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Abstract: We present a complete design of a multi channels PID controller for Thermoelectric Cooler
(TEC) using a pulse width modulation (PWM) technique implemented by a dedicated programmable
logic device (PLD) programmed by VHDL. The PID control loop is implemented by software written
by National Instrument Lab-Windows CVI. Due to the fact that the implementation is by a VHDL and
PLD the design is modular, as a result, the circuit is very compact in size and very low cost as
compared to any commercial product. In addition, since the control loop is implemented by software
running on a personal computer (PC) using a C language, it is easy to adjust the controller to various
environmental conditions and for a width range of sensors like: a thermo couple (TC), thermistor,
resistance temperature detectors (RTD) etc. We demonstrate the performance of this circuit as a
controller for a small incubator using thermistor as the temperature sensor. Copyright © 2008 IFSA.
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1. Introduction

Temperature control is needed for a wide range of applications. For some, a precision of £1 °C is
satisfactory, but accurate applications require precision of £0.1°C and in some cases even better. For
example, the performances of electro-optics devices depend strongly on temperature; hence, these
devices require high precision temperature control [1]. Analogously, in bio-tech systems a constant
regulation with a precision of a 0.1°C is satisfactory. Moreover, in several systems it is not sufficient
to regulate the temperature to a constant value, but instead, an optimization procedure is required. In
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systems like these, feedback control mechanisms vary the target temperature to maximize the output
signal from the device under control.

Thermoelectric Coolers (TEC) [2, 3, 4] are solid state heat pumps that operate according to the Peltier
effect [5] - a heating or cooling effect when an electric current passes through two conductors. A
voltage applied to the free ends of two dissimilar materials creates a temperature difference. With this
temperature difference, Peltier cooling will cause heat to move from one end to the other. The heat
pumping capacity of a cooler is proportional to the current and the number of pairs of n- and p- type
elements.

In this work we present a complete design of a multi channels PID controller for TEC, implemented by
a dedicated programmable logic device (PLD) that is programmed by very high-speed integrated
circuit hardware description language (VHDL). The PID control loop is implemented by software
written by National Instrument [6] Lab-Windows CVI. We introduce, in detail, the design of a 4
channels controller and then explain how to expand it to 32 channels. The design is modular due to the
fact that the implementation is by a VHDL and PLD. As a result, the circuit is very compact in size
and at very low cost.

2. Design Considerations

The controller, presented here, was developed to operate with a variety TECs, at a wide temperature
range, with variety sensors like: thermo couple (TC), thermistor, and resistance temperature detectors
(RTD). The controller is connected to a personal computer (PC) via the standard parallel port - to set
the outputs power and monitoring the actual temperature, while the PID control loop is implemented
by software on the PC. To achieve a compact design with high efficiency, we used a high frequency
PWM technique with a small coil filter. High frequency PWM technique combines the advantages of
high efficiency energy transfer and a very low ripple at the output. As mentioned above, the TEC heat
pump capacity is proportional to the current flow through the device, this means that by inverting the
current direction, one converts the cooler to a heater and vice versa. To improve the controller
performance, we drive the TEC with a bi-directional current, switched by full-bridge solid-state
devices.

3. Electronic Circuit

Fig. 1 is the circuit diagram of the 4 channels controller. The major device in the circuit is U; - the
digital control unit, which is comprised of one Complex Programmable Logic Device (CPLD) timed
by a 25 MHz clock — Us. The CPLD was programmed on board through JTAG (J,), and implements
the following:

1. Communicating with a PC in Enhance Parallel Port (EPP) mode thru J;.
2. Controlling the data acquisition unit - U,.
3. Implementing the multi channels 256 levels PWM controller.

The PWM outputs of the CPLD are connected to the full bridge power devices — Uy and Us. The
bridge - L298 - converts the TTL logic level to power pulses of up to 36 V and up to 2.5 A. The
outputs of the bridge are filtered by low pass filters (L3-L;o and Cy-C¢) in order to achieve a DC level
on the TECs that are connected to JPs - JPg.
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Fig. 1. The controller circuit diagram.

