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Mixed Analog-Digital Fuzzy Logic Controller
with Continuous-Amplitude
Fuzzy Inferences and Defuzzification

Stamatis Bouras, Manousos Kotronakis, Ken Suyama. Senior Member, IEEE, and Yannis Tsividis, Fellow, IEEE

Abstraci— A tuzzy logic controller has been realized using
mixed analog-digital CMOS very larpe scale integration (VLSI)
circuits for application in cases where the input and output
variables are in analog form. It employs a new architecture
where time sweeping of variables allows continuous-amplitude
evaluation of fuzzy inferemces and defuzzification during each
evaluation cycle without having to discretize input and output
variables. Direct processing of the analog input signal is used
to obtain the corresponding crisp value; the digital portion is
used only for programmability. No A/D and D/A converters are
needed. The controller can handle three inputs, one output, and
25 programmable fuzzy rules. The test IC chips were fabricated
using 0.7-um CMOS technalogy. A control problem of stabilizing
a ping-pong ball In a tube with a controllable air flow has been
successfully demonstrated.

Index Terms—Fuzzy logic controller, mixed analog-digital in-
tegrated circuits.

1. INTRODUCTION

HERE are mainly two realization methads for fuzzy logic

processing. One method is to digitize the input signals
and to process the information in digital fashion throughout
the system. Depending on system requirements, either a special
digital very large scale integration (VLSI) circuit (for example,
[1]-[8)) or a general-purpose microprocessor is used. The
all-digital method is certainly appropriate in cases where
the input and output are in digital form. However, in many
instances 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 chip size and power
dissipation. To avoid this problem, a mixed analog-digital
VLSI cifcuit can be used in such cases (for example, [9}1-{27]).
Digital logic is still used for programmability in the proposed
method, but all processing maintains the signals in their
original analog form. Since the output of most sensors changes
slowly, sequentjal processing and time-sharing can be used to
keep the power dissipation low.
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This paper describes a new mixed analog—digital fuzzy logic
controller with continuous-amplitude fuzzy inference and de-
fuzzification within each evaluation cycle. Most of the critical
fuzzy computation is done by analog IC techniques, which
have been well developed over the last several years in the
context of integrated analog continuous-time signal processors
(see, for example, [28] and the many references therein). This
is in contrast with many other mixed analog—digital technigues
reported to date where some form of amplitude discretization
of the input and output variables is used. The prototype
controller has three inputs and one output with 25 possible
programmable mles.

In our system, the fuzzy inference algorithm is a “min-max”
type and the #th rule can be written as follows:

§))
where 1,, T4, and 3 are the input variables, y; is the tth output
variable from the antecedent, and A4;;, Az, A3, and B; are
fuzzy sets for the ith rale. When the input assumes particular

values a;, a3, and a3, the fuzzy inference process based on
the “min-max” algorithm can be formally written as follows:

If Tt is Al.' and ] is Am and z3 is A3,‘ then Ui is B;

s (yi) = min{up, (), min(ua,, (al), 4, (a2), pa,, (ad)]).

Vy 3 [ylowy ?/high] 2)
'uB(y) = max(#C‘ (yl)' e ﬂc“ (y'i)l R} MCJb(yQS))a
Yy 3 [flow, yhigh] (3)

where 1 g(z) represents a membership function of fuzzy set
E as a function of z and yiow and ynign define the output
universe of discourse.

The final crisp output value y..jsp is Obtained through the
center of gravity as follows:

Sty up(y) dy
e eg(y)dy

Viow
As explained later, the integrals are evaluated continuously
without discretizing the output universe of discourse.

Two IC chips have been fabricated; one handies the fuzzy
inference described above and the other contains the defuzzi-
fication circuits. In the next section, the overall architecture of
the proposed controller and its operation are described. The
circuit realization of some of the cssential circuit blocks is
then cxplained. 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.

Yerisp = (4)
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[EEE TRANSACTIONS ON FUZZY SYSTEMS, VOL 6. NO. 2. MAY 1998

206
FUZZY MEMORY
MO
MI 04
CLK —
DO TIMING FUZZY RULE
DI PROCESSING
INPUT SWITCH o
(BLOCK %) V.
i
U
INPUT
SIGNAL ~ SWEEP
(x1x2.x3) S%AL DEFUZZIFIER
RESET L l
OUTPUT
SIGNAL Yorup

Fig. 1. Overall architecture of the fuzzy logic controller.
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Fig. 2. Control signals for the fuzzy logic controller,

II. Fuzzy CONTROLLER ARCHITECTURE

The architecture of the fuzzy controller is shown in Fig. 1.
The three inputs and the output of the system are denoted
as Ii, ¥z, T3, and Yeriap, respectively. The input switch,
fuzzy rule processing, and defuzzifier 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.

