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Abstract: Fuzzy Logic (FL) is well-known as an intuitive framework to tackle imprecision and
uncertainty while allowing to model expert’s knowledge in rule-based control. The objective of this study
is to investigate the design of embedded fuzzy control systems combining fast execution and parallel
processing capabilities provided by Field Programmable Gate Arrays (FPGAs) and Reconfigurable
Inputs/Outputs (RIO) boards. We implemented a suitable fixed-point FL to realize a computationally
efficient control framework on an FPGA target. As such, the paper provides a concise method to deploy
Fuzzy Logic Control (FLC) using RIO-FPGA technology. We also provide a technique for implementing
the three stages that constitute the FLC structures in LabVIEW environment using fixed math operations.
The experimental work involves tracking the trajectory of a mobile robot and shows the feasibility
and the efficiency of the proposed FLC-FPGA controller in comparison to the traditional PID-FPGA
controller, along with the added benefits of fuzzy control frameworks.
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1. INTRODUCTION

Classical and model-based control methods need a mathemat-
ical description of the system to realize effective and robust
performance. However, control frameworks using Fuzzy Logic
(FL) are able to compute with linguistic variables and model
if-then rules to control systems as black box functions without
the need for mathematical models, Hou and Wang [2013]. Un-
like conventional and computationally expensive control algo-
rithms, Fuzzy Logic Control (FLC) does not need precise mea-
surements to get admissible results. Often, FLC are often the
preferred system to tackle noisy and imprecise sensor readings
in robot systems. At lower costs and computationally efficient
mechanisms, FLC provides a simple yet effective way to com-
pute and deal with input-output mappings to tackle uncertain,
imprecise, noisy and missing information, Somwanshi et al.
[2019].

One of the most desirable features of FLC is the practicality
and the intuitiveness of incorporating expert’s knowledge in
the rule-base control. However, such desirable feature also be-
comes a bottleneck in realizing highly adaptive systems. Often,
it is the case that if-then rules become inaccurate in chang-
ing environments. This is one of the key reasons behind the
adoption of implementation mechanisms of FLC that could be
reformulated upon application, i.e. re-configurable controller.

Field Programmable Gate Array (FPGA) are well-known in
the field not only as a valuable tool for control implemen-
tation through embedded system, but also as an energy and

computationally-efficient framework to realize programs suit-
able for intelligent control methods, Ruiz-Rosero et al. [2019].
For instance, researchers proposed the FPGA and Real-Time
modules in LabVIEW software as an efficient hardware for
control implementation, Kandidayeni et al. [2022].

On the practical side, LabVIEW setups can be executed in
one of two modes. First, as hardware-in-the-loop (HIL), where
the host computer controls the real-time mechatronic system’s
hardware via wireless network protocols that are used to trans-
mit control actions, Bourhnane et al. [2019]. Second, it is also
possible to use the system as a standalone real-time framework
that executes the control laws independently on its own, Nada
and Shaban [2014], Shaban and Nada [2013].

In this paper, FLC-FPGA stand-alone controller is developed,
synthesized, and implemented on a reconfigurable FPGA board
for tracking systems. Instead of building the membership func-
tions using lookup tables, as mentioned in, Ponce-Cruz et al.
[2016], we developed the set of LabVIEW functions based
on logic operations and geometric relationships. The proposed
method has the advantage of accelerating fuzzy-based control
for trajectory tracking problems by utilising the parallel pro-
cessing of FPGA boards. As such, we implemented the FLC
on a FPGA, and termed the overall framework as FLC-FPGA.
We also compared our approach with the results obtained us-
ing PID-FPGA on LabVIEW Real-Time environment. The ob-
tained results show the feasibility and efficiency for tracking
control in embedded mechatronic systems in which the refer-
ence signal varies at a frequency not exceeding 50 [Hz].
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2. PROPOSED APPROACH: FLC-FPGA
2.1 Preliminaries
In Fuzzy Logic (FL), a membership function (MF) maps ele-

ments of the set X to the interval [0, 1]. For x € X, a triangular
MF is defined as follows:

0 x<a
X—a
_Joa asxsbh
Ha (%) = = b<x<c M
0 x>c
a trapezoidal MF is defined by
e a<x<bh
1 b<x<c
‘U.A(x)— % CSde (2)
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a singleton MF is
1 x=c
= 3
Ha () {0 otherwise )

An equivalent form for Eq.(1) is

Ua (x) = A (x) = max (min (Z:Z,E:Z) ,O) 4)

Also, Eq.(2) has an equivalent form as follows

Ua (x) = A (x) = max (min (;:Z, 1, Zl:x> 70) Q)

c
2.2 Fuzzification

Rather using lookup tables to build MFsPonce-Cruz et al.
[2016], we developed LabVIEW functions based on logic oper-
ators and fixed geometrical parameters while avoiding negative
effects on subsequent control operations.

