American Journal of Applied Sciences 8 (7): 7405724711
ISSN 1546-9239
© 2011 Science Publications

Subway Train Braking System: A Fuzzy Based Hardware Approach
Mamun Bin Ibne Reaz, Jubayer Jalil, Hafizah Husaid Badariah Bais

Department of Electrical, Electronic and Systemgif®ering,
University Kebangsaan Malaysia, 43600, UKM, Ba&glangor, Malaysia

Abstract: Problem statement: Automated subway train-braking system requireqmtidn, efficiency
and fast response. In order to cope with this corscean appropriate algorithm need to be developed
which need to be implemented in hardware for fasisponseApproach: In this research, the FPGA
realization of fuzzy based subway train brakingterys has been presented on an Alter FLEX10K
device to provide an accurate and increased spkeednwergence of the network. The fuzzy based
subway train braking system is comprised of fusilieference, rule selector and defuzzifier modules
Sixteen rules are identified for the rule selecturdule. After determining the membership functions
and its fuzzy variables, the Max-Min Compositiontheel and Madman-Min implication operator are
used for the inference module and the Centre ofiGranethod is used for the defuzzification module.
Each module is modeled individually using behaviafBIDL. The layers are then connected using
structural VHDL. Two 8-bit and one 8-bit unsignewithl signals are used for input and output
respectively. Six ROMs are defined in order to dase the chances of processing and increasing the
throughput of the systerResults: Functional simulations were commenced to veriy filnctionality

of the individual modules and the system as welk Ngve validated the hardware implementation of
the proposed approach through comparison, veiificaind analysis. The design has utilized 2372
units of LC with a system frequency of 139.8Mi&anclusion: In this research, the FPGA realization
of fuzzy brake system of subway train has beenessfally implemented with minimum usage of
logic cells. The validation study with C model shwothat the hardware model is appropriate and the
hardware approach shows faster and accurate respdthsfull automatic control.

Key words: Fuzzy logic, fuzzy controller, braking system, [#i€rogrammable Gate Arrays (FPGA),
brake pressure, accurate response, defuzzificatiodule, proposed approach, rule
selector, subway train, rule selector, brake pressu

INTRODUCTION functions for each linguistic variable, the infecen
mechanism, the rules, the fuzzification and
Fuzzy techniques are becoming an attractivedefuzzification methods (Victor and Dourado, 1997;
approach to handle uncertain, imprecise, or unneadel Zachary, 2010). Due to the relative computational
data in solving control and intelligent decisionkimg  simplicity of fuzzy rule-based system, intelligent
problems (Zadeh, 1972; Al-Odienat, 2008). This isdecision can be made in real-time, thus allowing an
mainly due to their inherent ability to describe aaccurate prediction of brake pressure.
complex system by means of a simple set of intitiv The Field-Programmable Gate Arrays (FPGA)
and ambiguous behavioral rules. The application obffers a potential alternative to speed up the \ward
fuzzy technologies into real-time control problemsrealization (Coussyet al., 2009; Reazet al., 2007).
demands the development of efficient hardware=rom the perspective of computer-aided design, FPGA
implementations of fuzzy inference mechanisms. comes with the merits of lower cost, higher denaity
In this paper, fuzzy logic utilities for synthess$  shorter design cycle (Choomtyal., 2005; Akteret al.,
control system are discussed in the context of aR008). It comprises a wide variety of building tkec
application to the subway train braking systemuaziy = Each block consists of programmable look-up tabld a
based subway train braking system has the advantaggorage registers, where interconnections amongethe
that it allows the intuitive nature of accuratediction  blocks are programmed through the hardware
of brake pressure to be easily modeled using theéescription language (Rea al., 2004; 2005). This
number of linguistic terms, the respective membprsh programmability and simplicity of FPGA made it
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favorable for prototyping digital system. FPGA allo  For ‘speed’, a range of 100km'twith fuzzy variables
the users to easily and inexpensively realize tbein  of Very Slow, Slow, Fast and Very Fast are chosen
logic networks in hardware. FPGA also allows For ‘speed’, a range of 100kn‘twith fuzzy variables
modifying the algorithm easily and the design timeof Very Slow, Slow, Fast and Very Fast are chosen
frame for the hardware becomes shorter by using&PG Similarly, for ‘brake’ a range of 100 with fuzzy
(Choonget al., 2006; Ibrahimyet al., 2006). variables of Very Light, Light, Heavy and Very Hgav
In this study, a unified framework for FPGA are chosen. The rule selector module contains &8 ru
realization of fuzzy based subway train brakingesys &S Shown in Table 1.
is designed by means of using a standard hardware The mfer_e_nce_ inputs  the truth-_values generated
description language VHDL. The use of VHDL for from the fuzzification process._'_l'he mfgrence med_ul
modeling is especially appealing since it proviges performs_. the fuzzy composition - using Max-Min
formal description of the system and allows the afse (C,v?;nn?g;'rﬂgtn alanngﬁﬁr;?rﬂm'e'\:marzgpglcatl'%gS?p%]aetor
specific. description styles to cover the diﬁeremim‘erence engi'r’1e goe’s through all the"rules in.rthe
ﬁ)t;si'g?g\t/'glr; ;(:r:/;l;'yézric:fﬁgué;aslig;e?ésat:t;alt,rjanz?gg; selector, applies a composition type to evaluage th