A. Timing Block

The whole controller operates in a sequential fashion where
each input is sampled and processed onc at a time. After

time

three inputs (if all three inputs are present) are processed, the
defuzzification is done by time sweeping as it will be shown
in Section II-D. Therefore, it is essential that the timing block
broadcasts the statc of operation to all blocks. The user needs
to specify the number of inputs 10 the timing block through DO
and D1. Then, the block generates appropriate contro} 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 being processed so that the memory block
¢an generate appropriate fuzzy labeis.

The timing block is also responsiblc for generating control
signals to the input switch, fuzzy rule processing, and defuzzi-
fier blocks, as shown in Fig. 2. The role of the control signals
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F1C, F2C, READ1. READ2, READ3, and Rsweep will be
explained in Section II-C.

B. Memory Block

Depending on the state of operation given by MO and
M1, this block generates appropriate quantitics which define
membership functions being used in the fuzzy rule pro-
cessing block. The proposed controller can generate fully
programmable triangular and trapezoidal membership func-
tions. Each fuzzy label corresponds to five quantities as shown
in Fig. 3. Two voltages Vsy, and Vay, are used to shift each
segment independently, two currents Jo, and Io5 control the
slope of each segment independently, and Ipax determines
the height.

Fig. 4 shows the memory. Since we chose to employ
five membership functions to represent the input and output
universe of discourse, there are five fuzzy label units (MF1 to
MF3); each unit produces five analog quantities (Vsyi, Vaua,
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Icy, Joz, and fyvax) to specify a fuzzy label. The current
values Icy, T2, and Iyax are represented by corresponding
voltage valves in fuzzy label units and the voltage values are
simply converted to appropriate current values in each mem-
bership function generator. The fuzzy label units are connected
1o 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 (sec the inset of Fig. 4).
Recall that there are 25 possible programmmable rules in the
controller. This multiplexing of fuzzy label units through the
switch boxes allows a modular way to add more membership
functions. Since CMOS switches are small, the increase in area
due to additional membership functions is minimal.

The realization of the fuzzy label unit depends on the extent
of programmability desired. The units may be just analog
memories (capacitors) if appropriate voltages are supplied
externally. It is also possible to generate the voltages inter-
nalty by having D/A converters fed by digital programming
signals. In our experimental chip, we have employed the
former approach. Jf some constraints are allowed for the
extent of programmability, then significant simplification in
the design of fuzzy label units can be done. For example, if
all membership functions have the same shape [i.e., I, Icog,
and Iyax are the same for all medium frequencies (MF's)]
and their positions are shifted by the constant amount within
universe of discourse, then fuzzy label units can be designed
by having only five analog values and two strings of voltage
dividers, which generate appropriate Vgy, and Vgyy for all
fuzzy label units.

The analog multiplexer is controlled by M0 and M1 through
binary RAM. The memory described above is similar in
operation to the fuzzy memory device proposed in [29).

C. Fuzzy Rule Processing Block

Fig. 5(a) shows the fuzzy rule processing and input switch
blocks. Note that only onc input switch block is necessary
for all 25 rules but 25 rule blocks are needed. As explained
in Section II-A, the operation of the controller is based on
sequential sampling of the three inputs. The input switch block
connects the inputs one at a time to the membership function
generator according to the control signals shown in Fig. 2.
Another terminal in the block is used 10 sweep a voltage signal
for a period of T (see Fig. 2). During the sweep phase, the
MAX and defuzzifying operations are done {s¢e Section II-D),

The membership function generator [Fig. 5(a)] receives an
appropriate fuzzy label (the five analog values described in
Section II-B) from the memory for the particular input and
fuzzy rule it is processing. The membership function generator
generates a continuous current, which represents the degree
of the membership function within the closed universe of [0,
20 uA). Each input is represented by a continuous voltage
in the universe of [-1, 0 V), chosen to provide adequate
lineanity of various intermal blocks with the process and power
supply voltages used. The output current from the membership
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,
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Fig. 5. (a) Input swikch and fuzzy rule processing blocks. (b) Fuzzy inference umit.

and several analog switches. The current copiers are used as
analog memory (see below). Sequential MIN operations are
first carried out on three fuzzy values, which corresponds to
three inputs.

