sinking transistor in the
switched current path.

Near the bottom of the data sheet excerpt, we find the timing specifications for the
device. As is common with power drivers, the timing specifications are given in two parts.
The delay time is the time between a change in the input and the corresponding change in the
output. In addition, there is a specification for the 10-90% rise time and fall time. Notice
that the turn-on delay time is longer than the turn-off delay time plus the fall time, revealing
the use of dead time to control the shoot-through current.

17.7 THERMAL DESIGN ISSUES

When switching substantial currents, the voltage losses that occur across the switching ele-
ments represent not only a loss in voltage to the load but also power (P = V X I) that must
be dissipated within the power driver. This power is dissipated as heat in the chip, and it must
be removed to keep the temperature from rising to a level that would cause damage to the
driver. To facilitate the thermal analysis, manufacturers provide data to describe the thermal
performance of the chips. The data provided are generally based on a simple heat flow
model that has a direct analog in circuits {Figure 17.18).

In this model, the temperatures correspond to voltages and heat flows correspond to
current flow. The resistors represent the resistance to heat flow (°C/W). The capacitors rep-
resent the thermal capacity of the case (and possibly a heat sink) and, when included, allow
for the analysis of thermal transients. Basic thermal analysis is generally done at steady state,
equivalent to DC, in which case the thermal capacitance terms are ignored.
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ELECTRICAL CHARACTERISTCS
Symbol Parameter Test Condition Min. Typ. Max. Unit |
Ve | Supply Voltage Ve 36 v
Vag Logic Supply Voltage 4.5 36 v H_
is Total Quiescent Supply Current | Vi=1L; o= 0; Viph=H 2 6 mA |
Vi=hlo=0; Vign = H 16 24 mA |
Vi = L 4 mA |
lss Total Quiescent Logic Supply Vi=lle=0; Vipn= H 44 60 mA
Current Vs o= 0 Vi = H 6 22 | mA
Vinn = L 16 24 mA
Vi | Input Low Voltage 03 15 v
Vi | Input High Voltage Ves & 7V 23 Ves | V|
Vas > 7V 23 7 v |
li Low Voltage Input Current vy = 1.5V -10 HA
[ High Voltage Input Current 2.3V EVH<Veg-06Y 30 100 pA
Vi | Inhibit Low Voltage 03 15 v
Vinht Inhibit High Voitage Vag €7V 2.3 Veg A
Veg > 7V 23 7 v ]
bt Low Voltage inhibit Current Vi = 1.8V -30 -100 HA
YinaH High Voltage Inhibit Current 2.3V &VinnHs Vss- 0.6V +10 wA
Vegeatn | Source Output Saturation Voltage | 1o = -1A 1.4 1.8 A
Veesatt | Sink Output Saturation Voltage lo= 1A 1.2 1.8 v
Vsens | Sensing Voltage (pins 4, 7, 14, 17) 7 2 v
te Rise Time 0110 0.9V, (%) 250 ns
t Fall Time 0.9t 0.1 Ve () 250 ns |
ton Turn-on Delay 0.5V to 0.5 Vo (%) 750 ns
toff Turn-off Delay 0.5Vito 0.5V (™) 200 ns
* See figure 1
** Referred to LZ83E

FIGURE 17.17

The Electrical Specifications section for the 1L.293B, a chip with four half-bridge drivers that can be combined
to create two full H-bridges. (Copyright STMicroelectronics. Used with permission.)
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THERMAL DATA
Symbol Parameter Value Unit
Rinjcase Thermal Resistance Junctlion-case Max. 14 Crw
R amp  Thermal Resistance Junction-ambient Max. 80 T
FIGURE 17.19

Thermal specifications for an L293B. (Copyright STMicroelectronics, Used with permission.)

To make this model more concrete, let’s look at an example using the L293B. The ther-
mal specifications for the L293B are shown in Figure 17.19.

We can use the junction-ambient specification to evaluate the thermal performance
without an external heat sink or combine it with the specification for the junction-case to
determine the case-ambient specifications for use in evaluating the system performance with
a heat sink. Let’s start our example with an application that does not use a heat sink.

