his project started
as an exercise in
software portability
and fuzzy logic.
After working on
microcontroller
projects for years,
we wanted to |ook
at some of the issues in porting
software between execution plat-
forms.

We chose a fuzzy-logic-based
home environment control system
because it's an application that is well
understood and offers many opportu-
nities for experimentation. As well,
we can put a fuzzy-logic tool that
we' ve been using through the paces.
The tool extends C to linguistic
variables as well as conventional 8-
and 16-bit integers.

FUZZY LOGIC

Fuzzy logic adds the concept of
linguistic variables to the variable
types most people are familiar with.

Linguistic variables describe data
in application-specific terms. We can
say, for example, that the day is hot.
Further, we can qualify the linguistic
term by scding it between fuzzy 0
and fuzzy 1 (usualy represented by O
and 255). A hot day might have a
crisp value of 100°F and a linguistic
value of fuzzy 1. At 60°F, it is barely
hot (perhaps fuzzy 0.2). At 40°F or
S0, it isnot hot at all.

Our ability to naturally describe
our problems in linguistic terms
makes fuzzy logic easy to use. A
fuzzy rule might be:

IF room IS hot THEN
ac is on-high

This rule refers to two linguistic
variables hot and on-high. Itis
interesting that linguistic variables are
context sensitive.

A Home Control

System Based on
Fuzzy Logic

It has been a few years since interest in
fuzzy-logic technology for embedded
applications started. And, it is surprising that
computing has taken so long to accept fuzzy-
logic technology. For the most part, fuzzy
logic presents a cleaner, clearer interface to
the real world-a way of expressing
oursalves in terms of technology’s applica
tion, and not in terms of the fundamental
science on which the technology is based.

One problem with finding suitable
applications comes from attempts to
implement applications in fuzzy logic based
on the underlying science of an application.
We were competing with implementations of
the science describing a real-world applica
tion, rather than two implementations of an
actual application.

This small difference is significant.
Most scientific application models are linear
representations of the application. Imple-
mentations with fuzzy logic at best equal
alternative implementations. On the other
hand, many contain some nonlinear aspects,
which fuzzy logic easily handles.

For example, consider a simple
thermostat control system for a living room.
To control the temperature, we start with two
decisions: “when the room is cold, turn on

Figure 1: This graph com-
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WALTER BANKS, ASHOK PATEL
& SHERIF ABDEL-KADER

After reminding us of the basics of
fuzzy logic, Walter and his
associates concentrate on the
needs of environmental control.
They specifically look at some of
the implementation quirks that
come with writing fuzzy logic code

for a home-control system.
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Pheto 1: There is nothing critical about either component layout or wiring on this fuzzy-logic thermostat
prototype board. Clock speeds are low and the analog signals (O-5 V) are significantly above the noise levels

on the board.

the heat” or “when the room is too hot, turn
off the heat.”

We express these ideas formally to the
computer with the following rules:

IF room IS Cold THEN heat IS on
IF room IS Hot THEN heat IS off

Now, supposewe move to Arizona, where
there are cold and hot temperatures. To cope
with the heat, we add rules to our system:

IF the room IS Cold THEN
airConditioner IS off:

IF the room IS Hot THEN
airConditioner 1S on;

The control system is implemented so that it
gathers a collection of independent thoughts
about a problem presuming that each idea is
part of the total solution.

This al sounds good, but will it work?
We've introduced the concept of linguistic
variables that have some meaning in the rea
world. Let's look at the linguistic variable,
“room IS Hot."

room really indicates room temperature,
so let’s build a scale of temperature on the x-
axis. On the y-axis, we normalize our
conclusions between 0 and 1. (Boolean logic
has only two values 0 and 1, while fuzzy
logic has all the anadlog values of O-1.)

We begin with 100°F, which we all
agree is hot. We set that value to 1. We also
agree that 90°F is till hot, soitsvalueis 1as
well. At 70°F, we begin to have differing
opinions. Some people say 70°F is not really
hot, while others till insist it is. To account

for differing opinions, we set the value at
70" to 0.5. Finally, when the temperature
drops to 60°F, we all agree it's no longer
hot. We set the value there to 0. Figure 1
graphically depicts this change in member-
ship.