- firing strength of each rule-which in turn is prafonal
Reazet al., 2006; 2007). In the computation of method, i the truth-value of the preconditions.

the problem is first divided into small pieces, le@an The defuzzification module converts the fuzzy
be seen as a submodule in VHDL. Following theoutput set, back to a crisp number by using thetr@en
software verification of each submodule, the sysithe of Gravity method. A block diagram illustrating the
is then activated. It performs the translations ofmajor blocks of the subway train braking system is
hardware description language code into an equivale shown in Fig. 1. The system consists of two inpX:
netlist of digital cells. The synthesis helps imteg the ~and X1, each corresponding to the values of distanc
design work and provides a higher feasibility to@and speed respectively. The output of the systeesgi
explore a far wider range of architectural altevet e predicted brake pressure to be applied. In VHDL

(Reazet al., 2005, 2004). The method provides aModeling of the fuzzy based subway train braking
systematic” apprc;ach fc.>r hardware  realization system, the entity declaration provides an “extérna

o : . view of a component. It defines an interface to a
facilitating the rapid prototyping of the fuzzy B&5  omponent and describes the properties of the

The overall structure consists of the main eraity
the fuzzy logic controller, “Train_FLC” and four
FPGA realization of subway train braking systermgsi components — namely,  “Fuzzifier”,  “Inference”,
fuzzy technique is introduced to implement a dedita Rule_Selector” and “Defuzzifier”. All the operatie
hardware for faster and accurate response with fufione in the system are carried out with unsigned
automatic control. The subway train braking System,numbers and all the components are connected to one
which determines the amount of brake pressure witf?"o
given two inputs: distance and speed. The fuzzagtha
subway train braking system is comprised of foujama
blocks: the fuzzifier, the rule selector, the iefece and
the defuzzifier. Three membership functions ‘dis&in
and ‘speed’ as input and ‘brake’ as output are ehos
For ‘distance’, the range of 500m with fuzzy valésh
of Very Close, Close, Far and Very Far are chosen.

MATERIALSAND METHODS

ther through the VHDL structural description.

The inputs are directly mapped into the Fuzzifier
and Rule_Selector. The outputs of the Fuzzifier are
mapped into the Inference. Following that, the atgp

of the Inference and the Rule_Selector componearts a
mapped into the Defuzzifier.

Fuzzifier: The starting block, fuzzifier takes two
inputs ‘distance’ and ‘speed’, which are crisp eslu

_ and converts them to fuzzy values.
Table 1: Sixteen (16) rules of the rule selectoduie

Each of the membership functions expressed as

Speed Very slow Slow Fast veryfast U=mX+C, where U is the membership function of the
Distance fuzzy variable and X is the crisp inputs with dista
Very close Light Heavy Veryheavy Veryheavy (X0) and speed (X1). The variable m is the gradent
Close Light Very heavy Heavy veryheavy the line equation while the variable C represehts t
Far Light Very light  Light Heavy intersection at the U axis (Donato and Barbieri33;9
Very far Very light Very light Light heavy Alcalaaet al., 2007)_
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Fig. 1: Block diagram of the brake system

The fuzzifier has one fuzzifier-entity and four labeled as Comparator. The Inference entity consibt
ROM components labeled as 0, 1, 2 and ROM_3. It hakur 8-bit inputs, 1-MU02, 11-MU12 and four 8-bit
two 8-bit input ports and four 8-bit output porithe inference are mapped into the defuzzifier as ipin
input ports are labeled as 0 and X1, which takes thThe inference provides a minimum of the membership
value of distance and speed while the output panés  function values from the fuzzifier. The minimum weJ
labeled as 1, 2, 11and MU12. These output ports arund by mapping the inference inputs, is fed itite
mapped into the Inference component. comparator as input.

