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Abstract

A new fuzzy logic controller, which is suitable for a
system with analog input and output, has been imple-
mented in a monolithic form. It employs an architec-
ture where time sweeping of variables allows continuous
evaluation of fuzzy inferences and defuzzification with-
out having to discretize input and output variables us-
ing A/D and D/A converters. Direct processing of the
analog input signal is used to obtain the corresponding
crisp value; the digital portion is used only for pro-
grammability. The controller can handle 3 inputs, I
output, and 25 programmable fuzzy rules. The test IC
chips were fabricated using 0.7 um CMOS technology.
A control problem of stabilizing a ping-pong ball in a
tube with a controllable air flow has been successfully
demonstrated.

1. Introduction

Fuzzy logic has been applied in a variety of dis-
ciplines such as control systems, image recognition,
robotics, financial market prediction, etc. in the last
two decades (see [1] and [2] for recent examples). Many
of these applications often require an integrated circuit
(IC) implementation of fuzzy logic processing in a form
of either a dedicated IC chip or a part of a large inte-
grated system. Mainly, two realization methods for
fuzzy logic processing exist. One method is to digi-
tize the input signals and to process the information
in digital fashion throughout the system (for example,
(3, 4, 5]). However, in many cases, inputs come from
sensors and are analog in form, and outputs must also
be analog in order to drive several types of actuators.
In applications where such input and output analog
signals are many, a large number of A/D and D/A
converters with sufficient resolution would be needed if
an all-digital processor is to be used. This will increase
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chip size and power dissip'ation. To avoid this problem,
a mixed analog-digital VLSI circuit can be used in such
cases (for example, (6, 7, 8, 9, 10, 11, 12]).

This paper presents the system aspect of a fuzzy
logic controller with continuous fuzzy inference and
defuzzification. Most of the critical fuzzy computa-
tion is done by analog IC techniques which have been
well developed over the last several years in the con-
text of integrated analog continuous-time signal pro-
cessors (see, for example, [13] and the many references
therein). Digital logic is still used for programmability
in this method, but all processing mantains the sig-
nals in analog form. Since the output of most sensors
changes slowly, sequential processing and time-sharing
can be used to keep the power dissipation low. This
is in contrast with many other mixed analog-digital
techniques reported to date where some form of dis-
cretization is used. The controller has 3 inputs and 1
output with 25 possible programmable rules.

In our system, the fuzzy inference algorithm is a
“min-max” type and the i** rule can be written as fol-

lows:

If ; is A); and x5 is A; and z3 is As; then y; is B;
(1)
where 1, z7, and z3 are the input variables, y; is the
ith output variable from the antecedent, and Ay;, Aai,
Asi, and B; are fuzzy sets for the it" rule.
The final crisp output value ycrisp is obtained
through the center of gravity as follows:

Jorsehy - up(y)dy
g (y)dy

Yiow

(2)

Yerisp =

where pg(z) represents a membership function of fuzzy
set E as a function of z and yjo, and ypign define the
output universe of discourse. As explained later, the
integrals are evaluated continuously without discretiz-
ing the output universe of discourse.
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Two IC chips have been fabricated; one handles the
fuzzy inference described above, and the other contains
the defuzzification circuits. In the next section, the
overall architecture of the proposed controller and its
operation are described. The circuit realization of the
essential circuit blocks is deferred to the journal version
of this paper [14]. The chips have been used to stabilize
a ping-pong ball in a tube with a controllable air flow
where the air turbulence around the ball makes the
stabilization complicated.

2. Fuzzy controller architecture

The architecture of the fuzzy controller is shown in
Fig. 1. The three inputs and the output of the sys-
tem are denoted as z1, T2, T3, and Ycrisp, respectively.
The input switch, fuzzy rule processing, and defuzzi-
fier blocks consist of analog circuits. The timing block
is implemented using digital circuits and the memory
block has a mixture of both analog and digital circuits.
The following subsections explain each block.

2.1. Timing block

The whole controller operates in a sequential fash-
ion where each input is sampled and processed one
at a time. After three inputs (if all three inputs are
present) are processed, the defuzzification is done by
time sweeping as it will be shown in Sec. 2.4. There-
fore, it is essential that the timing block broadcasts the
state of operation to all blocks. The user needs to spec-
ify the number of inputs to the timing block through
DO and D1. Then, the block generates appropriate
control signals to other blocks. Bits, MO and M1, are
used to indicate to the memory block which one of the
inputs (the three inputs and the sweep signal) is be-
ing processed so that the memory block can generate
appropriate fuzzy lebels.

The timing block is also responsible for generating
control signals to the input switch, fuzzy rule process-
ing, and defuzzifier blocks as shown in Fig. 2. The
role of the control signals, F1C, F2C, READ1, READ2,
READS3, and Rsweep, will be explained in Sec. 2.3.

