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Abstract

Thispaper describesa design methodol ogy for fuzzy log-
ic-based control systems. The methodology employs hard-
ware/software codesign techniques according to an ‘a
priori’ partition of the tasks assigned to the selected com-
ponents. This feature makesiit possible to tackle the control
system prototyping as one of the design stages. In our case,
the platform considered for prototyping has been a devel op-
ment board containing a standard microcontroller and an
FPGA. Experimental results from an actual control appli-
cation validate the efficiency of this methodol ogy.

1 Introduction

The growing complexity of current electronic systems
together with the need of decreasing the time-to-market
when launching a new product have motivated very much
the use and development of CAD toolsthat ease the descrip-
tion, verification and synthesis of electronic systems. This
demand is becoming stronger as challenging applications
aimed at integrated a whole system on a chip (SoC) arein-
creasing. Taking into account the characteristics of integrat-
ed circuits fabrication processes such as cost, delivering
time, etc., it is very useful the availability of mechanisms
which permit the rapid and cheap prototyping of the system
under development in order to verify itsglobal functionality
before its possible integration. This often means the use of
general-purpose platforms.

This paper focuses on the design methodology of fuzzy
logic-based control systems. Following the above com-
mented ideas, one of the steps of our design flow will bethe
prototyping of the whole system on a development board
that includes a general-purpose microcontroller and an FP-
GA, thusresorting to the use of hardware/software codesign
techniques. The methodol ogy employs specific toolsfor the
development of fuzzy controllers and generic tools for a
twofold task: the synthesis of components from hardware

description languages, on one side, and the programming of
standard microcontrollers, on the other side.

2 Fuzzy controllers

The capability of fuzzy controllersto describe with sim-
plerulesthelinguistically expressed experience and knowl-
edge of ahuman expert and to achieve that without the need
of a mathematical model of the plant under control, have
motivated agreat increasein the number of control applica-
tions using fuzzy logic-based inference techniques [1].

A fuzzy controller employs the same input and output
variables than its conventional counterpart. For instance,
the output variation of a Pl controller at each iteration is
function of the error and the error variation at the previous
iteration:

Au(nT) = F(e(nT),Ae(nT)) (D)

The difference between the conventional and the fuzzy
approachesisthat in the first one, the output is obtained as
alineal combination of the inputs,

Du(nT) = k; Le(nT) + kp [(De(nT) ()]

while in the fuzzy approach, the control heuristic is defined
by arule set that employ linguistic variables represented by
fuzzy sets (Figure 1).

Thisis the reason why the control surface provided by a
fuzzy controller is usually non lineal and can be modified
locally by changing the rules that affect the corresponding
universes of discourse. In addition, the use of fuzzy logic-
based inference techniques allows the development of ro-
bust devices able to support greater perturbations than a
conventional one and to provide soft output variations with
asmall number of rules. These features make it possible to
overcome the automatization of complex control tasks that
currently can be carried out only by human operators. Other
reported advantages of fuzzy controllers are that they often
reduce the development cost and maintenance of control
systems[2].



1. IF error e(K) is positive
AND error variation Ae(k) is near zero
THEN control variation Au(k) is positive.

2. |F error (k) is negative
AND error variation Ae(K) is near zero
THEN control variation Au(k) is negative.

3. IF error (k) isnear zero
AND error variation Ae(K) is near zero
THEN control variation Au(k) is near zero.
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Figure 1: Example of rule base (a) and fuzzy sets
(b) used by a fuzzy PI controller.

3 I mplementation of fuzzy control systems

Figure 2 illustrates the generic structure and tasks per-
formed by afuzzy logic-based controller. The variables de-
fining the plant status are acquired by a set of sensors that
trandlate them into electrical signalsrepresented by currents
or voltages. Thesignal conditioning input stage implements
the A/D conversion and range adjustment together with sev-
era preprocessing agorithms required to obtain adequate

input signals to the inference engine. This engine is in
charge of evaluating the set of inputs (using afuzzifier), cal-
culating the new control action according to the strategy de-
fined by the set of inference rules, and computing the non-
fuzzy representative values of the control action (using ade-
fuzzifier). The signal conditioning output stage postpro-
cesses these values and adequates them to the actuators
connected to the plant. In addition to these tasks, every con-
trol system usually includes elements to initialize the sys-
tem, to define the control targets, and to monitor the
achievement of thetargets, aswell astiming elementsto en-
sure the correct behavior of the system.

