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I. INTRODUCTION 

The present generation of washing machines provide three temperature 

settings; hot, warm, and cold. Water temperature varies greatly, degrading 

the performance of the washing machine. It is highly desirable to control 

the temperature of the water in the tub. The hot and cold water valves are 

either open or closed. By determining the amount of time to open each valve 

when filling the tub the temperature can be controlled. 

Using a single chip computer with the structure shown in Figure 1 

it is possible to control the water temperature. A single thermistor can be 

used to sense the water temperature. The computer uses this temperature in-

formation to decide how long to leave each valve open when filling the tub. 

To investigate this problem a single chip computer system was de-

signed and built in the Computer Architecture Laboratory at Georgia Tech. 

This report describes the hardware, software, and preliminary results. 



4011.11•111 

'..AMAIAIAIRIANA/AlIONAAA 

WTEMP 

  

i_- 
CONTROL 
VALVE 

 

.J 

DTEMP 

DESIRED 
TEMP 

PROBLEM: WATER TEMPERATURE CONTROL 

CONTROL 

HOT 
	 VALVE 

WATER 

COLD 

WATER 	 CONTROL 
VALVE 

TEMPERATURE 

SENSOR 

LEVEL 
SENSOR 

STEMP 

DRAIN 

8048 
COMPUTER 

Figure 1 

GOAL 

1. TT TD 

2. MINIMUM NO. VALVE CYCLES 

METHODOLOGY 

1. SAMPLE STEMP 

2. COMPUTE WTEMP 

3. USE WTEMP - DTEMP TO CONTROL VALVES 



II. SYSTEM HARDWARE 

The system block diagram is shown in 'Figure 2. The system hardware 

consists of four modules or boards; the computer board, the I/O interface 

board, the keyboard and display board, and the power supply board. The four 

boards are connected via 100 pin edge connectors. The backplane connects all 

common pins. 

A. Computer Board 

The computer board contains one of the Intel 8048 family of single chip 

computers and sockets for two 8755A ROMS and an 8155 RAM. Figure 3 is a 

schematic of the computer board. The 8048 family of single chip computers 

provide an 11 MHZ 8-bit processor with up to 2K bytes of internal ROM, 

128 bytes of internal RAM, 27 I/O lines and an interval timer. The 8755A 

is a 2K byte EPROM with two eight bit I/O ports. The 8155 contains 256 bytes 

of RAM, 22 I/O lines and a 14-bit programmable counter. 

These four ICs provide a total of 4K bytes of program memory, 384 bytes 

of data memory, and 66 latched parallel I/O lines. These I/O lines are used 

to interface to the other boards over the backplane. Appendix A defines the 

pin and I/O assignments. 

B. Input/Output Board 

The I/O interface board contains an analog to digital converter, buffers 

and a prototyping area. The A/D shown in Figure 4 consists of an eight channel 

analog switch connected to a Datel MC8B, 8-bit analog to digital converter chip. 

The A/D operates from a single +5V supply. The buffers shown in Figure 5 drive 

an Opto 22 microprocessor I/O system which is used to control AC loads. The 

Opto 22 modules contain an optically isolated triae which can switch 120 VAC 

at 3A. These modules are used to control the valves. The prototyping area 

contains signal conditioning circuitry for.the temperature sensor and level 

indicator. 

C. Keyboard and Display Board 

The keyboard and display board consists of an Intel 8279 keyboard/display 

interface chip, six seven segment displays, and a hex keyboard. The 8279 

circuit shown in Figure 6 multiplexes the displays, encodes the keyboard and 

buffers data. 
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D. 	Power Supply Board 

The power supply board provides t5V at lA and +15V at 100 MA. The circuit 

is shown in Figure 7. The transformer, fuse and AC line cord are mounted direct-

ly on the P.C. board. The power supply can also provide a 120 Hz source which 

can be used by the 8048 to implement a real time clock. The present system 

uses only the +5V supply. A metal oxide varistor is used to suppress interference 

on the AC input. 



III. TRANSDUCERS 

A. Temperature Sensor .  

The temperature sensor is a Fenwal UUT 45j1 thermistor. This part has 

an accuracy of +1 °F from device to device. The thermistor is connected in 

series with a precision resistor. This resistor valve was selected such 

that it produces a maximum voltage change for temperatures of interest. This 

provides an output by voltage division which is used as an analog input to 

the A/D. Figure 8 shows the schematic and voltage response curve of the 

thermistor. The data points for this curve were generated using the manu-

facturer's data which is contained- in Appendix B.' Since the ,  curve is.not a 

straight line, this device is non-linear and some form of correction by the 

computer would produce more accurate results. 