Now that we' ve defined the linguistic
term HOT for our computer, it'ssimpleto
write a subroutine. On a scale between 0 and
1, the code needs to return how relevant HOT

is given a temperature value. For
more granularity, increase the range
of possible return values from, for
example, 0 to 255.

The code only requires a few
instructions to implement on most
computers, even the simple ones used
in household gppliances. HOT, in this
example, describes a condition in the
room (i.e,, it is a member of room).

The code fragment in Listing 1
passed through Fuzz-C, a software
preprocessor. The linguistic variable
HOT isdefined asatrapezoid (i.e, it
has four arguments). The arguments
are formed from the crisp intersection
for each comer of the trapezoid.

The Fuzz-C preprocessor
generates C code from this definition
(see Listing 2). As you can see, it does
two things. Firdt, it declares room as
typechar (itscrisp vaue), and
second, it generates a function which
takes the room temperature as an
argument and returns a value between
fuzzy 0 and fuzzy 1, indicating the
relevance of linguistic variable HOT .

Even though Listing 2 shows just
one linguitic variable, in this
application, the crisp variable room

Listing 1: The linguistic variable HOT is defined as a having a trapezoidal-shaped membership
function. The definition corresponds to the graph.

LINGUISTIC room TYPE char MIN O MAX 150

MEMBER hot { 60, 90, 150, 150 }

Listing 2; This code trandates the linguistic variablefrom a definition to an executablefunction.
The function can be easlly implemented on most small embedded microcontrollers.

char room:

char room_hot (char _CRISP
if (__CRISP < 60)
return(0);
else |{
if (__CRISP <= 90)
return(((__CRISP 60
else {
return(255);

* 8y + 7);
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Figure 2: ‘The first graph
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may have many linguistic members:
HOT, COLD, and NORMAL .

Somewhat more interesting are
the linguistic variable's declarations
related to time of day. With the goa
of referring to time in terms we use,
divide the day into 240 parts. In a 24-
h day, 6-minute resolution nicely fits
into an X-hit variable while till

day,night,morning,evening,daysb
(day setback), andni g h t s b (night setback).
It is easy to add more linguigtic variables
or to change the way they are defined or
used.

day isdefined as atrapezoid starting at
5:30am. By 6:30am. it is fully day and
continues to be so until 5:30~u.when it
starts to taper off. By 6:30em., it is o

n i g h t's degreeof membershipsisaways
fuzzy-one.

The linguistic variablesmorn i n g and
even i n g aedeclared with trapezoids in the
same manner, except with the appropriate
time periods.

nightshb, thelatlinguidtic vaiable,
also uses a fuzzy expression. It has been
declaredasn i g h t notincludingevening
Similarly, days b is aso a fuzzy expression
stating the day setback temperature time is
day not including morning and evening.

Fuzz-C enables you to use variables
instead of constants to declare linguistic
variables. Using fuzzy expressions to
generate some of the linguistic variables
results in a few fixed variables which define
severa linguistic variables.

Generating code to produce degrees of
membership is not difficult--either by hand
or with some development aid. Figure 2 and
Listing 3 offer afull definition of the
linguistic variables associated with time on
the thermostat project.

providing the resolution necessary to longer day.
deal with control problems. night isdefinedas NOT day. HARDWARE

In our application, there are six n i g h t thereforeisacomplement of ” ; The fuzzy logic thermostat prototype
linguistic variables in a 24-h period: day and the sum of day and ‘ :ii,l (see Figure 3) was implemented around a
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Microchip PIC 16C74. The16C74 was used
for the prototype because it met al the
requirements of our project: several analog
inputs, low-power capability, and more
ROM space than we expected to need even
for performance-data gathering.

The design was expected to use a 32-
kHz crystal for the processor clock. While
building the prototype, we decided it would
be useful to add a seria port so a PC could
monitor the execution of the fuzzy-logic

Listing 3: The linguistic variables associated with the crisp variable hours define common
references to the time of day. The shape of the membershipfunctions allow smooth transitions
between adjacent or overlapping time periods.