Except for the A/D and D/A conversions, all the above
commented tasks (including the inference mechanism) can
be performed by software, so that the control system can be
implemented with a programmable processor. Many appli-
cationsto industrial or consume products resort to this type
of implementation [3]. The problem appears whenever the
application demands fuzzy control systems with a high in-
ference speed and/or low size and power. Since standard
software approaches are not able to meet these require-
ments, several solutions have been reported. Some of these
solutions try to improve the response time of the controller
by expanding, via software or hardware, the instruction set
of an standard processor. Taking into account that many of
the operationsrequired to carry out the fuzzy inference limit
to agreat extend the operational speed of the fuzzy control-
ler, the ideais to speed up the execution of operations such
as the maximum, minimum, or defuzzification [4]. In the
software approach, the processor microprogramming is
modified to add functionality to the instruction set [5]-[6],
whilein the hardware approach, new circuitry isincludedin
the processor architecture [7]-[9].

When the speed, size and/or power requirements are re-
strictive, the solution is to implement the fuzzy controller
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Figure 2: Block diagram and tasks of a fuzzy logic-based control system.



with specific analog or digital hardware that follows an ef-
ficient architecture [10]. Some key points to achieve low
cost and high speed digital fuzzy controllers are to restrict
the shapes of the fuzzy sets membership functions of thein-
ference rules, to use simplified defuzzification methods,
and to evaluate only the contribution of the activerules[11].

According to these considerations and thinking in chal-
lenging applications with restrictive requirements, the strat-
egy described in this paper combines specific hardware for
implementing the fuzzy inference with a general-purpose
processor for carrying out the rest of the tasks by software.

4 Design methodology

The design process of an electronic system can be great-
ly accelerated by two mechanisms. One of them is the use
of adesign methodol ogy which defines the different design
stages and their interrelations. The second oneis the use of
CAD tools which ease the designer tasks at each stage. In
our case, the Xfuzzy environment with its CAD tools (xfc,
xfsim, xflab, and xfvhdl) isvery helpful in the design flow of
fuzzy logic-based control systems, as shown in Figure 3
[12]. Starting from the formal description of the system, this
design flow is aimed at the realization of fuzzy systemson
chip employing hardware/software codesign techniques.
Between these extreme stages, three other stages are carried
out: off-line simulation, on-line verification (whenever pos-
sible), and prototyping with low-cost development boards.

4.1 System specification

The hardware/software partitioning of the different tasks
to be performed by the control system is done according to
the considerations commented in Section 3. Thishasled us
to implement the inference process by hardware while the
rest of the tasks (such as pre- and post-processing) are car-
ried out by software. The use of codesign techniques means
that the control system specification requires the descrip-
tion of hardware as well as software components. The XFL
language is employed for the specification of the fuzzy in-
ference component [13]. Thisis the language shared by all
the tools of the Xfuzzy environment. The C language is em-
ployed for specifying the rest of the tasks sinceit allowsthe
automatic generation of programming code (there are many
C compilers, assemblers and linkers for most of general-
purpose processors) and it is very easy for Xfuzzy to inte-
grate C code.

The XFL language allows the user to define comfortably
not only the universes of discourse of the fuzzy controller
variables, their associated membership functions, and the
rule bases employed, but also the set of fuzzy operators that
implement the antecedent connection, the implication func-
tion, the mechanism for rule aggregation, and the defuzzifi-
cation method.