B. Level Indicator 

A digital level sensor provides water level information to the computer. 

The output of this device indicates one of seven possible water levels. The 

accuracy of this device ranges from *25% to ±4%. The present control algorithm 

only uses this input to signal that the tub is full. 
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IV. SOFTWARE 

A. Software Development 

The INTEL 8048 is suited for programs requiring up to 2K bytes of program 

memory and up to 128 bytes of RAM memory. Programming the 8048 is more difficult 

than a general purpose microcomputer such as the 8080 or 6800. Several second 

sources are available for the 8048 family. For users with an INTEL MDS system; 

a cross assembler, in-circuit emulator, and prom programmer personality cards 

are available. Another device, the PROMPT 48, offers a front panel type inter-

face which allows the user to single step, examine and/or modify registers or 

memory, and set breakpoints. A single step circuit can also be built; however, 

unless external program memory is used the address and data are not available 

outside the chip. Register and internal RAM contents cannot be determined 

without the use of the PROMPT 48 or the in-circuit emulator making one of these 

development tools extremely desirable. 

B. System Software 

The software consists of four assembly language programs or routines; 

the real time clock routine, A/D input and conversion routine, 16-bit add, 

subtract, multiply, and divide routines and the control algorithm routine. 

When the computer is turned on the operator inputs the desired temperature 

and a fill cycle starts. Every two seconds the temperature is calculated 

and displayed. The control algorithm is then executed and the appropriate 

valves are opened or closed. 

The real time clock routine provides a count of 10 milliseconds, seconds, 

and minutes. An interrupt occurs every 10 ms. transferring control to this 

routine. This routine counts the interrupts to provide time measurements for 

other routines. 

The A/D routine is used to determine the temperature. The voltage output 

of the thermistor is converted to temperature in degrees Fahrenheit using 

piecewise linear interpolation. 

The 16-bit add, subtract, multiply, and divide routines are used for 

calculations in the control algorithm. 

The control algorithm decides which valves to open or close. The tempera-

ture of the water in the tub is calculated using the algorithm in Figure 9. 

The tub water temperature is a weighted average of all previous temperature 

readings. This is because the thermistor measures only the temperature of the 
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incoming water. Figure 10 is a state diagram representation of the control 

algorithm currently implemented. Table 1 shows the memory required for these 

routines. These memory requirements are well within the limits of the 

8048 single chip computer. 

Table 1. Memory Requirements  

Routine 	 No. Bytes  

Real Time Routine 	 41 Bytes 

A to D Routine 	 67 Bytes 

Control Routine 	 187 Bytes 

Extended Precision Arithmetic 
Routines 87 Bytes 

Total 	382 Bytes 
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V. RESULTS 

To evaluate the system, it was connected to a large tub provided by 

Whirlpool. This section describes the results of preliminary tests. The 

major performance criteria are the number of valve cycles per fill and the 

final temperature error. It is desirable to minimize valve cycling to extend 

valve life and minimize water hammer. Figure 11 is a graph of time versus 

temperature for three desired temperatures. These results indicate that the 

temperature can be controlled to within ±10 degrees Fahrenheit with one or 

two valve cycles per fill. Figure 12 shows the effect of changing the hysteresis 

constants. The labeled circles and squares indicate the point in time at which the 

valves were opened or closed. A smaller hysteresis decreases the temperature 

error but increases the number of valve cycles. 
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VI. RECOMMENDATIONS 

More work remains to be done in the design and evaluation of the control 

algorithm. The facility at Georgia Tech is limited to a cold water temperature 

of 75 ° F and a hot water temperature of 135 ° F. Extrapolation of results to 

all temperature ranges may be invalid. The present control algorithm does not 

correct for vastly different hot and cold water pressure. The heat sink effect 

of the tub also needs to be included in the control algorithm. It is possible 

that the thermistor could be mounted directly on the tub rather than in the 

water inlet. Another useful feature that could be added is the detection and 

correction of reversed plumbing connections. 

There are three approaches on the basic design of the control algorithm. 

The present algorithm uses only temperature information to control the valves. 

Another algorithm based on adaptive control would monitor the temperature and 

flow rates to control the valves. This approach requires either an accurate 

water level or flow rate transducer. The third possibility based on learning 

would use temperature and flow rate information from previous cycles. This 

requires that the single chip computer be left on or that the computer contain 

non volatile memory. These algorithms should be implemented and compared based 

on cost and performance. 