The temperatures of the regulated objects, attached to the TECs are sampled by Negative Temperature
Coefficient (NTC) thermistors [7] that are connected to JP;-JP4. The room temperature resistance of
the sampling thermistor is 10 kQ while its Bs/19o-Constant is 3988 K which leads to a resistance of
32.65 KQ at 0 °C and 0.68 KQ at 100 °C. Each thermistor is serially connected to a 10 KQ 0.1%
reference resistor (R3;-Rg) and both form a voltage divider whose configuration depends on the
temperature of the object. The output voltage of this divider Vy; - runs between 0 V-5 V ruling by the
expression SVe{R,s/(Rxs+Rk)}. Where Rk - the thermistor resistance at temperature Tk — is defined by
RK = R25.€Xp {B.(I/TK—I/T25)} If we defined:

o= RK/R25 =exXp {B.(I/TK—I/T25)} (1)
and
B = Ras/(RastRk) (2)

It is easy to see that a = 1/B-1, thus the transformation between the temperature and the measuring
voltage Vy is:

1/Tk = 1/Tas + 1/Beln(1/B-1), 3)

where = Vy/5V.
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The data acquisition unit — U, is made of a single Analog to Digital Converter (DAC) that operates
with an internal reference and clock. The MAX197 [8] is a multi range, 12 bit data acquisition system,
which requires only a single +5 V supply for operation. This converter provides 8 analog input
channels that are independently software programmable for a variety of ranges: £10 V, £5 V, 0 V to
+10 V, or 0 V to +5 V, while the input is protected against an over voltage of £16.5 V. This converter
supports an 8 + 4 bits parallel interface to a microprocessor, and an internal reference of 4.096 V. Four
channels of this unit are connected to thermistors to monitor the temperature, while the other channels
monitor the TEC’s currents. Since the converter inputs current is several hundreds micro ampere, we
buffered the inputs by Uy - single-supply, rail-to-rail, CMOS operational amplifiers.

U is a DC to DC converter that accepts 12 V-18 V in its input and converts it to 5 V on the output. In
order to work with voltage above 18 V, one must replace this converter by others that work with 36 V.

4. Chipset Design

Digital designs are increasingly based on programmable logic devices. These devices are very flexible,
inexpensive, and replace many basic logic parts with a single high-density device. The designs become
very compact, small in size, and ultra-fast. There are several methods to design, synthesize, and
simulate the content of the programmable logic: Hardware Description Language (HDL) as Verilog
and VHDL, Schematic Editors, and more. This design is implemented by VHDL using Synplify 8.5 [9]
to synthesize and Active-HDL 6.3 [10] to simulate the CPLD.

Our device - CY37128P84 from Cypress Semiconductor [11] - includes all the logic of the circuit and
functions as a chipset of the system. Since the parallel port does not include an address bus, we must
read or write any data in two cycles, first writing the address and afterwards reading or writing the
relevant data. Moreover, due to the fact that the parallel port data bus consists of only 8 bits, while the
converters resolution is of 12 bits, each analog data should map on 2 addresses in the chipset; low byte
and high byte. By using this architecture each register in the chipset has its own local address:

0 - ADCL : read-low byte of ADC.

1 -ADCH  :read-high byte of ADC.

2 - ADCS : write-start conversion / read-end of conversion.

3—PWMI :write-PWMI duty cycle.

4 -PWM2 :write-PWM2 duty cycle.

5—-PWM3 :write-PWM3 duty cycle.

6 —PWM4  : write-PWM4 duty cycle.

7 — ENABLE : write-enable to the 8 PWM outputs.

The internal architecture of the CPLD is based on the state machine that is shown in Fig. 2.

At IDLE state, the machine is waiting for an Address Strobe (nA) or a Data Strobe (nD). If nA is
detected, the machine starts an address write cycles, or, if nD is detected, the machine starts a data
read/write cycle. At an ASTB state, the relevant address is saved in the internal register. At an STB
state, the machine sets the proper chip selection to the peripheral, while the nWrite signal determines
the cycle mode - write data or read data. At WRn and RD1 states, the machine transfers the specified
data between the peripherals and the register, as can be seen in Fig. 2.

