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Abstract—A digitally programmable temperature controller is de-
veloped based on a phase-locked loop (PLL). Temperature under con-
trol is converted to frequency form and then compared, in a phase
detector, with the reference frequency which corresponds to the target
temperature. The detected phase drives the actuator. The frequency
difference is also detected by a one-chip microcomputer which changes
the reference frequency according to a proportional-integral-deriva-
tive operation. A prototype controller achieved 0.1°C stability in the
temperature control of a water bath.

I. INTRODUCTION

HEMICAL and physical reactions are highly sensi-

tive to temperature and thus temperature control is
indispensable for industrial processes. To that aim, sev-
eral controllers have been developed which use computers
as the central unit [1]-[4]. By virtue of their powerful
computing engines these controllers feature high accu-
racy, programmability, and adaptability. The temperature
sensors used in these systems, however, provide their out-
puts in current or voltage form. Therefore, a high preci-
sion analog-to-digital converter is required for interfacing
the sensor with the central unit. In addition, some con-
trollers require digital-to-analog converters to drive the
actuator according to the control algorithm.

Intensive effort is now devoted to the development of
an intelligent sensor that provides the sensed variable in
digital form [5]. A variety of output formats are possible,
but frequency encoding requires only a simple interface
and provides the best method of transmitting data. In view
of this trend, a temperature control method compatible
with such an intelligent sensor has been developed.

Section II describes the principles of operation and the
architecture. To prevent an oscillatory response due to the
slow heat transfer process, a proportional-integral-deriv-
ative (PID) control is essential. Its algorithm is also given.
An integral part of the architecture is the temperature-to-
frequency (7T/F ) converter. Section III describes a pro-
totype controller using a newly developed T/F converter.
Experimental results are presented which confirm the con-
trol principles. The paper concludes (Section IV) with a
description of the potential applications and future works.
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II. ARCHITECTURE
A. Hardware

The block diagram of the temperature controller is
shown in Fig. 1. It can be divided into two main blocks:
a one-chip microcomputer as the central unit, and the
phase-locked loop (PLL) consisting of the T/F converter,
frequency divider, phase detector, and power stage.

The T/F converter corresponds to a voltage-controlled
oscillator in a conventional PLL. For simplicity, its out-
put frequency fr is assumed to be proportional to the tem-
perature T under control,

fr=f + 8T (1)

where f, is the offset frequency and S, is the conversion
sensitivity. Comparing the two frequencies, fr and f,/D,
where f, is the oscillation frequency of the stable clock
generator and D is the divisor set to the frequency divider,
the phase detector produces the error signal to drive the
power stage. The transfer function of the PLL is ex-
pressed as

wn

S? + 2¢w,S + o} (2)

where the damping factor { and the natural frequency w,
are given, respectively, by

H,(s) =

{=2RACs.5,6 (3)
S.S,G

= 4

an = P2 4)

where S, is the sensitivity of the phase detector, G is the
transfer gain of the power stage, C is the thermal capacity
of the liquid under temperature control, and R is the ther-
mal resistance to heat flow through the tank surface. It is
clear from (2) that if D, given by

£
5+ ST, (5)

where T; is the target temperature, is set to the frequency
divider, then the PLL controls temperature T to track 7.

The damping factor is usually less than 1 and thus the
overshoot and undershoot appear in the step response of

D =
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Fig. 1. The block diagram of the temperature controller.

PLL. For avoiding such an oscillation, and obtaining
quick and stable response, the PID control is indispens-
able. To this aim, a one-chip microcomputer measures fr
and compares it with f; to calculate the divisor D appro-
priate for the PID control. Its details are described below.

B. Software

The control software assumes an 8-bit, one-chip micro-
computer uPD-7811 which accommodates, besides CPU,
ROM, and RAM, three parallel 1/0 ports, two 8-bit tim-
ers, and a 16-bit event counter. The 1/0 port assignment
is as follows: Port A is assigned to the keyboard for in-
putting the target temperature. Port B and the upper half
of port A are used for setting the divisor D for the 12-bit
frequency divider. Port B is also used for dynamic display
of the target temperature T, and temperature 7 under con-
trol, which is found by counting the output of the T/F
converter applied to the fifth bit PCs of port C. The other
bits of port C are used to issue timing scales to latch and
display dynamically, T, and T, and to set the divisor D
for the frequency divider.

One of the two timers, timer A, is used for generating
an interrupt request signal every 1/(30 X 8) s to scan the
dynamic display and the keyboard sequentially. The other
timer, timer B, is connected in parallel with timer A to
produce a gate signal every 0.5 s during which the event
counter counts the output of the 7/ F converter to measure
fr.

