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This paper presents the design and experimentaleimgntation of a
Fuzzy logic controller (FLC) for a DC servomotoregg and position
control. The motivation to utilize the FLC is itebustness against
model's parameters inaccuracy and uncertainty. iimglementation of
the FLC algorithm is carried out by a low cost &-biicrocontroller
instead of using expensive general purpose mickgasors which are
commonly employed in practice. This leads to aorable hardware
cost for such applications. The experimental resultterms of reference
tracking and disturbance rejection show high periance with the FLC
approach in comparison with Pl and PD controllerestgned for the
same purposes.
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NOMENCLATURE

€ (le\(/:lll(:)e I[(\a/((:)tlrt?motlve force R Armature resistand®©hm]

i, Armature current [Ampere] Ty Disturbance torqugN.m]
Moment of inertia of the

J motor [Kg.m’] T Motor torque[N.m]

Kp R/%ibrzrg/fsgi?‘c’tam Va Armature voltaggVolt]

K, E/I\llsr%og]s friction coefficient Greek Symboles:

K Torgue constant P Angular position of the

m [N.m/Ampere] motor shaffrad]

L Armature inductance 0 Angular speed of the motor

[Henry] shaft [rad/sec]

1- INTRODUCTION

Modern control techniques such as Variable strectaamtrol, Ho, e.g. [1-4], usually
are designed based on an accurate mathematicasegpation of the plant to be
controlled. Constructing such accurate repres@matequires considerable efforts,
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furthermore, it needs specialists to model compglgstems. An alternative way is to
utilize experimental modeling techniques, i.e. system identification [5]; however
system identification approaches depend on desigith excitation signals which are
capable to excite the dynamics of the underlyiragess, this is not always possible in
practice, especially in the case of systems unekdricted input and output variations
(for safety demand). This has motivated the rebeascto develop control approaches
that don't rely on accurate models of the planzzifdogic controllers (FLCs) are an
important example of such approaches. Fuzzy logidrol, introduced by Lotfi Zadeh
in 1965 [6], has been successfully applied to gdarumber of control applications
such as subway system control, nuclear reactorraprttaffic control, domestic
appliances, and power systems [7, 8, 9].

Implementation of FLC is accomplished by digitalnguter; for practical
implementation several hardware techniques have I@eoduced in the literature,
such as Digital Signal Processor [10, 11], genpuapose microprocessors [12] and
field Programmable Gate Array [13]. To provide higheed computation of FLC,
dedicated fuzzy chips are employed [14]; however, they are unable to be
reprogrammed or upgraded.

In this paper we implement Fuzzy logic controlleo® a low cost
microcontroller, PIC 16F877A, which possesses st\eatures in comparison with
the above mentioned techniques, such as: it is @bkeasily code and recode any
control algorithm, it uses high level languageshsas C, it has built-in Analogue to
Digital A/D converters, timers for precise adjusth®f sampling time, reasonable
storage memory and the capability to arbitrarycalgput and output paths. All these
are usually offered in reasonable prices, thugtsffononey and time can be saved [15,
16, 17].

DC motors are widely used in many industrial aglams such as electric
vehicles, steel rolling mills, electric cranes, @b manipulators, etc. [18,19,20] due to
their high reliability and simplicity to be contted. The nonlinear characteristics of
the DC motor such as saturation and friction makee suitable platform for applying
the FLC techniques. In this work, FLC design anglementation on a low cost 8-bit
microcontroller is presented for DC motor speed osltion control.

This paper is organized as follows: Section 2 briefviews the Generic Mamdani
Type Fuzzy Controller utilized here. Section 3 diéss the used DC motor model in
this work. The design of FLC controller for DC mot&peed and position control is
introduced in Section 4. In Section 5 a hardwareerface circuit and software
algorithms for implementing FLC controller are d@sed. Section 6 shows the real
time experimental results with load and no loaddaoon. Finally, conclusions and
future work are drawn in Section 7.