2.2. Memory block

Depending on the state of operation given by MO0
and M1, this block generates appropriate quantities
which define membership functions being used in the
fuzzy rule processing block. The proposed controller
can generate fully programmable triangular and trape-
zoidal membership functions. Each fuzzy label cor-
responds to five quantities as shown in Fig. 3. Two

voltages, Vsy, and Vsge, are used to shift each seg-
ment indepedently, two currents, Ic; and I¢2, control
the slope of each segment independently, and Ipax
determines the height.

Figure 4 shows the memory. Since we chose to em-
ploy 5 membership functions to represent the input and
output universe of discourse, there are 5 fuzzy label
units (F1 to F5); each unit produces 5 analog quan-
tities (Vsuy, Vsuz2, Ic1, Ica2, and Inmax) to specify
a fuzzy label. The fuzzy label units are connected to
the membership function generator circuits in the fuzzy
rule processing block (Fig. 1) via 25 switch blocks so
that the fuzzy label units can be multiplexed (see the
inset of Fig. 4). (Recall that there are 25 possible pro-
grammable rules in the controller.) The analog mul-
tiplexer is controlled by MO and M1 through binary
RAM. The memory described above is similar in oper-
ation to the fuzzy memory device proposed in [15].

2.3. Fuzzy rule processing block

Figure 5(a) shows the fuzzy rule processing and in-
put switch blocks. Note that only one input switch
block is necessary for all 25 rules but 25 rule blocks
are needed. As explained in Sec. 2.1, the operation of
the controller is based on sequential sampling of the
3 inputs. The input switch block connects the inputs
one at a time to the membership function generator ac-
cording to the control signals shown in Fig. 2. Another
terminal in the block is used to sweep a voltage signal
for a period of T (see Fig. 5(a)). During the sweep
phase, the MAX and defuzzifying operations are done
(see Sec. 2.4).

The membership function generator (Fig. 5(a)) re-
ceives an appropriate fuzzy label (the 5 analog values
described in Sec. 2.2) from the memory for the particu-
lar input and fuzzy rule it is processing. The member-
ship function generator generates a continuous current,
which represents the degree of the membership function
within the closed universe of [0, 20 pA]. Each input is
represented by a continuous voltage in the universe of
[—1,0 V], chosen to provide adequate linearity of vari-
ous internal blocks with the process and power supply
voltages used. The output current from the member-
ship function generator is fed to the fuzzy inference
unit.

The block diagram of the fuzzy inference unit is
shown in Fig. 5(b). It consists of two MIN circuits,
two current copiers, and several analog switches. The
current copiers are used as analog memory (see be-
low). Sequential MIN operations are first carried out
on 3 fuzzy values, which corresponds to 3 inputs.

For the first input al (READ1 is “ON”) in the 5**
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rule, the degree of membership is calculated. This cur-
rent is stored in current copier P2 (see Figs. 2 and
5(b)). Then, the second input is connected to the MIN1
(READ2 is “ON”). In the MIN1, this current is com-
pared with the previous current that has been stored
in P2 (the switch F2C is “ON” in this phase). The
smaller of the two currents is stored in current copier
P1. Once the MIN operation is done, the resultant cur-
rent is copied into P2 (F1C is “oN”). This “pipeline”
approach eliminates the need for having a sample-and-
hold circuit. The same procedure is repeated for the
third input, if any. At the end of this process, P2 has
a stored current which represents the result of the an-
tecedent of the ** rule. Here, the inputs are assumed
to change slowly compared to the pipelined inference
process.

The consequent (“then” clause) of the it* rule is
done by generating the output membership function
for the rule. The corresponding fuzzy label is given
by the memory block and the resulting continuous cur-
rent from the membership function generator is avail-
able at the input of the fuzzy inference unit. During
this phase, Rsweep is “ON”. The consequent is com-
pleted when this current is compared with the stored
current in P2 through MIN2, which represents the re-
sult of the antecedent of this rule. It should be noted
that a change of variable has occurred from voltage to
time. Therefore, it is possible to observe the resultant
membership functions in an oscilloscope as shown in
Sec. 4.

The currents from all rule blocks are applied to the
MAX block as shown in Fig. 5(a). The output of the
MAX block is the current that corresponds to the over-
all fuzzy inference. The current is then applied to the
defuzzifier.

2.4, Defuzzifier block

A time-sweeping approach to defuzzification was re-
cently reported elsewhere [12], but it is not suitable
for implementation using conventional IC technologies.
Here we propose instead a method using time sweep-
ing, which can be implemented in standard CMOS.
The defuzzification is based on (2) and is implemented
by a multiplier, a divider, and 3 integrators (Fig. 6).
We also use a current-to-voltage converter, an attenu-
ator, and a division control unit. The inputs are the
current I;(t) that represents the overall fuzzy infer-
ence and the sawtooth voltage Vsweep(t). The output
i$ Yerisp, which is a voltage signal. The sawtooth volt-
age Vyueep(t) is obtained by applying a dc voltage V, to
the integrator O1 in Fig. 6 for a period of T' (Fig. 5(a))
and resetting the integrator until the next sweep pe-

riod.