For the first input al (READI is “ON™) in the ith rule, the
degree of membership (i.c., f24,,(@1)) is calculated. This cur-
rent is stored in current copier P2 [see Figs. 2 and 5(b)]. Then,
the sccond input [i.e.. w4, {a2)] is connected to the MIN!
(READ2? is “ON™. In the MIN1, this cument is compared
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 current is copied into P2 (FIC 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 storcd current,
Wwhich represents the result of the antecedent of the ith rulc.
Here, the inputs are assumed to change slowly compared 10
the pipelined inference process. It is simple to add more inputs
to the controller by going through the above procedure for the
additional inputs. Only the number of switches in the Block X
and each rute block is increased by the number of additional
inputs. Of course, there is a tradeoff involved between the
number of inputs used and the required duration of one cycle.

The consequent (“then™ clause) of the ith 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 current [ug (3,)) from the mem-
bership function generator is available at the input of the

fuzzy inference unit. During this phase, Rsweep is “ON.”
The consequent is completed when this current is compared
with the stored current in P2 through MIN2, which represents
the result 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 ohserve the resultant membership
functions in an oscilloscope, as shown in Section V.,

The curtents 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 overall fuzzy inference.
The cusrent is then applied to the defuzzifier.

D. Defuzzifier Block

A time-sweeping approach to defuzzification was recently
reported elsewhere [27], but it is not suitable for implemen-
tation using conventional IC technologies. Here we propose
instead a method using time sweeping, which can be imple-
mented in standard CMOS. The defuzzification is based on
(4) and is implemented by a multiplicr, a divider, and three
integrators (Fig. 6). We also use a current-to-voltage converter,
an awenuator, and a division control unit. The inputs are the
current [;y(t) that represents the overall fuzzy inference and
the sawtooth voltage Viweep(t). The output is Yerisp. which is
a voltage signal. The sawtooth voltage Viweep(?) is generated
by applying a dc voltage Ve to the integrator 1t in Fig. 6 for
a period of T {Fig. 5(a)] and resetting the integrator until the
next sweep petiod.

The attenuator block with a gain of 1/2 is inserted since the
nonlinearity of the multiplier becomes signiticant for signals
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Fig. 6. Block diagram of defuzzifier.

greater than 0.5 V (=1 to —0.5 V). 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 smmall signals applied to the denominator of the
divider. When the value V), becomes smaller than a certain
voltage Vi, the output voltage of the unit V. is kept to V..
Otherwise, Vo = V. The defuzzified output voltage is

Tin - Vaweep(t) dt
I3 Tia(t) dt

where Af is the multiplication factor, D is the division factor,
A i< the artenuator factor, and T the sweep duration.

fT
Yerisp = Vout(T) =AM -A.-D. 0

111, BUILDING BLOCKS

Various analog IC techniques are employed in the fuzzy rule
processing and defuzzifier blocks. The current copiers used as
an analog memory in the fuzzy inference unit (Fig. S(b)) are
based on [30}. The MIN and MAX circuits are similar to tech-
niques previously reported (for example, [9]-[11], [13], [16]).
The following sections briefly desciibe the prugrammable
membership function generator and defuzzifier and the current
copier,

A. Membership Function Generator

The principle of the programmable membership function
generator circuit is shown in Fig, 7(a). The input is a voltage
signal 1, The output of the membership function generator is
Teg This circuit can produce fully programmable triangular
and trapezoidal membership functions. The transconductance
Gwm,p1 and G, pz are controlled by currents I.; and I.s.
respectively. The basic circuit to determine the slope and posi-
tivu of wnenibenship funciions conslsts or 8 constant transcon-
ductance cell (7. . (31) and a current mirror with current
controlled gain [32], as shown in Fig. 7(b). As shown inTig. 3
and Section I1-B, a membership function can be specified by
five guantities; two voltages Vsuy and Vawp position each
segment independently, two currents Iy and Icoa control the

slope of each scgment independently, and I\jax determines
the height. Note that Vauy, Vsue, fen, {ca, and Inpax are all
programmed by the memory block.

