
sink up to 250 mA (or 1.5 A of pulsed
current). A 24-V, low-power linear reg-
ulator drives the circuit, while a volt-
age monitor with a manual reset
guards against power brownouts.

CMOS switch debouncer U2 ensures
robust industrial-rated inputs and a
wide input-voltage range. It offers eight
fully debounced and ESD-protected
inputs, eight tristate outputs, and a
change-of-state output (

—
CH) for simpli-

fying connections to the microcon-
troller. Pull-up resistor R3 provides a
logic high that disables U1 and U2 dur-
ing power-up until the microcontroller
I/O has been configured.

An octal D-type latch (U3) supplies
eight open-drain outputs, rated to 45 V
dc. These outputs can easily drive
process indicator lamps, isolation
relays, and other logic controls in a 24-
V control system. A built-in voltage
clamp on each output enables direct
connection of relays, solenoids,
buzzers, and other inductive loads.
Resistor R1 ensures that all outputs are
off during power-up until the micro-
controller I/O has been configured.

Microcontroller U1 includes 32
bytes of RAM for variables and 1232

bytes of EPROM for storing the process
control program. (A low-cost, one-
time-programmable version is also
available.) The bidirectional pins of
port A (PA0 to PA7) furnish an 8-bit
data bus for I/O data to U2 and U3.
Using software, the first three pins of
bidirectional port B (PB0 through PB2)
are configured as outputs. As a result,
they can provide the control signals—
EN, 

—
CLR, and CLK for U2 and U3.

By issuing a logic-low reset during
power-up, the U5 voltage monitor
ensures automatic recovery during
power brownouts. U5 also offers a
debounced manual reset to U1 when
the reset pushbutton is pressed. R2
prevents contention with the micro-
controller’s bidirectional 

—
RESET pin.

Power to the controllers is provided
by U4, a high-voltage, low-power lin-
ear regulator configured to deliver up
to 30 mA from a 5-V output. U4
accepts input voltages to 28 V dc.
Therefore, it lets the controller function
with 12/24-V control systems and
mixed-voltage control systems (i.e., 24-
V field devices and 12-V control logic).

Since every U2 input pin (IN1 to IN8)
has an internal, 63k pull-up resistor,

each one requires an applied logic low
to indicate a change of state. Input “8”
shows a pushbutton-switch interface
where R5 limits the 24-V-to-ground cur-
rent to 10 mA. This enables the use of
low-cost switch contacts and a logic-
high level (24 V) as the change-of-state
signal. Input “1” demonstrates a limit-
switch interface in which R4 limits the
current to 10 mA and a logic low (0 V) is
the change-of-state signal. U3’s output
“1” illustrates a lamp, solenoid, or other
load connected to a 24-V source.

The timer function internal to the
microcontroller can replace expensive
relay timers in the control system. Addi-
tional inputs are easily gained by
adding another switch-debouncer IC,
installing a pull-down resistor on the
microcontroller’s 

—
IRQ pin, and adding

steering diodes between each 
—
CH pin

and U1’s 
—
IRQ pin. One of U1’s unused

port-B pins can be configured as the 
—
EN

signal to the new IC. For analog func-
tions, a serial digital-to-analog convert-
er (DAC) or analog-to-digital converter
(ADC) and the microcontroller’s
unused port-B pins (PB3 to PB5) can be
used to implement 0- to 10-V or 4-to-
20-mA process controls. 
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“Take-Back-Half” HVAC Thermostat
Is Precise And Energy-Efficient

CIRCLE 521

I mplementing tight control of envi-
ronmental temperature is essential
in many critical areas. For instance,

it’s necessary when research laborato-
ries house sensitive instrumentation
and for manufacturing facilities
involved in high-precision micropho-
tolithography. However, the conven-
tional ways to achieve such control can
run directly afoul of responsible ener-
gy conservation practices.

In one commonly used technique,
for example, the refrigeration side of
the air-handling system is allowed to
run continuously at full throttle.
Meanwhile, the addition of opposing
heat is used to close the temperature
feedback loop. This energy-intensive
arrangement is a popular ploy consid-
ering how difficult it is to achieve accu-
rate temperature control in systems

that are capable of switching freely
between heating and cooling modes.

In such systems, errors arise from
the unavoidable time delays and shifts
in feedback parameters that occur
whenever the direction of heat flow is
reversed. Undesirably complex and
hard-to-tune feedback algorithms
would typically be required to cope
with these parametric shifts. Conse-
quently, the energy cost of the simpler
heat-only feedback method, although
regrettable, is often perceived as the
lesser of the two evils. 

Fortunately, there’s an unconven-
tional control algorithm that offers a
suitably robust yet simple-to-tune
alternative that largely avoids both dif-
ficulties (see “Take Back Half: A Novel
Integrating Temperature-Control Algo-
rithm,” ELECTRONIC DESIGN, Dec. 4, 2000;

“Circuit Enables Precision Control In
Radiant Heating Systems,” ELECTRONIC

DESIGN, Jan. 8, 2001; and “Linear-RMS
Phase Control Improves Thyristor-Based
Thermostat,” ELECTRONIC DESIGN, March
5, 2001). As illustrated in the figure,
TBH makes accurate environmental
temperature control (<< ±1°C) possi-
ble. Plus, it’s optimized with a single
tuning variable and avoids the undesir-
able energy consumption of a tradi-
tional variable-heat-only approach. 

Circuit operation centers around the
diode-connected temperature sensor
Q1. Temperature-dependent VQ1
(about −2 mV/°C) is compared to the
setpoint voltage developed by R1. The
difference is then integrated by A1.
Next, the integrated error is scaled by
the adjustable R2-C2 time constant,
buffered by A3, and applied to the A4-



A6 dual-PWM circuit. Circuit topology
is such that when VR2 > VQ1 (ambient
temperature is greater than the set-
point), A1 ramps positive. As a result,
comparator A5 triggers TRIAC Q2 for
proportionally greater duty cycles.
This action progressively opens the
chilled-water solenoid valve, thereby
cooling the ambient temperature and
forcing it toward the setpoint.

Conversely, when VR2 < VQ1 (ambi-
ent temperature is less than the set-
point), the error voltage ramps nega-
tive. As a result, A6 and Q3 cause the
hot-water valve to admit increasing
amounts of hot water into the air-han-
dling system, thereby warming the
ambient. Bias voltages developed by
the passive summing network sur-
rounding A5 and A6 prevent the over-

lap of hot/cold valve operation, pro-
moting efficient energy use.

The 70-second period of the timing
ramp generated by the A4-U1D-A8
oscillator was chosen to be appropri-
ate for both ripple-free ambient tem-
perature control and acceptable
mechanical valve life (typical valve-life
expectancies of 2 × 106 actuation cycles
imply a valve MTBF greater than four
years). By tuning the feedback-loop
time constant (TBH “F” factor), the
A2, S1, U1A, U1B, U1C logic chain
implements the crucial convergence-
by-bisection principle of the TBH algo-
rithm. By adjusting R2, this time con-
stant can be set to accommodate a
particular HVAC heat exchanger and
air handling system. S2 and S3 act to
accelerate initial settling of the circuit

on power turn-on. 
The prototype of the TBH thermo-

stat has been in service for over eight
years. During this time, it has main-
tained a stable and accuracy-enhanc-
ing environment in a nuclear magnetic
resonance (NMR) facility of several
thousand square feet. 
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This TBH-based thermostat provides accurate and efficient environmental temperature control (<<±1°C), optimized with a single tuning variable.
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