Initially, the crisp values of distance and spaes
normalized and passed into the fuzzifier modulegneh Rule selector: The rule selector takes two crisp inputs,
the values are rounded and converted to hexadecimalistance and speed. In the rule selector modully, on
All the hexadecimal values are printed into texésfi two fuzzy variables exist in each region of comgpamni
and passed into the VHDL ROM codes. The 8-bitTherefore, after analyzing the membership functiohs
inputs of distance and speed are translated intoane  poth speed and distance, it is divided into seven
locations in the ROM, which are actually the fuietlf  regions. The division of regions for input 0 and %1
membership function values, mapped at differemtiesl  gpown in Table 2.
from the universe of discourse. _ Once all the regions are determined, each of the

Each ROM has one 8-bit input and one 8-bit outpUfegigns in distance is compared to the regionpéres.
as address and data respectively. The addresstakels Ai"each comparison, a corresponding associated rule
the value of 0-X1, while the data ports maps inite t from the fuzzy rule selector is fired. For fastdierencing
output ports 1, 2, 11 and MU12 of the fuzzifier. - 0 and defuzzification, singleton sets are appliedtlin

ROM_1 consist OT fuzz|f|ed_\_/alues for distance i system. The output of the rule selector takes #heeg of
and ROM_3 consist of fuzzified values for speed. . - )
the singleton values indicated by the fired rule.

Inference: The inference block accepts four inputs ' Ne entire process for all the comparison of regio
from the fuzzifier block, which are inferred usitige ~ CONSidering inputs of 0 and X1 were drawn up and
Max-Min Composition and Mamdani-Min implication tabulated in an Active Rules Lookup Table. Thus for
operator to produce four outputs. each comparison, the rule selector looks up théetab

It contains one Inference entity and one componengnd determines the rules to be fired and its
outputs 0-R1, 2-R3. The inputs of inference arepedp corresponding singleton values. The rule selects h
from the outputs of fuzzifier and the outputs o€ th one Rule_selector entity and two components.
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Table 2: Division of regions for input X0 and X1 An 8-bit adder, a 16-bit adder, four 8-bit
Input Regions Range of values multipliers and a divider are chosen to realize the
Distance (X0) (m) 1 0-10 Center of Gravity method. A total of four multipise
2 10-20 are used since there are four S inputs and fompRts.
3 20-60 The multiplier unit accepts two 8-bit signals and
4 60-120 provides a 16-bit signal, which performs the
5 120-250 multiplication of RxS. The outputs of each multiplier
6 250-350 are then added. Thus, the 16-bit output signalhef t
7 350-500 multiplier is fed into a 16-bit adder. The 16-bdder
1 0-3 has an output of 18-bit due to the carry bits. dhtput
2 35 of the inference is fed into an 8-bit adder, which
Speed (X1) (km ) 3 5-20 produces an output of 10-bits again due to theycarr
4 20-30 bits. The divider component performs the division
5 30-45 operation by converting the divisor containing the
6 45-60 output of the 8-bit adder to its inverse. The RCalues
7 60-100 are then multiplied with the dividend that contaths

outputs of the 16-bit adder. The multiplication gwoes

The Rule_selector entity has two 8-bit input ports@? Output of a 34-bit number. However, since thet fi
and four 8-bit output ports. The input ports 0 atl  16-bits represent the decimal value of the numther,
take values of distance and speed. The output fiorts remaining bits are neglected. Therefore, the output
1, 2 and S3 are mapped into the defuzzifier. Thevould only consist of an 8-bit signal to the Bradaet.
component region functions as a region selector.

The entity Region has two 8-bit input ports, X0 RESULTS
and X1 and one 6-bit output port X. There are 4fore
combinations to determine the rules to be fired. Simulation: In order to evaluate the performance of the

The ROM_output entity has one 6-bit input port Y VHDL model of subway train braking system, a set of
and four 8-bit output ports 0, 1, 2 and 3. Theinput values of distance and speed are fed into the

ROM_output contains the singleton values of S0-S3Model. Singleton output values from the fuzzifieda
The most significant 16 bits hold the binary valeds the rule selector are taken to analyze the degfee o

S3 down to S2 while the 16 least significant bitédh fulfi_lllme_nt and the brake values are taken for
) verification of the overall output. The input vatuare
the binary values of 1 and SO.

converted into its binary form before being enteired

the test-bench of the VHDL model. The generated
Deffuzifier: The defuzzifier module takes four inputs simulated waveform is shown in Fig. 2 and the
from the inference module and four inputs fromrhle  converted binary values of hexadecimal output are
selector module. The output of the defuzzifierhe t tabulated in Table 3.

brake pressure. The defuzzifier converts the fuzzy The same input, which is a real value, is fed mto
values back into the crisp values. The Centre @V ¢ model in order to compare the result. The C model
method was chosen for defuzzification that favors, < set as benchmark against the VHDL model. The

“central” values in the universe of discourse amtlyo . : :
; corresponding output is shown in Table 4.
takes into account the area of the resultant meshiger P g outp

function. This method of defuzzification is expregs

by the equatiofy' R xS) /(Y R). The defuzzifier Synthesis: For the designated hardware realization, the
block contains one entity Defuzzifier and four VHDL code is synthesized by considering an Altera

components labeled as Adder8bit, Adderl6bit,FLEX10K: EPF10K10LC84 FPGA chip on an LC84