B. Defuzzifier

The key components in this block are the integrator, divider,
multiplier, /-V converter, and the division control unit. The
integrator and divider are explained here. The multiplier and
the -V converter are based on a design methodology similar
to that of the integrator. The division control unit consists
of a comparator and several switches. In order to achieve a
high degree of linearity for each component and to limit the
disturbance from spurious signals, a fully balanced architecture
is used [28].

The integrators are designed using triode-operated MQS-
FET's [33). Fig. 8(a) shows the integrator with reset switches.
The circuit implements the following equation [33]:

Vor = Vaa
. r . s _— L T
- K -(W/L), - (V1 ~ Vg2) /' (Vir = Vig)dr  (6)
0

C

where (W/L), is the ratin of the MOSFET's used in the
integrator, K is a process-dependent parameter, and T is the
integration duration. The op amp is a fully balanced design
{34] in which the common-mode reference level is —1 V. The
gate voltages V'g; and Vo can be used to “tune™ the integrator
to eliminate the ¢ffect of tolerances, temperature, and aging.
This can be donc automatically [28); however, for flexibility
during testing we chose manual control of these voltages.

The divider circuit is shown in Fig. R(h). It nses the same
four-MOSFET cell as the integrator [33]). The op amps used
in e circuit arc of the same type as the one in the integrator.
R,, R, and R; are polysilicon resistors. The circuit realizes
the following eguativu.

Ra 1 Va1 =~ Vyp

b 7
By B K (WJL)p Vor = o

Vouti - Voutﬁ = - 7
pe
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Fig. 7. Programmable membership function generation circuit,

where (W/L),, is the ratio of the MOSFET’s used it the
divider. It should be noted that a full multiplier is used in the
feedback as opposed to only four transistors in order to avoid
positive feedback in certain cases.

C. Currens Copier

The current copicr of Fig. 9 operates ag follows [30):
Devices Mg and My form a cascode stage, fed from source
follower M7, which is biased by current source Mg, These
four devices form a transconductor with compatible input and
output levels. When a current I, is to be memorized, the three
switchcs on the Jeft are closed. I;,, is mirrored through the p-
channel current mirror and the feedback from the output 1o
the input of the transconductor forces Ve to attain whatever
value is needed to make the current in My equal ta the mirrored
current I;,,. This value is now stored on C; and remains there
cven after the switches on the left are opened. Therefore,

the current in Mg is still equal to i, and can be fed into
a load by closing the switch on the right. Capacitors 3
and (T3, along with the switches connected to them and the
particular switching waveforms indicated on the figure, are
used w0 reduce clock feedthrough [35].

TV. IC REALIZATION

A standard 0.7-um CMOS process was used to fabricate
the input switch and fuzzy rule processing blocks on one chip
{called the “inference” <hip) und the defuzzifier on another
chip to show the principle (see Figs. 10 and 11). The fuzzy
memory and timing blocks were not fabricated at this time
and they were built extemally. The inference chip is ¢apable
of handling three inputs, one output, and five rules. However.
the MAX circuit in Tig, 5(s) can accept 25 rules. ‘Therefore,
it 1s possible to extend the current system to handle 25 rules
using multiple inference chips. It should be emphasized that
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the chip set was designed to show the principle and that no
effort was done to optimize the area and power in this case.
Components from a standard cell library were used for some
portion of the controller. The sweeping period is 24 us and

V. MEASUREMENTS

Because of the change of variable inherent in the time-
sweeping process explained in Section II-C, it is possible to

the whole cycle is 48 us. Important design parameters are display membership functions easily using a digital oscillo-

suromarized in Table 1.

scope. The top curve in Fig. 12(a) shows the voltage sweep
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Fig. 10. Chip microphotograph of the inference chip.

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 external connections during testing. The
membership functions, which are in the foru of current,
were converted to voltage signals by extcrnal resistors and
displayed in Fig. 12(b) and (c). Note that the membership
functions look “inverted” due to the way the current signals are
converted to voltage signals. Both triangular and trapezoidal
functions can be obtained as shown. Fig. 13 demonstrates the
programmability of membership functions by the membership
function generator circuit (Fig. 7). Their slopes, heights, and
positions can be easily programmed.

Defuzzifier signals can also be observed as shown in
Fig. 14. All signals are balanced around ~ 1 V. As discussed in
Section III-B, the defuzzifier is implemented differentially. For
example, Fig. 15 shows the differential sawtooth waveform
at the output of the inegrator O1 in Fig. 6. In Fig. 14, 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. 14 are the output of the multiplier, the
integrators, and the divider, respectively. At the end of the
sweep period, the defuzzification cumputation is completed.
In Fig. 14, the divider value “H* is marked (o show that it is
the crisp value that should be samplcd.