LINGUISTIC hours TYPE char MIN 0O MAX 240
// hours; .1 hour O 240 for a day
{
MEMBER day { 55 , 65 , 175 , 185 }
MEMBER night {FUZZY{ hours 1S NOT day }}
MEMBER morning {50, 60 , 80 , 90 }
MEMBER evening { 160 ,170 ,190 , 200 }
MEMBER nightsb {FUZZY{ hours 1S night AND hours IS NOT

controller. The serial port meant we needed a
faster processor clock so we could keep up
with the serial data port. During develop-
ment, we used a 4-MHz crystal.

Household thermostats have standard
wiring in most homes. The heating, air
conditioning, and fan systems are controlled
by contact closures to a 24-VAC supply. The
humidifier relay is a contact closure brought
out to two terminals. Although it appears
that some form of triac-based electronic
switch could be easily used, one of us had an
experience where a new high-efficiency
system would not operate with a triac switch.
Instead, we used a relay that is compatible
with a broad spectrum of heating systems.

The 24-VAC supply lines to the
thermostat power the fuzzy-logic thermostat
controller. The 24-VAC supply passes
through a bridge rectifier, and a series
resistor limits the power dispassion of the
7805 5-V regulator. We provided a simple
power-fail detection circuit to alow the
software to turn off the heating, air condi-
tioning, and LCD display.

During a power failure, the software
needs to maintain only the date and time. In
the prototype, we divided one of the ports
into two 4-bit portions. Four of the bits
control the output relays for heating, air
conditioning, fan, and humidifier. The
remaining four hits sense key presses.

A 4-key keypad makes contect closure
to ground with 10-k pull-up resistors. The
keys are labeled Mode, Up, Down, and Next.
Software filters the key bounce.

The temperature sensors are Analog
Devices AD22100s. These three terminal
Sensors are easy to use-just connect
between V. and ground. We used the low-
pass filter (1 k followed by 0.1 pF)
recommend by Anaog Devices.

The NVRAM stores al of the user-
definable parameters such as room tempera-
ture setpoints and day and night setbacks.
The NVRAM is a serid memory part with
data and address information passed serialy

evening }!}
MEMBER daysb

(FUzZzY { hours 1S day AND hours 1S NOT
evening AND hours 1S NOT morning }}

actual temperature readings.

jtdefine F_const 400
#define F-offset -78*256

#define (_const 222
#define C-offset -61*256

char convert-temp (char temp)({

}

Listing4: This routineconverts the ADC readings from the Analog Devices AD22100 sensorinto

return ((((long)temp * F_const) + F-offset) >> 8);

so it can be implemented in an 8-pin part.
This device is commonly used in consumer
and industria devices. The NVRAM code is
another example of reusable driver code that
originally came from a modem gpplication
using the Zilog Z8.

DISPLAY DESIGN

The two-line, 16-character display
shows current room temperature, humidity,
and outdoor temperature. The display is a
standard LCD driven by a 4- or 8-line
interface. Since both interfaces are available,
only interface speed and available processor
1/0 lines need be considered.

The display’s software interface has
been well documented in various publica-
tions (INK 8). The LCD display drivers were
initially written in C for a barcode reader
about 5 years ago. We simply recompiled the
C source for the PIC16C74 (we've used this
same source code with several
microcontrollers).