4.2 Off-linesmulation

The Xfuzzy environment has atool named xfc which per-
mits obtaining a C description of the fuzzy inference engine
from its XFL specification. The code generated by xfc to-
gether with the programming code associated to the rest of
the control tasks can be combined with a C model of the
plant under control to simulate the behavior of the whole
closed-loop control system. This is possible within the
Xfuzzy environment thanks to atool named xfsim. This tool
isvery useful to allow apreliminary adjustment of the con-
trol system parameters. However, since the model used to
represent the plant is usualy a first-order approximation,
the results of this simulation could not be reliable enough
for control systems of a certain complexity. In these cases,
the actual plant or process hasto be analyzed to obtain afin-
er adjustment of the control system parameters. One solu-
tionisto includethe actual plant into the control loop where
the control system isimplemented by a computer running a
C program. This is the objective of the following design
stage: an on-line verification. It is important to notice that
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Figure 3: Design flow and CAD tools for fuzzy
control systems.




this verification is possible whenever the response time of
the computer meets the plant dynamic requirements.

4.3 On-lineverification

Thetool xflab included into the Xfuzzy environment pro-
vides the needed mechanisms for communicating the com-
puter that runs the software implementation of the fuzzy
controller with the plant under control viaadataacquisition
board connected to the internal bus of the PC [14]. Thetool
xflab contains driversto read and write datafrom and in the
board, so that the model of the plant used in the off-line ver-
ification can be replaced by afunction that allows monitor-
ing the true plant, thus obtaining the required information to
execute the fuzzy control (input channels), as well as actu-
ating on the plant providing the control action viathe output
channels.

Xflab eases the configuration of the data acquisition
board (definition of theinput and output addresses, assigna-
tion of the analog and digital channels, etc.), the codifica-
tion of the required procedures (filtering, linearization,
etc.), and the integration of these tasks with both the soft-
ware implementation of the controller and the routines to
accessthe actual plant. One of the most relevant advantages
offered by xflab isthe capability of monitoring the behavior
of the whole system at real time, allowing the evaluation of
agreat variety of operation conditions as well as the influ-
ence of the different control parameters on the system effi-
ciency. Figure 4-a shows one window of the xflab GUI
where the different components of the control program are
specified. Thewindow where the system monitoring is con-
figured is shown in Figure 4-b.

XFLab - Fuzzy control

Once the control system has been adjusted conveniently,
we have a software implementation of the control system
which is quite operative. Thiswill be the starting point for
prototyping the system on a development board.

4.4  Prototyping

The availability of development boards that include a
general -purpose microcontroller with an FPGA allows the
implementation of a whole control system by partitioning
the different tasks between them. As commented in Section
3, the fuzzy inference is assigned to an specific controller
implemented on the FPGA, while the routines for process-
ing theinput and output variables of thefuzzy controller, to-
gether with all the other tasks are programmed in the
microcontroller. The timing task is implemented by one of
the timers available in the microcontroller. Additional cir-
cuitry is required to adapt the signals provided by the sen-
sorsto the development board as well as to adapt the output
signals of the board to those employed by the actuators.
This means the inclusion of circuits such as signal amplifi-
ers and data converters.

Automatic synthesistools are unavoidable if we want to
complete this stage rapidly and efficiently. One of the most
outstanding feature of Xfuzzy compared with other environ-
ments is that Xfuzzy includes tools that ease the hardware
synthesis of the designed fuzzy controller. One of them,
which is named xfvhdl [15], translates the X FL description
of the fuzzy inference system into aVVHDL description that
is compatible with several hardware synthesis tools for
FPGA or ASIC redlizations.
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Figure 4: Xflab windows illustrating the task assignment carried out in the on-line verification stage.



On the other side, the use of development tools and pro-
gram debuggers (assemblers, compilers, simulators, etc.)
ease the programming of the different tasksto be performed
by the microcontroller. The availability of C compilers for
the chosen microcontroller is a factor to take into account
since it reduces greatly the devel opment time.

45 Silicon implementation

Once checked that the prototype performance is as de-
sired, the designer can increase the integration level of the
control system to achievelessareaand power consumption.
Thinking in an ASIC implementation, the good starting
point is the VHDL description of the whole system. In our
design flow, this means to combine the VHDL of the fuzzy
inference engine with the VHDL description of the selected
microcontroller core.