Fig. 2 shows the flowchart of the main program devel-
oped with the above-mentioned hardware architecture in
mind. The program first initializes all registers, timers,
and the event counter, and then waits for the interrupt
signals from the timers. Upon receiving the interrupt re-
quest from timer A, the program scans the keyboard to
input the target temperature and also issues the scanning
signal for the dynamic display of 7, and 7. The interrupt
request from timer B, on the other hand, commands the
event counter to measure fr. Using f; thus measured and
the target temperature equivalent frequency f,, the pro-
gram executes the PID algorithm according to the flow-
chart shown in Fig. 3.
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Fig. 2. The flowchart of the main program.

START

READ Ts AND
CONVERT IT TO fg

READ THE T/F
CONVERTER OQUTPUT fy

@f:Kl(Aeni- }—eu+ Tp Az@
1

€, =€)
Aes=Aey
A'eo =AleN

Fig. 3. The flowchart of the PID algorithm.

The PID algorithm can be expressed as

f(1) = K,{e(t) + l S e(t) dt + T, de(’)} (6)

T, dt

where f (¢) is the control parameter, e(¢) is the difference

between fr and f;, Ky is the gain, and T, and T, are the

integration and derivation constants, respectively.
Expressing (6) in the difference equation form, we have

Af = KR<Ae,, + %en + TdAze,,> (7)
where e, is the error between f; and f,, and Ae, is the
difference between the new and old errors. The PID pro-
gram calculates Af and recognizes that the frequency f,
with which f; is compared in the phase detector is f, +
Af. Updating D depending on this operation, the program
waits again for an interrupt signal.

III. EXPERIMENTAL RESULTS

To confirm the principles of operation, a prototype con-
troller was built using off-the-shelf components except the
T/F converter. The clock generator used is a 12-MHz
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Fig. 5. The oscillation frequency f versus temperature T measured by a
prototype T/F converter.

crystal oscillator. The power stage is the solid-state relay
of zero-crossing detection which switches 100-V ac on
and off depending on the output of the CMOS phase de-
tector.

For temperature control up to 100°C, a T/F converter
using a thermistor is developed [6]. Its circuit diagram is
shown in Fig. 4. Op-amp A, and transistor Q; form the
thermistor-controlled current source, producing the tem-
perature-dependent voltage Vr at the controller of Q. A
low-pass filter R; C, is incorporated to prevent the current
* source from oscillating. Voltage V7 is then compared with
the exponentially increasing voltage V, across C. by the
comparator A,. This comparison converts the linear
change in V7 into the exponential change over time. V7
changes exponentially with 1 /7, and the time required for
V. to reach V; is inversely proportional to T. Therefore,
repeating this comparison process by discharging C, one
can obtain a linear relation between the oscillation fre-
quency f and temperature T.

The oscillation frequency of the T/F converter using a
thermistor with the material constant B = 1896 and Ry =
458 Q at T, = 298 K is plotted in Fig. 5. From this plot,
the offset frequency f, and the conversion sensitivity S, of
the present T/F converter are found to be 2695 Hz and
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Fig. 6. The controller response to step change in the target temperature
with and without the PID algorithm.
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30 Hz/°C, respectively. These values are stored in the
control program to convert the target temperature into the
frequency.

This prototype controller was applied to the tempera-
ture control of a water bath. Fig. 6 shows the controller
response with and without the PID algorithm. Because of
the small damping factor of the PLL, the step response
without the PID control (solid line) oscillates around the
target temperature. The PID algorithm for suppressing the
oscillation is executed using the sampled data and thus the
PID parameters should be determined from the PLL re-
sponse in the z domain [7]. In this system, however, the
discrete response was approximated by a continuous one
because the thermal time constant CR of the water bath is
much larger than the sampling period, and the conven-
tional approach using the step response [8] was adopted
to find the optimum PID parameters K = 17.73, K; =
8.16, and K, = 0.231. Experimental data in Fig. 6 dem-
onstrate the performance of the controller using the PID
algorithm. Temperature of the water bath tracks to the
target temperature closely and the overshoot and under-
shoot are greatly reduced. The error in the steady-state is
within 0.1°C.

IV. CONCLUSIONS

A new technique for temperature control based on the
PLL has been proposed and confirmed experimentally by
the prototype controller. The principles of control are
compatible with intelligent sensors now being developed
and are applicable to the control of other quantities such
as humidity, pressure, and flow.

The prototype controlier presented here features low
cost, high precision, and programmability, but its range
is limited to 100°C by the T/F converter. To expand the
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control range, a T/F converter using a platinum resis-
tance thermometer is now under development.
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