A contral problem of stabilizing the position of a ping-
pong bail in a tbe with a controllable air flow has been
uxed to demonstrate the functionality of the controller. Fig. 16

Fig. 11. Chip microphotograph of the defuzzifier,

shows the experimental setup. A voltage-controlled fan with
variable air flow is used at the bottom of a 1.5-m long
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 position and, through differentiation, its velacity. Level
conditioners (interface circuits) are used to connect the control
loop that consists of the transducers, the fuzzy processor, and
the motor driver since each component requires a different
range of input and output values. Five rules, two inputs (the
position of the ball and its derivative), and three triangular
membership functions (negative, zero, and positive) are used.
Let ¢ be the distance error from a target position of the bali,
de/dt be its derivative, and z be the strength control of the air
flow in the tube. A set of simple rules are used as follows:
1) if e is negative and de/dt is zero, then = is positive:
2) 1f e is zero and de/dt is negative, then : is positive;
3) if e is zero and de/dt is zero, then z is zero:

4) if © is serv and de/dr is positive, then z 15 negative;
3) if e is positive and de/dt is 2ero, then z is negative.
The tming block was implemented externally by simple
CMOS logic gates fed by a master clock. The fuzzy memory
was also realized extemally by providing a set of analog
volages for cach label and an array of analog CMOS switches,
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TARIF 1
Desior Srocincanons or nic Puzzy Cormrouinn

No. of inputs 3 (programmable)
No. of cutputs 1
No. of membership functions 5 (programmable)
Membership function shape Triangle & Trapezoid (programmable}
No. of rules 25 (programmable). 5 in a chip.
Fuzzy inference method MIN-MAX
Defuzzification Center of gravity
Power Supply +25V
Tnput and nutput range L0 v
Process time incl. defuzzification | 48 us
Clock Speed 1.3 MHz
Technology 0.7 um CMOS
Chip area {inference) 1.68 mm?
Chip area (defuzzifier) 2.4 mm?
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As already mentioned, an alternate way would be to generate
these voltages through D/A converters with a few bits each,
fed by digital programming signals,

V1. DEMONSTRATION

The system successfully stabilized the position of the ball
even when some disturbances were purposely introduced (e.g.,
inhihiting part of the air flow by partially covering the top of
the tube). As expected. we found that the amount of overlap
between the domains of the triangular membership functions
influenced the performance of the control system. For example,
when the membership functions were made to overlap 25%,
some ringing occnrred although the ball did eventually settls
to the desired position. Using 50% overlap, this problem was
¢luninated aud the ball settled 10 the desired position within
3 ¢ aftor a slight overshoot.

VII. CONCLUSION

A fuzzy logic controller has been designed, built, tested,
and deuwmsiraied in a conrol system. The controiler has
two custom-made mixed analog—digital chips using a standard
0.7 um CMOS fabrication process, Through a time-sweeping

Fig. 13. Programmability of membership functions. Curves are as follows.
(a) Sweep voltage. (b) Trangular functions with different slopes. (¢) Trian-
gular functions with different heights. (d) Triangular functions with different
locations.
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Fig. 14. Defuzzifier signals. Referring (o Fig. 6. plots are as follows, (a)
Muttiplier output. (b) The output of the integrator 13. fc) The output of the
integrator 12, (J) The output of the divider.
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Fig. 15 Differential voltage sweep signal at the output of integrator 11 in
Fig. 6.
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Fig. 16. Demonstration sctup for stabilizing a ping-pong ball in a tbe.

feature that allows a change of variable from voltages and
currents to time, continuous fuzzy inferences and defuzzi-
fication were employed. This eliminates the nced for any
quantization in the signal path and, thus, no data converters are
needed. Taking advantage of various state-of-the-art analog IC
techniques (¢.g., variable transconductance elements, current
capiers. cantinuous-time integrators. otc.). anslog circujte for
programmable membership functions and continuous defuzzi-
tication have been designed. Although the controller presented
in this paper has only three inputs, one output, and 25
possible rulex, the modular desigy of e architecture can

IEEE TRANSACUIONS ON FUZZY STYNIEMS. YOL. 00 NOL L MAY 1w

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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