TEMPERATURE CONVERSION
As we mentioned before, we

Iy, chose the Analog Devices

I ?1\4 AD22100 for indoor and outdoor
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temperature sensing. Three-terminal
temperature sensors have made
temperature measurements by
microcontroller-based systems very
easy. The sensor is designed for
automotive applications that normaly
experience wide temperature swings.
Unlike the thermistors typicaly
used for temperature measurement,
this sensor delivers a very linear 22.5
mV per C° (other equally suitable
solid-state sensors of this type are
offered by other silicon vendors).
This temperature sensor requires
V.. and ground and produces an
analog signa in the range of 0-5 V.
The working range is actualy 0.25-
4.75V for atemperature range of —
50-+150°C. Although thisrange is a
little coarse for precision, it's
acceptable for a home thermostat.
The 16C74 we employed for the
prototype has eight 8-bit A/D
converters each with arange of O-5V
If precision is needed, it is possible to
implement the ADC inputs with
expanded scales only to cover a
limited range, but with 8-bit accuracy
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Figure 3: The fuzzy HVAC controller is based on
a Microchip PIC16C74 microcontroller. The
4 unit calls for heating, air conditioning, fan, and
humidity using smple relays. The user interface
isthrough a small LCD display and push butz-
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We trandated the A/D converter value
to actual temperature by multiplying by a
constant and adding a zero-count offset.
Since we know the environment’s working
range, we don’t need range checks on the
data. In Listing 4, the code converts the
ADC result to Fahrenheit. Constants for
Celsius are dso given.

PUTTING IT ALL
TOGETHER

We now have al the pieces we need—
displays, keypad, temperature sensors, reed-
relay outputs, and definitions for time and
comfort. Although we define our comfort in
absolute temperature terms, it is easier to use
a conventional thermostat setpoint to set the
desired temperature and let the linguistic
functions of comfort (COLD, NORMAL, and
HOT) be based on the relaive temperature
error. Figure 4 shows the temperature
comfort of the room. A value of 0 means the
room’s temperature is at the setpoint.

As we established earlier, fuzzy rules
are a series of individual statements about
the problem. Ligting 5's partia source of the
fuzzy-control block shows some of the rules
used in this project.

The first few rules are obvious. We then
move to the energy-saving rules. Here, given
information we have about inside and
outside temperatures, we make choices based
on natural warming or cooling.

With multiple rules, we have to decide
how we want the computer to evaluate an
outcome. Typically, it would evaluate each
rule independently and weigh each rule by
the strength of its logical argument.

Another method involves consequence
functions. These functions are fuzzy logic's
way of resolving conflicts in the decision-
making process and provide what is referred
to as defuzzification. Fuzzy literature details
many ways of doing this, each author
extalling the virtues of a preferred method.

We used one of the

FUZZY room_control {
IF room IS cold THEN
ac IS OFF
heat IS ON
IF room IS normal THEN
ac IS OFF
heat 1S OFF

IF room IS hot THEN
ac IS ON
heat 1S OFF

heat 1S OFF

ac IS OFF

Listing 6: Thigiizzy controelfunction regulates the heating and air conditioning from fuzzy rules.
Fuzzy rules are independent intuitive control functions. The consequence functions resolve the
actual control settings for heat and air conditioning.

IF room 1S cold AND OutsideTemp IS hot THEN

IF room IS hot AND QutsideTemp IS cold THEN

This project has simple on and off
actions even though the control calculations
are done for continuous control. Conse-
quence functions gtill are able to resolve
different control schemes with varied inputs
(see Listing 6).

All of thisistied together with a C
ma i n function shown in Ligting 7. This
function is conventiona controller code
which reads the indoor and outdoor
temperature, cdls the fuzzy-control function,
then calls the LCD information display
routine. The day and night setback routines
are an unusual use of alinguigtic variable
that gives a smooth temperature transition
throughout the day. The definefor N i gh t-
Setback shows how linguigtic functions
may be cdled individudly.

PROTOTYPE
We built the prototype system on a
small development board (see Photo ). The

standard methods called center
of gravity for our consequence
functions. In general; this

1

method sums the results and Degree of
the weight (degree of membership
membership) of each input, 0

and computes a single answer
to accurately reflect al of the
results. In effect, center of |

Normal
Cold Hot
-100 -8 -3 0 3 8 100
Room

gravity provides smooth
transitions between competing
terms.

Figure 4: You can combine linguistic terms toprovide
for room variables as a function of temperature
errors. normal (bold), cold, and hot.

I
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photo shows the noncritical nature of
the congtruction of the project. All of
the analog signals are noncriticd in
the O-5-V range. Layout of the digital
signals is noncritical due to the low
clock speeds used in this project.

We made a number of small
changes to the design to accommodate
the developmental nature of the
project. First, we added a serial port to
the processor so we could monitor the
internal state of the thermostat. To
achieve acceptable serid data rates,
we increased the processor’s clock
speed from 32 kHz to 4.00 MHz.
While this has little effect on the
prototype, it increases battery drain
when conventional power fails.