The implementation of the four bipolar PWM channels in VHDL is very simple. Fig. 3 shows a VHDL
list in one process that implements all the PWM channels. The clock (clk) is 25 MHz while the counter
(cnt) is 8 bits, thus, the modulation frequency is about 100 kHz (25 MHz / 2%).
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PwmUpdate: process (clk)
variable T: boolean;
begin
if Rising Edge (clk) then
Cnt <= Cnt + 1;
end if;
for k in 0 to 7 loop
T:=(Cnt<Duty (k/2))and (PWMen (k)="'1") ;
PWM (k) <= std_logic(T);
end loop;
end process;

Fig. 3. A VHDL list in one process that implements the all PWM channels.

5. Drivers and Software

The communication between the PC and the chipset is achieved by a simple protocol. From the

programmer’s point of view, one needs three low-level functions (drivers): setAddress, writeData, and
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readData to establish communication between the PC and the chipset. Above this low-level layer, the
user needs a data acquisition library to translate the digital data to a real value (duty-cycle,
temperature, etc.). These functions can be written in an assembly, C or any other high level language.
We used C language to write both the low-level drivers and the data acquisition library. Fig. 4 and Fig.
5 show the low-level drivers that communicate with the parallel port in EPP mode and the data
acquisition library.

#include <utility.h>
// Base address of parallel port
static unsigned Base = 0x378;

static const int idle = 0x04;
/************************************/

volid resetCard ()

outp(Base+2, 0x00);
outp (Base+2, 1idle);

/************************************/
volid setAddr (int addr)

outp(Base+3, addr) ;

/************************************/

vold writeData (int data)

{

outp (Base+4, data);

/************************************/
int readData ()

{

return (inp (Base+4) ) ;

/************************************/

Fig. 4. The low-level drivers to communicate with the parallel port in EPP mode.

For the PC to control the system, we built a Graphical User Interface (GUI) using a National
Instrument LabWindows CVI, as shown in Fig. 6. In this panel one sees a four strip chart - one for
each control channel, targets temperature, PID coefficients, control type, TECs current, and sampled
interval. The control type can choose from a list that includes: Open-Loop, On-Off, Proportional,
Integral, Differential, as well as any of their combinations. As mentioned above, the PID loop is
implemented by software, this means that the compensation expression is very flexible and in principal
can even be a non-linear expression. The type of compensation and coefficient values should be
determined by the user, as this will depend on the thermal response of the object and the TEC
properties [12, 13, 14].
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typedef unsigned char byte;
#include "EppDriver.h"

ttdefine READ TIME OUT 1000
#tdefine TIME OUT ERROR -1.0

#define MAX VOLT IN 5.00
#define ADCL 0x00
#define ADCH 0x01
#tdefine ADCS 0x02
#tdefine PWM1 0x03
#define PWM2 0x04
#define PWM3 0x05
#define PWM4 0x06
#tdefine ENABLE 0x07

/**************************************************************/

double AnalogIn{byte Chan)

#define BIP 0
#tdefine RNG 0
tdefine ACO 0
#define PD10 1

1 - Bipolar 0 - Unipolar

1 - 10V 0 - 5V

0 - Internal Acquisition

Normal Operation & Internal Clock

short temp;

byte lo, hi;

int time = READ TIME_OUT;

setAddr (ADCS) ;

writeData ( (PD10<<6) | (ACQ<<5) | (RNG<<4) | (BIP<<3) | (Chan&0x07)) ;

while (readData() & 0x01l) // Wait for Int
if (time-- == 0) return (TIME_OUT_ERROR} ;

setAddr (ADCL) ;
lo = readData();
setAddr (ADCH) ;
hi = readData();

temp = (short) ((hi<<8) | lo);
temp <<= 4; temp >>= 4; // expand the sign bit
return({ (double) (temp * MAX VOLT_ IN / 4096.0) ) ;

/**************************************************************/

void PwmWriteDutyCycle (char Chan, byte Duty)

setAddr (PWM1l+Chan-1) ;
writeData (Duty) ;

/**************************************************************/

void PWMEnable (char Ena)

setAddr (ENABLE) ;
writeData (Ena) ;

/**************************************************************/

Fig. 5. The C language data acquisition library.
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Fig. 6. The Graphical User Interface of the control program consists: four strip chart - one for each control
channel, targets temperature, PID coefficients, control type, TEC current, and sampled interval. The control type
can choose from a list that includes: Open-Loop, On-Off, Proportional, Integral, Differential, as well as any of
these combinations.