To overcome the limitation of normal divide and delay in
quotient and remainder functions in LabVIEW-FPGA, Eq. (4,
5) can be expressed, without loss of generality, as

A(x) = max(min(2(x—a),2(c—x)),0) (6)
< b—a=c—-b=05

A(x) = max(min(4(x—a),1,4(d—x)),0) 7
<~b—-—a=d—-c=025

Left and right triangle MFs can be constructed by setting a = b
and b = c respectively. Using Egs. (6)-(7), the membership
values of the input/output variable can be obtained. Thus, given
an input x, A : x — [0,1]. To allow using variables in integer
format, the corresponding output values are scaled considering
the user-preferences on the resolution, as follows:

Ascaled = A X (2n - l) ) (3
where n is the number of bits in the system. As such, floating
point values scale to resolution (2" — 1). In order to ease calcu-
lations, the probability scale is suggested to be 10000, whose
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Fig. 1. LabVIEW TriangleMF.vi

Fig. 2. LabVIEW Trapezoidal MF.vi

equivalent n approximates to 14, denoting the saturation limit
for the computation.

In LabVIEW-FPGA module, the friangle MF can be estab-
lished through the programming of Egs. (6)-(7), as presented
in Fig. 1. Also, the trapezoidal MF is presented in Fig. 2. The
max & min function compares two inputs and returns the larger
(smaller) value at the top (bottom) output terminal.

Consequently, five triangular membership functions subjected
to input’s variable can be constructed. Each membership MF}
to MFs describes the probability of the input variable as (— })
Negative Big, (— |) Negative Small, (+—) Zero, (+ 1) Posi-
tive Small, and (+ 1) Positive Big. The Labview programming
of FPGA-Fuzzification process is constructed via LabVIEW
sub-VIs labeled as SMFTri.vi by using five TriangleMF.vi
with the scaled boundaries from —10000 to 10000, see Fig.(3).
The output of the SMF Tri.vi is a 5-element array which denotes
the probability of the input conditions.

In the case of manipulating more than one input variable, i.e.,
two inputs, such as the error term e and the change of the error
é, one can estimate the measure of the influence of membership
functions. This can be done by estimating the strength of
each rule, w', according to the corresponding probabilities, as
follows

wi = Al NAb, )

where Ali.z is the probability of membership function i for
inputs 1 and 2 respectively. The fuzzy OR/AND operator se-
lects the maximum/minimum of the two probabilities. Figure
(4) shows the LabVIEW block diagram of CompactMF.vi that
estimates Eq.(9) using the AND operator by utilizing the max &
min Function. The output of CompactMF .vi is a vector includes
the strength of the rules of one probability of input 1, with all
probabilities of the input 2.
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2.3 FPGA - Inference Engine and DeFuzzification

The rule base encodes if—then relationships of variables in the
linguistic space. For example, rule 1: if Error e is (— ) &
Change of error ¢ is (— |}) then the appropriate value from the
rule table ¢! is —1, where (— |}) means Negative Big. Table (1)
shows the appropriate value of each rule, i.e., ¢'s, where i € [N],
in which N is the number of rules.
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Although the well-known Mamdani-type inference engine ren-
ders MFs that require defuzzification, it is possible to use a
single spike as the output MF rather than a distributed fuzzy
set, also known as a singleton output membership function.
The above-mentioned concept enhances the efficiency of the
defuzzification process because it simplifies the computation
required by the more general Mamdani method. Instead of
integrating across the two-dimensional function to find the cen-
troid, one can use the weighted average of a relevant subset
of data points to calculate the control output, e.g. Sugeno-type
systems, whose approach is amenable to symmetric MFs. As
such, a rule in a Sugeno fuzzy model is computed as follows:

N N
Final Output = ZW'Z’ / ZW’ (10)
i=1 i=1

where w' is computed by using Eq.(9) and N is the number of
rules according to Table (1).

Three stages of calculations are required to construct the
FPGA-Fuzzy Logic controller on LabVIEW. First, in the fuzzi-
fication stage, the two inputs are checked to obey the satura-
tion limits (£10000) and then introduced, individually, to two
SMFTri.vi to generate five probabilities of the each input (error
and the change of error). Each probability output (one value per
membership) of the input 1, i.e., error signal, is fed-forward to
CompactMF.vi with all probabilities of the input 2 (change of
error), to generate the strength of each pair corresponding to
the rule table. For example, the probability of the MF'1 of the
error signal, A;(e) in the block of Fig.(4), with the probabilities
of MF1 to MF5 of the change of error, A(de/drt), generates
the strength vector corresponding to first row of the rule table,
Table (1), and therefore the weighted output can be estimated
using the block diagram shown in Fig.(5).