• 



APPENDIX A 

8048 BUS AND I/O STRUCTURE 



8048 SYSTEM BUS STRUCTURE 

Pin Number Description Source 

1 +5 

2 Spare 

3 SS 8035 	Pin #5 

4 WR 8035 	Pin #10 

5 DBO 8035 	Pin #12 

6 082 8035 	Pin #14 

7 DB4 8035 	Pin #16 

8 DB6 8035 	Pin #18 

9 INT 8035 	Pin #6 

10 P13 8035 	Pin #30 
11 P11 8035 	Pin #28 

12 VDD 8035 	Pin #26 
13 P23 8035 	Pin #24 
14 P21 8035 	Pin #22 

15 P16 8035 	Pin #33 

16 P24 8035 	Pin #35 

17 P26 8035 	Pin #37 

18 T1 8035 	Pin #39 
19 PA6 8755-1 Pin #30 
20 PA4 8755-1 Pin #28 

21 PA2 8755-1 Pin #26 
22 PAO 8755-1 	Pin #24 
23 PB1 8755-1 Pin #33 
24 PB3 8755-1 Pin #35 
25 PB5 8755-1 Pin #37 
26 PB7 8755-1 	Pin #39 
27 BD 8035 	Pin #8 
28 Spare 
29 PBO 8755-2 Pin #32 
30 PB1 8755-2 Pin #33 



Pin Number Description Source 

31 PB2 8755-2 Pin #34 

32 PB3 8755-2 Pin #35 

33 PB4 8755-2 Pin #36 

34 PB5 8755-2 Pin #37 

35 PB6 8755-2 Pin #38 

36 P87 8755-2 Pin #39 

37 PC4 8155 	Pin #2 

38 Spare 

39 Timer Out 8155 	Pin #6 

40 PA1 8155 	Pin #22 

41 PA3 8155 	Pin #24 

42 PA5 8155 	Pin #26 
43 PA7 8155 	Pin #28 

44 PB1 8155 	Pin #36 

45 PB3 8155 	Pin #32 

46 PB5 8155 	Pin #34 
47 PB7 8155 	Pin #36 
48 PC1 8155 	Pin #38 

49 +15 

50 GND 

51 +5 

52 Reset 8035 	Pin #4 
53 PSEN 8035 	Pin #9 
54 ALE 8035 	Pin #11 

55 DB1 8035 	Pin #13 
56 DB3 8035 	Pin #15 
57 DB5 8035 	Pin #17 
58 DB7 8035 	Pin #19 
59 P20 8035 	Pin #21 
60 P14 8035 	Pin #31 
61 P12 8035 	Pin #29 

62 P10 8035 	Pin #27 
63 PROG 8035 	Pin #25 

64 P22 8035 	Pin #23 
65 P15 8035 	Pin #32 



Pin Number Description Source 

66 P17 8035 	Pin #34 

67 P25 8035 	Pin #36 

68 P27 8035 	Pin #38 

69 PA7 8755-1 	Pin #31 

70 PA5 8755-1 Pin #29 

71 PA3 8755-1 Pin #27 

72 PA1 8755-1 Pin #25 

73 PBO 8755-1 Pin #32 

74 PB2 8755-1 Pin #32 

75 PB4 8755=1 Pin #36 
76 PB6 8755-1 Pin #38 
77 Spare 
78 PA7 8755-2 Pin #31 
79 PA6 8755-2 Pin #30 
80 PA5 8755-2 Pin #29 
81 PA4 8755-2 Pin #28 
82 PA3 8755-2 Pin #27 
83 PA2 8755-2 Pin #26 
84 PA1 8755-2 Pin #25 
85 PAO 8755-2 Pin #24 
86 PB7 8755-2 Pin #39 
87 PC4 8155-2 Pin #2 
88 Reset 

89 PC2 8155 	Pin #39 
90 PCO 8155 	Pin #37 
91 PB6 8155 	Pin #35 
92 PB4 8155 	Pin #33 
93 PB2 8155 	Pin #31 
94 PBO 8155 	Pin #29 
95 PA6 8155 	Pin #27 
96 PA4 8155 	Pin #25 
97 PA2 8155 	Pin #23 
98 PAO 8155 	Pin #21 
99 TO 8035 	Pin #1 
100 GND 

•,,m,11,11F,PT ON...PPOP.W...",... 