Fig. 7 is the programming list of the PID compensation loop that receives the error and calculates the
compensation value in duty cycle units (-250 to +250). In all cases we send the absolute value of this
value to the PWM controller, while the sign determines the direction of the current in the bridge.

The analog acquisition time of the controller is about 20 pus — much faster than the feedback-sampled
interval, thus, there is no difficulty in simultaneously controlling all 4 channels. Moreover, since the
loop sampling time is very short, we can average the sampled data 10 times for each point (to reduce
the noise) and still then freeing the personal computer resources for other applications.

6. Expanding to 32 Channels

As one can understand, the design described above consists of 4 channels. Since we implemented the
design by VHDL and PLD, it is therefore very simple to expand this controller to include more
channels — using stronger CPLD. In order to expand the controller to 32 channels one is required to
adjust the following:

= Replace the programmable logic device - U; by a stronger one — CY37512.

= Duplicate the entire analog and power units 8 times, using common data bus and separate chip
selects.

= Expand the address register in the chipset to 64 addresses instead of 8 addresses.

= Change the loop index — K —in Fig. 3 from 7 to 63.

= Expand the commands in states WRn and RD1 of the state machine for 64 addresses.
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/*************************************/
int PID2Pwm{double pid)

{

if {(pid » 250.0) return (250} ;
if {(pid < -250.0) return (-250)};
return ({(int)pid);

/*************************************/

int CalculatePID{double err, int mode)

static double eP, el, eD;
static double lasterr, divErr;

if (mode==8) / /ON\OFF
return ((err>0.0) ? 200 : -200);

sumErr += err*dt;
divErr (err-lasterr) /dt;
lasterr err;

eP=el=eD=0.0;
if (mode & (1l<<0)) //P
eP = xP*err;

if (mode & (l<<1)) //I
el = xI*sumErr;

if (mode & (l<<2)) //D
eD = xD*divErr;

return (PID2Pwm{(eP+el+eD)) ;

}

/*************************************/

Fig. 7. The programming list of the PID compensation loop that gets the error and calculates the compensation
value in duty cycle units (-250 to +250).

As a result, the overall circuit is very compact in size (20 cm*/channel) and very low in cost (10$ per
channel) as compared to any commercial product.

7. Results

The controller, described here, can be used by any system that basically requires 1 to 32 channels of
temperature control. We used the controller to regulate the temperature of water, including bacteria, in
2 inches Petri dish. We used a 1 inch 15V/2A TEC [15] as a heater/cooler element; when a 25x25x0.4
mm piece of copper with a heat capacity of ~ 1 J/C® is attached to the cold side of a TEC while its hot
side is attached to the heat sink. The Petri dish is clamped to the copper piece when the temperature of
this copper is sampled by the thermistor [7].

Fig. 8 shows a typical temperature time response produced by the TEC, at room temperature of 25 °C,
when applying a 37 °C as the target temperature and using PID control. The feedback sampled interval
was 0.1 sec and the data acquisition averaging is 10. The figure and data analysis show that the
accuracy is better than 0.1°C while the stabilization time is about 2 minutes.

101



Sensors & Transducers Journal, Vol. 96, Issue 9, September 2008, pp. 93-103

40.0 §

38.0 4

36.0 1
34.0

32.0

30.0 3
28.0 -

l
|
26.0 I
L
N

24.0

Temperature (C°)

PID Starting Point

22.0 4

PNV M SN N S G G S I G S
0O 2 4 6 8 10 12 14 16 18 20

Time (minute)

Fig. 8. A typical temperature time response produced by a TEC connected to the controller, at room temperature
of 25 °C, when setting 37 °C as the target temperature. This figure shows that the stabilization time is about 2
minutes while the accuracy is around 0.1 °C.

8. Conclusion

In conclusion, we have demonstrated the complete design of a multi channels (4-32) PID controller for
TEC that compatible to the several kinds of temperature sensors which can be used for systems that
involve several channels of temperature control governed by a personal computer. Since we
implemented the digital design by VHDL and PLD, it was therefore very simple to expand this
controller to 32 channels, at the same time keeping the circuit very compact in size and at a very low
cost compared to any commercial product.
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