The attenuator block with a gain of 1/2 is inserted
since the nonlinearity of the multiplier becomes signif-
icant for signals greater than 0.5V (-1 to -0.5V). The
current-to-voltage (I/V) converter is needed since the
multiplier block is based on a voltage-mode integrator.
The division control unit is used to avoid very small sig-
nals applied to the denominator of the divider. When
the value V;, becomes smaller than a certain voltage
VL, the output voltage of the unit Vpe is kept to V.
Otherwise, Vpc = V;,. The defuzzified output voltage
is:

Iin N szeep(t)dt
ST Lin(t)dt
where M is the multiplication factor, D is the division

factor, A is the attenuator factor, and T is the sweep
duration.

fT
Yerisp = Vout(T) =M-A-D-=20 (3)

3. IC implementation

Many existing and novel analog IC techniques are
used in the controller. For example, the fuzzy rule pro-
cessing block employs current copiers [16], which are
used here as an analog memory in the fuzzy inference
unit (Fig. 5(b)). Techniques used in continous-time
integrated filters [13, 17] are also used in the defuzzi-
fication block. Due to the limited space in this paper,
we ask the interested readers to refer to the journal
version of this paper [14].

A standard 0.7 pum CMOS process was used to fab-
ricate the input switch and fuzzy rule processing blocks
on one chip as shown in Fig. 7 (called the “inference”
chip) and the defuzzifier on another chip to show the
principle. The fuzzy memory and timing blocks were
not fabricated at this time and they were built exter-
nally. The inference chip is capable of handling 3 in-
puts, 1 output, and § rules. However, the MAX circuit
in Fig. 5(a) can accept 25 rules. Therefore, it is pos-
sible to extend the current system to handle 25 rules
using multiple inference chips. It should be emphasized
that the chip set was designed to show the principle,
and that no effort was done to optimize the area and
power in this case. The sweeping period is 24 us and
the whole cycle is 48 us. Important design parameters
are summarized in Table 1.

4. Measurements

Because of the change of variable inherent in the
time sweeping process explained in Sec. 2.3, it is pos-
sible to display membership functions easily using a
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digital oscilloscope. The top curve (a) in Fig. 8 shows
the voltage sweep signal that ramps from -1 V to 0 V.
The sweeping time was purposely slowed down for clear
displaying in the presence of parasitics due to exter-
nal connections during testing. The membership func-
tions, which are in the form of current, were converted
to voltage signals by external resistors and displayed
in Fig. 8(b) and (c). Note that the membership func-
tions look “inverted” due to the way the current sig-
nals are converted to voltage signals. Both triangular
and trapezoidal functions can be obtained as shown.
Figure 9 demonstrates the programmability of mem-
bership functions by the membership function genera-
tor circuit. Their slopes, heights, and positions can be
easily programmed.

Defuzzifier signals can also be observed as shown in
Fig. 10. All signals are balanced around -1 V in or-
der to limit the disturbance from spurious signals. In
Fig. 10, only the positive side of differential signals is
shown. Referring to Fig. 6 for the block diagram of the
defuzzifier, the plots from the top of Fig. 10 are the
output of the multiplier, the integrators, and the di-
vider, respectively. At the end of the sweep period, the
defuzzification computation is completed. In Fig. 10,
the divider value “H” is marked to show that it is the
crisp value that should be sampled.

5. Demonstration

A control problem of stabilizing the position of a
ping-pong ball in a tube with a controllable air flow
has been used to demonstrate the functionality of the
controller [18]. A fan with controllable voltage is used
at the bottom of the tube to blow air which pushes
the ball upwards. Ultrasound transducers, mounted at
the top of the tube, are used to sense the ball’s posi-
tion and, through differentiation, its speed. Five rules,
two inputs (the position of the ball and its derivative),
and three triangular membership functions (negative,
zero, and positive) are used. The interested readers are
asked to refer [14] for more details on the demonstra-
tion. The system successfully stabilized the position
of the ball even when some disturbances where pur-
posely introduced (e.g., inhibiting part of the air flow
by partially covering the top of the tube).

6. Conclusion

A fuzzy logic controller has been designed, built,
tested, and demonstrated in a control system. The
controller has two custom-made mixed analog-digital
chips using a standard 0.7 pum CMOS fabrication pro-
cess. Through a time sweeping feature that allows a

change of variable from voltages and currents to time,
continuous fuzzy inferences and defuzzification were
employed. This eliminates the need for any quanti-
zation in the signal path, and thus no data converters
are needed. Taking advantage of various state-of-the-
art analog IC techniques (e. g. variable transconduc-
tance elements, current copiers, continuous-time inte-
grators, etc.), analog circuits for programmable mem-
bership functions and continuous defuzzification have
been designed. Although the controller presented in
this paper has only 3 inputs, 1 output, and 25 possi-
ble rules, the modular design of the architecture can
potentially allow more input and output variables as
well as a larger number of rules. The continuous-time
analog processing feature of this controller will allow it
to coexist with integrated sensors within one IC chip
where the controller could be used without having to
discretize the sensor output.
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