In hindsight, the serial port could
be useful. As well as fulfilling a
monitoring function, it could set the
thermostat’s operating parameters.

PROJECT PORTABILITY

Within the last few years, most
manufacturers have introduced
versions of their microcontrollers—
Microchip PIC 16C74 (what we used),
Zilog Z8, National COP8, and
Motorola MC68HCO05 and MC68-
HCO08—which meet this project’s
requirements. We didn’t discount the
805 1 families, but were more familiar
with software tools for the rest of the
chips mentioned.




We recompiled the source code for the
project on each of the above microcontroller
platforms. In each case, the necessary
changes to the source code were limited to
replacing the processor descriptor header
files and making minor changes to port and
bit assignments.

The most significant change is the A/D
conversion method used on each of the
processors. Most of the embedded B-bit
processors have at least one family member
with onboard A/D conversion capability.
Redligticaly, you could produce a demon-
stration board with several processor
sockets-ne for each supported processor.

FUzz-C

We used the Fuzz-C preprocessor to
add linguistic variables to our C program.
This inexpensive preprocessor works with
amost any C compiler. Fuzz-C is actualy
implemented as a smple compiler: it reads
in a mixture of C and fuzzy-logic declara-
tions and functions and reproduces the C
unchanged. The fuzzy logic is trandated into
its C equivalent.

Like most fuzzy-logic projects, this one
contains a little fuzzy-logic-related code
(linguigtic variables, consequence functions,
and fuzzy-logic control functions). It also
has alot of traditional code required to scan
keyboards, drive displays, control relays, and
send and receive seria characters.

Fuzzy logic is starting to be seen as a
tool that can add significantly to a
developer’s ability to describe a problem.
Fuzzy-logic techniques enable developers to
deal with applications that are not well
defined in the crisp sense or have many
different operating parameters, some of
which may be nonlinear.

The files posted on Circuit Cellar BBS
contain both the source code for the project
and the intermediate C code and its compiled
form. You can easily retarget the intermedi-
ate C code for other platforms.

FUTURE WORK

It's reasonable to tie the thermostat to a
central home controller bus such as that used
by the HCS I1. You could then centrally
control and monitor an HVAC system and
room environments.

All engineering projects fal victim to
three fundamental shortages: lack of
information, time, and resources. Of the

Listing8: Here' s theconsequencefunctionforheat. The defuzzification method selected is center
of gravity, which means each call to the consequence function from the fuzzy rules is weighted.
After all of the rules have been executed, the consequence function returns a fuzzy result. The
action statement turns the heat on if the result is greater or equal to 128.

CONSEQUENCE heat TYPE char MIN O MAX 255 OEFUZZ cg
ACTION { Heat_On = heat >= 128;}

MEMBER OFF { 0}
MEMBER ON { 255 |

Listing 7; The complete mainlinefor the fuzzy home environment controller ends up being very
simple. Most of the Software in this system is ordinary Cfor scaming keyboards, updating time,
driving displays. Alittle of the code is dedicated to linguistic variables and fuzzy functions.
NightSetback shows another way that the linguistic variable nightsb may be used to get
smooth transitions between different time periods. The fuzzy control function room contro 1 ¢)
is called asa C subroutine.

#define NightSetback() ({(nightsb(hours) * NightOffset) / 256)
void main (void)
{
Init_alloO;
while(l) {
if (keypressed)
Service_mode;
else |
InsideTemp = convert_temp ReadAD(Inside))
OQutsideTemp = convert_temp ReadAD(Outside));
room = InsideTemp-Room _SP-NightSetback()-DaySetBack();
room_controlO;
Display();

science involved, but to achieve results, we
must still accomplish the engineering.
Fuzzy-logic-based systems address both
science and engineering with a single
brilliant idea: “Why not describe the final
solution to the problem intuitively?
Engineering and science then become side
effects of the solution rather than the other Fuzz-C
way around.
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three, the last is the easiest to solve and the II' ’14