SYSTEM I/O DEFINITIONS 

8048 PORT 1 

Bit 
	

Function 

° 3 	 Gray code water level 

2 
3 
4 
5 
6 
7 
	

A/D End of Conversion 

8048 PORT 2 

Bit 	 Function  

0 	 8155 RAM Chip Select 
1 	 8155 RAM I/O Select 
2 	 8755 ROM I/O Select 
3 	 8755 ROM I/O Select 	• 
4 	 8279 Control/Data Select 
5 	 8279 Keyboard Display Chip Select 
6 
7 

8755 ROM PORT A 

Bit Function 

0 Analog to Digital Converter Data Bit 0 
1 Analog to Digital Converter Data Bit 1 
2 Analog to Digital Converter Data Bit 2 
3 Analog to Digital Converter Data Bit 3 
4 Analog to Digital Converter Data Bit 4 
5 Analog to Digital Converter Data Bit 5 
6 Analog to Digital Converter Data Bit 6 
7 Analog to Digital Converter Data Bit 7 

8755 ROM PORT B 

Bit 	 Function 

0 	 Channel Select Bit 0 
1 	 Channel Select Bit 1 
2 	 Channel Select Bit 2 
3 
4 	 A/D Start 
5 
6 
7 



8155 RAM PORT•B 

  

runction 

   

Drain Valve Close 

Hot Water Valve Open 
Cold Water Valve Open 



APPENDIX B 

THERMISTOR VOLTAGE RESPONSE DATA 



DEG C 
0 

4 
• 

8 
10 
12 
14 
15
18 
20 
.n..-, 
24 
26 
• ...7.* 
..--.-P 

30 
32 
34 
36 
7-8 
40 
42 
44 
46 
48 
50 
C.-. 
...J4 

54 
56 
58 
60 
62 
64 
66 
G3 
70 
72 
74 
76 
70 
oci 
02 

4 
',• 

SC 
90 
q . 

94 
.7-)r. 
qn 

100 

DEG F 
--,--, ...c.. 
35. 6 -= e7. 
39. 2 

, 42. 8 
46. 4 
50 
53. 6 
57. 2 
60. 0 
64.4 
68 
71. 6 
75. 2 
78. 8 
82. 4 
86 
89. 6 
93. 2 
96. 8 
100. 4 
104 
10?. 6 
111.2 
114.8 
118. 
122 
125. 6 
129. 2
132. 8 
136. 4 
140 
143. 6 
147. 2 
150. 8 
154. 4 
158 
161.6 
165.2 
168.8 
172. 4 
176 
179.6 
183.2 
186.8 
190.4 
194 
197.6 
201. 2 
204. 8 
208. 4 
212 

2 

VOLTAGE 
. 9090406 
. 991559 
1. 07854 
1. 169816 
1. 265166 
1. 3644 
1. 467048 
1. 572872 
1. 1 681411 
1.  
1.904688 
'7'. 01878 
2. 133502 
2. 248513 
2. 363321 
2. 477417 
2. 59033 
--, 4.. 702029 
2. 810973 
2. 917895 
3. 022131 
3. 123398 
3. 22149 
3. 316214 
3. 407364 
3. 494937 
3. 57877 
_.. 
3. 735275 
3. 807999 
3. 877125 
3. 94266 
4. 004683 
4. 063347 
4. 11966 
4. 171123 
4.220322 
4.266772 
4.21044 
4. 35151-< 
4. 390112 
4.426285 
4.460406 
4.49226 
4. 522262 
4.579293 
4.576713 
4. 601445 
4. 624688 
4. 646397 
4.666859 

A/D VALUE 
46 
50 
55 ...-0 
59 
64 
69 
74 
80 
.__, 85 
91 
97 
102 
108 
114_  
120 
126 
122 
137 
143 
148 
154 
159 
164 
169 
173 
178 
182 
1`; 6,  186 
190 
194 
197 
201 
204 
207 
210 
212 
215 
217 
'7'19 
221 
-.,,-. 
,c,_.1. 
-...-..- 
4:..... 
-7.-5.7 
c-, 

2'29 
230 
233 
233 
234 
235 c..., ..J 
236 
-5-,.., ,-..... 

F.:THERM 
175551171 
157660 
141300 
127690 
115130 
103920 
93920 
84977 
76974  
69803 
53379 
57593 
52399 

43511 
39711 
35200 
33168 
30:371 
27329 
25524 
23432 
21531 
19:302 
10229 
16795 
15403 
14295 
13205 
1220:3 
11295 
10459 
9693 
0990 
8334 
7750 
7205 
6702 
6239 
5:312 
5413 
5055 
4718 
4403  
4120 
..._.... 
3607 
3378 
3165 
29E0 
2784 

Thermistor Voltage Response Data 
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