5 Application example

The above described methodology has been applied in
the design of a level controller for a dosage system. As
shown in Figure 5a, the dosage system is composed of two
independent cylindrical tanks both with an electronic valve
at itstop to control the liquid injection, with a pressure sen-
sor at itsbottom to provide ameasure of theliquidlevel, and
with a manually-controlled valve also at its bottom to dis-
charge liquid into a shared container [16]. A voltage-con-
trolled water pump movestheliquid up to thetanksfromthe
shared container.

The pressure sensors provide a current output signal be-
tween 4 and 20 mA, whereas the electronic valves and the
water pump are controlled by voltageinput signals between

@)

Figure 5: Experimental set up: a) Dosage system. b) Control system implementation. c) Development system.

0and 10 V. The control strategy applied isthefuzzy version
of a Pl controller with an incremental output. This means
that thefuzzy controller requirestwo input signals (the error
and its variation) for each tank, and provides an output sig-
nal that represents the change of its corresponding valve ap-
erture. The water pump is governed by the bounded sum of
both controller outputs.

Due to the symmetry of the two tanks, their fuzzy con-
trollers are identical, so that only one of them can beimple-
mented if the inference processes are executed sequentially.
This solution permitsagreat areareduction without increas-
ing the response time significantly.

The control system prototyping was carried by using an
X$A0-005XL board from XESS Corporation [17] mounted
on aboard that also includesthe A/D and D/A data convert-
ers together with the signal conditioning circuitry (Figure
5b). The X$40-005XL board has an Intel 8031 microcon-
troller, a Xilinx XC-4005 FPGA, 32 K of SRAM, a pro-
grammable clock circuit, a 7-segment LED display, and
connectors for communicating the board with a PC via a
parallel port, an VGA output, and a PS/2 input. The board
is provided with software facilities to program the clock
(GXSSETCLK), to download the configuration of the
FPGA and the program of the microcontroller (GXS-
LOAD), and to test the board (GXSTEST).

The synthesis stage of the FPGA was carried out with the
"Xilinx Foundation 3.1i" environment. On the other side,
the VHDL description of the fuzzy controller was obtained
fromits XFL specification with the aid of the xfvhdl tool of
Xfuzzy. Sincethefuzzy inference engineimplemented in the
FPGA works as a coprocessor of the 8031 microcontroller,
several interface circuits hasto be added to the FPGA. Asa
result, the 98% of the FPGA CLBs are employed (193 de
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Figure 6: Experimental results.

196), and the maximum operational frequency reaches 20
MHz. At a 10 MHz frequency, the fuzzy inference cycle
takes 700 ns, which is shorter than the execution time of a
microcontroller instruction.

The software implementation in the 8031 was performed
by using several development tools available for the MCS-
51 family. The code downloaded to the microcontroller
covers the typical tasks of a control cycle (acquisition and
preprocessing, communication with the inference engine,
postprocessing and output generation), and includes several
interrupt service routines as well as routines to alow com-
munication with aPC in order to eval uate the system perfor-
mance (Figure 5c).

The designed prototype has been proved satisfactory in
different experimenta tests, providing a robust control
which ensures a good behavior of the dosage system even
under hard changes in the aperture of the manually con-
trolled valves. As an example, Figure 6 illustrates how the
liquid levels of the two tanks follow different target posi-
tions (dashed lines) with the typical ripple caused by thelig-
uid dropping.

6 Conclusions

The use of codesign techniques according to agiven par-
titioning of the tasks assigned to the hardware and software
components has been proved to be an efficient strategy for
designing high-speed and low-consumption fuzzy logic
based control systems. According to this strategy, a design
methodology has been described that employs several tools
of the Xfuzzy environment and that includes, as one of its
design stages, the prototyping of the system using alow cost
development board with a microcontroller and an FPGA.
The validity of the procedure isillustrated by its successful
application to solve an actual dosage problem.
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