The Absolute Maximum section of the data sheet states that the maximum allowable
junction temperature is 150°C. If we want to analyze the worst-case power dissipation in
steady state, we would use the maximum output current (I A) and the maximum voltage
drops across the switching elements (1.8 V for sourcing and 1.8 V for sinking, for a total of
3.6 V). This gives us a total power dissipation of approximately 3.6 W (we have ignored the
power dissipation due to the internal operation of the chip since it is much smaller than the
power dissipated in the switching elements). Using the junction-ambient thermal resistance,
we calculate the temperature rise across the case to be 3.6 W X 80°C/W = 288°C. If we limit
the junction temperature to 150°C, as the data sheet tells us we must, we could not operate
at an ambient temperature above —138°C. Clearly, this won’t work! We have two choices as
to how to proceed: we could ask “What current could we use and still keep the junction tem-
perature low enough?” or we could ask “What kind of a heat sink do we need in order to
keep the temperature low enough?”

1f we wanted to operate at room temperature (25°C), we would be limited to a 125°C
rise over ambient (ROA) temperature to meet the junction temperature limit. With a junc-
tion-ambient thermal resistance of 80°C/W, we would need to limit the power dissipation to
125°C/H80°C/W) = 1.56 W. Assuming worst-case voltage drops across the transistors that
would limit the current to 1.56 W/3.6 V = 434 mA.

If 434 mA isn’t enough for our application, we can consider adding a heat sink as an
alternative. Given the specifications for the L293B, we can calculate the minimum thermal
resistance for a heat sink that would allow us to dissipate the required power and meet
the junction temperature limit. To determine this, we calculate the total thermal resistance
needed to meet our maximum ROA: 125°C/3.0 W = 34.7°C/W. This total thermal resistance
will be made up of the combination of the junction-case thermal resistance in series with
the parallel combination of the case-ambient and sink-ambient thermal resistances (Figure
17.20). When using a heat sink, it is not uncommon (and produces a more conservative
result) to ignore the case to ambient path.
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Ambient Heat flow path with heat sink.
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FIGURE 17.21
DIP heatsink.

To find the maximum thermal resistance of the heat sink in parallel with the case-ambient
resistance for the 1C package. we can simply subtract the junction-case resistance (14°C/W)
from the total allowable resistance (34.7°C/W) to get the result, 34.7°C/W — 14°C/W =
20.7°C/W. The case-ambient thermal resistance for the 1C package is the difference between
the supplied values for the junction-case and junction-ambient (80°C/W — 14°C/W =
66°C/W). Finally, by using the formulas for parallel resistors (a big benefit of using the elec-
trical analogy for thermal systems), we can develop an expression for the required thermal
resistance of the heat sink: FURTI

RcagsR sink
P = = — 1 |
R[olal Rcasc + Rsink ( 7.1 )

RcaseRtotal
Ry, = ——setotal (17.2)
ik Rcase - Rtotal

Inserting the numbers for this example, we calculate a required heat sink resistance of
at most 30.2°C/W. With this value in hand, we can search for heat sinks that mount to a
16-pin DIP package and provide a thermal resistance of less than 30.2°C/W. Figure 17.21
shows an example of such a heat sink which is specified for 20°C/W.

17.8 HOMEWORK PROBLEMS

17.1 If you wanted to drive an LED to the maximum possible brightness with the output of a 7400, .
would you arrange it so that the LED was on when the 7400’s cutput was in the low state or the
high state? Use worst-case design principles and quote specifications from Figure 17.2 to support
yOour answer.

17.2 If you wanted to drive an LED to the maximum possible brightness with the output of a
74HC04, would vou arrange it so that the LED was on when the 74HCO04’s output was in the
low state or the high state? Use worst-case design principles and quote specifications from
Figure 17.3 to support your answer.

17.3 If an LED is to be driven from either a 7400 or a 74HCO04. which would you expect to produce
the greater LED light output? Use worst-case design principles and quote specifications from
Figures 17.2 and 17.3 to support your answer.

17.4 If the outputs from two LM339A devices are to be used in a wired OR configuration to drive a
single input of an MC9S12 family device (use the specifications from Figures 17.8 and 16.1), what
are the minimum and maximum values for the pull-up resistor? Choose from among commer-
cially available 5% tolerance resistors.

17.5 Using the ULNZ2003A specifications from Figure 17.12. what is the minimum reguired input
voltage to be able to support an output current of 200 mA?
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