Multiplier and Divider. The Defuzzifier entity hasght ~ Package. The FLEX 10K family provides the density,
8-bit inputs: SO, S1, S2, S3, RO, R1, 2-R3 and onépeed and features to integrate the entire systems,
output ‘brake’. The inputs S0-S3 are mapped froe th including multiple 32-bit buses into a single chithe
rule selector, while the inputs 0-R3 are mappeadnfro top level RTL view and the top-level technologywie
the inference unit. are shown in Fig. 3-4 respectively.
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Fig. 3: Top level RTL view
Table 3: Data from the VHDL model simulation
Distance Speed uo Ul U2 u3 SO S1 S2 S3 Break
255 255 1.0000 0.0000 1.000 0.0000 30 0 0 0 29.8
3 253 0.7059 0.0000 1.000 0.0000 100 0 0 0 99.6
7 10 0.3137 0.1882 0.216 0.0549 5 70 30 30 23.5
28 10 0.9294 0.0000 0.216 0.0549 30 30 0 0 29.8
48 74 0.3686 0.8510 0.098 0.4510 30 70 30 30 44.7
126 79 0.5137 0.0000 0.549 0.0000 30 0 0 0 29.8
6 89 0.4118 0.0863 0.745 0.0000 70 0 70 0 69.8
215 156 1.0000 0.0000 1.000 0.0000 30 0 0 0 29.8
Table 4: Data from the C model simulation
Distance Speed uo Ul U2 U3 SO0 S1 S2 S3 Break
500 100 1. 0000 0.00 1.00 0.0000 30 0 0 0 30.0
5 99 0.7500 0.00 1.00 0.0000 100 0 0 0 100.0
13 4 0.3500 0.15 0.20 0.0588 5 70 30 30 24.34
55 4 0.9286 0.00 0.20 0.0588 30 30 0 0 30.00
94 29 0.3714 0.85 0.10 0.4500 30 70 30 30 44.55
247 31 0.5150 0.00 0.55 0.0000 30 0 0 0 30.00
11 35 0.4500 0.50 0.75 0.0000 70 0 70 0 70.00
421 61 1.0000 0.00 1.00 0.0000 30 0 0 0 30.00
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Fig. 4: Top level technology view

DISCUSSION
Table 5: Percentage error of brake pressure

To verify the efficiency and perfectness we haveBrakes (C Model) Brakes(VHDL Model) % Braking error

also developed the C model of our proposed design. 30.00 29.80 0.67

X . 100.00 99.60 0.40
In the comparative analysis, the output resultthefC 5, 34 23.52 3.36
model are compared with the output of VHDL 30.01 29.80 0.67
model. The percentage of error was calculated a44.55 44.71 0.37
shown in equation (1): 70.00 69.80 0.29
% of Error = As a result, some of the values are modified due t
Difference in VHDL and C output ~ 1C (1) the variation in the slope of the membership fuorcti

and thereby causes some information loss. Thus the
largest errors occur in the fuzzifier kernel. The
synthesis esults obtained from Quartus Il showed th
Using the above equation, the errors for the brakéhe whole system has taken up 2372 units of logiis,c
outputs are calculated and shown in Table 5. which is about 47% utilization of the device (Aler
In Table 5, it is being shown that the maximumEPF10K10LC84). Further optimization is still podsib
error is indicated as 3%. Most of the large ermsur  though the utilization of the logic cells are attgavery
at the fuzzified outputs. This is due to the fawatt little. The clock frequency report showed the citi
the crisp values have to be converted to fuzzyemlu frequency is 139.8MHz. This frequency is fast ertoug
in the fuzzifier. in terms of faster response of the braking system.
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CONCLUSION

The FPGA realization of fuzzy based subway train
braking system has been proposed and its poteietali

as indicated by the good prediction of brake vagluesDonato,

Coussy, P.,

D.D. Gajski, M. Meredith and A.Takach,
2009. An Introduction to High-Level Synthesis.

IEEE Des. Test Comput.,, 26: 8-17. DOI:
10.1109/MDT.2009.69
J.M., E. Barbieri, 1995. Mathematical

have been presented. By simulating and synthesizing Representation of Fuzzy Membership Functions.
with the values of distance and speed, the proposed Proceedings of the 27th Southeastern Symposium

approach has been successfully designed, impledhente
and tested. It is found that the error is almogfligéle

on System Theory (SSST'95), pp: 290-294. DOI:
10.1109/SSST.1995.390567

when the VHDL simulation result has been comparedbrahimy, M.l., M.B.I. Reaz, M.A. Mohd Ali, T.H.

with the results from C model, which shows that
hardware realization train braking system is
appropriate. Moreover, hardware solution is fasted
robust than software solution.
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