Figure (6) shows the complete block diagram of the 3-stages of
the FLC-FPGA controller proposed in the paper. In the second
stage, step 1., invloves five calls of CompactMF.vi are carried
out to generate the strength vector of each row of the rule
table, followed by step 2. that estimate the weighted outputs
of each row according zero-order Sugeno model. The Defuzzi-
fication satge estimates the final output according to Eq. (10).
The reader may note that the output is defined as a single-
ton MF, which is computationally more efficient compared to
approaches based on computation of the centroid of mass or
interpolations.

2.4 Execution-Time Calculation

The VIs code is mapped to gates and slices on an FPGA-based
target, allowing concurrent loops to be realised on separate
regions of the FPGA fabric. This enables all computations to
perform concurrently (in parallel). Each loop’s time is indepen-
dent of the other loops, with the flexibility to add operations
that let loops to interact and exchange data. To measure the
execution time of the proposed controller, different timing VIs
can be implemented in parallel on the FPGA without affecting
the code’s performance. Defining the execution time as the
difference between consecutive loop iterations, the execution
time of different VIs are shown in Table 2, in which the largest
consumed time is 2000 [yLs].
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2.5 Fuzzy Controller

In line with the main tenet of FL systems, the mathematical
model of the system is unavailable; instead, only the system

output, y, can be monitored and the system’s states, particu-
larly; the error can be extimated and change of error can be
approximated. Depending on the type of control type required,
i.e., PD, PI, or PID type. the control law of the fuzzy controller
can be estimated using the error, e (k), change of error Ae (k),
and the sum of error Y e (k) as inputs and control input u (k)
as output, where k is the sampling time. Thus, typical propor-
tional differential PD-like FLC can be developed as, Perry et al.
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[2007]:

u(k) = Kp.e(k) + Ky.Ae (k) (11)

for proportional gain K, differential gain Ky, and error terms
defined as follows

e(k) = yr —y(k)
Ae(k) =e(k) —e(k—1)

12)
13)

where y, is the reference input,i.e., desired output and y (k) is
the real output. The inverse z— operator, z~', denotes the unit
time delay. The error terms are first normalized by gains K, and
K, respectively. The normalized terms are used by the FLC,
by which after defuzzification, the FLC renders the control
signal within the pre-described range. The control action is
then obtained by multiplying the control signal by a additional
constant, K., known as the output scaling gain. PI control is
often expressed as follows:

d d

Eu(t) :KpEe(t)—i—K,e(t) (14)
Using the forward differential approximation, the discrete form
of Eq.(14) takes the form of

(1-zYu@) =K,.(1-2") e2) +Kie(2)

Taking the inverse z— transform, yields:

Au(k) = KpAe(k) + Kje (k) (15)
Equation (15) is similar to Eq.(11), however, the output is the
difference of the control action and the integral constant is
multiplied by the error signal while the proportional constant is
muliplied by the error difference. PI-FLC controller accumulate
of the output of the PD-FLC, to produce the FLC with the PI
effect. The control signal u(k) can be approximated by digital
means as follows

u(k) = Au(k) +u(k —1) (16)

A fuzzy controller structure that resembles a PID-like controller
can be created by combining PD-FLC with PI-FLC control
actions. Figure (7) depicts the FLC-PID control system’s entire
structure. The output of the PID-FLC is the sum of the outputs
of the PD-FLC and PI-FLC, and it has two scaling gains,
(KPP KET) | for the FLCs of type PI and PD, respectively,

u(k)|"PFC = K e (k) + Kg.Ae (k) 4+ Au(k) +u(k—1) (17)
2.6 Embedded PID-FLC-FPGA in LabVIEW

To realize parallel processing, one should separate the code into
different and independent segments. The set of self-governing
loops can be programmed to acquire and quickly process mea-
sured analogue or digital data at distinct loop rates. The FPGA
layout implements two basic independent loops:

e a loop for measurement and feedback of the measured
signal (typically digital signals),

e a loop for generation of the driving signal (typically a
Pulse Width Modulation signal) to drive the actuator given
the control action.

Along with the above-mentioned fundamental loops, additional
loops must be incorporated together during the implementation
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process. One loop is used to calculate the control law, and
another loop is used to pass the collected data to the real-time
processor for the updating process. The details of measuring
and driving loops are found in literature. Whereas the focus of
this paper is concerned in the calculation of the FLC law within
the FPGA environment, that is referred to as FLC-FPGA.

In LabVIEW, one can use FPGA project (.lvproj) to manage
targets and VlIs, references to project files, configuration data;
deployment data; build data; and other data. This project uses
the sbRIO chassis. The controller (RT Single-Board RIO) at-
taches instantly to the board chassis and communicates ei-
ther directly or via a network with the development computer.
The FPGA VIs (subroutines of the FLC in the previous sec-
tion) are the VIs that would be downloaded and run over
the FPGA target. Figure (8) shows the FPGA project files as
well as the main FLC-FPGA control file, the VI is called as
PID_FLC_FPGA_1DOF Smf 21 _10_10ms.vi that call all the
above VIs with loop rate of 5 [ms] that is greater than the largest
execution time given in Tab.(2). In last, project files are config-
ured and translated throughout the compilation process into a
bitfile that can be downloaded to the FPGA target.

3. EXPERIMENTAL WORK

We compare the results of the proposed controller with PID
control of the National Instruments robot platform (DaNI
1). The robot platform uses the sbRIO-9631 embedded con-
trol board, which integrates a user reconfigurable field pro-
grammable gate array being programmable through LabVIEW-
FPGA module. The kit includes a ready-made optimal PID
control employed in the FPGA environment and referred to in
this investigation as PID-FPGA. The controller uses the error
terms to render a Pulse Width Modulated signal (PWM) as
controls. The frequency of the PWM signal takes a value from
1000 — 2000 us. In this section, the obtained results of the
proposed PID-FLC-FPGA controller will be compared to the
ready-made PID-FPGA controller to demonstrate the efficiency
of the proposed PID-FLC-FPGA controller.

The autonomy of the two DaNI motors allows not only driv-
ing but also manoeuvrability of the robot. Thus, the controller
for each motor should be independent, and the control signal
should be calculated for each motor separately. Here, the ef-
fectiveness of the FPGA in programming and communicating
with the hardware targets becomes clear; the control action can
be calculated by adding one more parallel loop or through the
For loop structure.

We used a trajectory tracking scenario with a profile that
denotes the changing of curvature, see Fig.(10). In particular,
the robot will move from the rest position at point A to point
B through a straight line and then along the Lemniscate profile,
Eq.(18), then again to point B, and finally to point C, where the
final velocity and acceleration are zeros. The Lemniscate profile
can be expressed as:

av/2cost

sin?7-+1
av/2costsint

102

sin“ 741

dy  dt

dt dx

(18)

Defining the wheel radius as r, and the wheel has a distance
¢ from the origin point. Given r,¢, 0, the velocity kinematics
models can be constructed to estimate the velocity of the robot
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in the global reference frame, i.e., ¢ =[Vi V, a)]T. The velocity
transformation between the motors angular velocities and the
generalized velocities of the robot can be expressed as, Nada
and Bashiri [2018]:

; 2/rcos0 2/rcos07 [V
{‘PR} _ [Z/rsine 2/rsin6] [Vy

(19)
oL 2w/r  —20)r | @

Given the generalized velocity vector, ¢, the tracking problem’s
reference values for the robot’s controller for the right and left
wheels, (f)R and ¢L, are estimated. Fig. 9-(a) shows the results of
the assinged controllers upon the robot’s spinning velocities ¢z
and ¢y . In the case of implementing PID-FPGA, the two motors
are controlled by the identical set of PID control parameters,
providing that both motors have the same dynamic model.
However, since the dynamics of two motors differ, the regulated
controlled results clearly distinguish between the right and left
motors. The left motor in the PID-FPGA in Fig. 9-(a) deviates
more in relation to the reference value. With the PID-FLC-
FPGA, because the controller design is independent of the
system model, the results are more accurate. Fig. 9-(b,c) show
the results of the assinged controllers upon the generalized
velocities of the robot, and Fig. 10-(b) shows the real time
trajectory of the robot. It should be mentioned that the scope
is FPGA implementation of FLC rather than minimization of
error with respect to the trajectory baseline, which will be
involved in the future work.

4. CONCLUSION

This paper provides a method implementing the three stages
that constituent the FLC and PID-FLC-FPGA structure in
LabVIEW-FPGA environment. We use fixed math operations
on integer data types since complex mathematics is difficult to

40

(b) Robot’s linear velocity
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implement on FPGA due to the target device’s lack of floating
point operations. Sugeno-type FLC with five triangular mem-
bership functions with two inputs and nine singleton output
MFs are constructed. The controller is evaluated in tracking
a differential-wheeled mobile robot. The experimental results
and performances of the PID-FLC-FPGA are compared with
the PID-FPGA controller for tracking problems. Our results
validate the control design procedure and implementation and
additionally show several benefits for high-speed embedded ap-
plications. Future work will include controller implementation
of large scale control problems and overall system performance
improvement.
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