2- PRELIMINARIES

In this section Mamdani architecture for fuzzy cohis reviewed [21]. The basic
assumption of fuzzy logic control approach propdsg&. H. Mamdani in 1974 is that
with the absence of an explicit plant model andlear statement of control design
objectives informal knowledge about the operatiba given plant can be codified in
terms of "if-then”, or "condition-action”, rules form the basis of a linguistic control
strategy.
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The basic paradigm of fuzzy logic control, whicteogtes in discrete time, is
linguistic or rule-based control strategy of thenfo
If OAlis —and OA2 is—and ... then CAl is — &AL is —...
This maps the observable attributes (OA1, OA20f.a given system into its
controllable attributes (CA1, CA2 ...), as is shawifrig. 1.

Inference

Output (OA;,
OAz, ...)

—>

Input (CA;,
CA,,..)

Engine

Rule Base

Fig.1: Architecture for Fuzzy Control

Consider the closed loop system shown in Fig.2,revtiee plant is linear,
minimal and stable; assume no explicit informatatout the plant model. Now it is
required to develop a control strategy that mapsraor € into a control actioru as
shown in Fig. 3 to achieve specific control objees. The core of a generic Mamdani
type fuzzy controller is a fuzzy logic control afgbm that maps the normalized values

of the errorg,(K), at instant k and the backward difference of there &, (k), at
instant k into a change in the control sigha(k) at instant k, whereg,(k) and
2, (k) are given as

& (k)= nelk)

%, (k) = n(elk) - elk ~1))
Wheren, andn g, are the corresponding normalization factorse,:(né = 1/ma>¢yd - y‘ ).
The fuzzy logic control algorithm is based on rudéshe form

if e(k)isP and e (k)isN then du (k)isZ,

where P, N, and Z stand for Positive, Negative, Zed, respectively. P, N and Z are
defined as membership functions of the relevaritbtes, i.eg, (k) , &, (Kk), au (k) as

shown in Fig. 4c, see [21] for more details. Figh®ws an example about how degree
of membership for two rules with two inputs is exatkd.
The instantaneous value of the control sigif), Fig. 3, is computed in

terms of ou(k) as:

(1)

u(k) = u(k —1)+dn au(k)
wheredny, is as a denormalization factor giverdag =1/u, whereuis an upper bound
on the magnitude of the input to the plant, whiefirked by the user.
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Input Output

Fig.2: A Feedback Control System
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Fig.3: Architecture of the Generic Fuzzy Controkteyn
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Fig. 4: Control Rules for Simple Generic Fuzzy Golher

The algorithm of the fuzzy rule-based inferencesisin of the following steps.

1. Fuzzy Matching: Calculate the degree to whichitipeit data match the condition
of the fuzzy rule.

2. Inference (implication): Calculate the rule’s cargibn based on its matching
degree.
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3. Combination: Combine the conclusions inferred byfatzy rules into a final
conclusion.

4. Defuzzification (optional): for applications thaged a crisp output (e.g., in control
systems), an additional step is used to conveffiudmy conclusion to a crisp one.

'\ A
:uf_ijr H 4
Degree of .
Match=0.25 mn
0.3
0.25
A A
/ujh y Aly -
min
0.85
i
Degree of
Match=0.7

—
v

—
"

input input

Fig. 5: Fuzzy Matching

Next an example is given to show how the rulesdereved based on the step
response of a system. The rules effectively refietypical scenario of the operation of
the system as depicted in Fig. 4a, provided thatsdmpling time is properly chosen.
The step response can be divided into five regifwss, the starting state is marked as

@in Fig 4a, this corresponds & (k) and &, (k) being positive. It evidently makes
sense to suggest thati(k) to be positive as well, therefore the output yni) rise,
and approaches the second region (mark@sin Fig. 4a). In regior@ e (k) is
still positive whereask, (k) is negative, one may suggest k) should be zero.

Continuing with this approach for the other regiomse can gradually determine by
inspection the necessary rules to complete thesetl@s shown in Fig. 4b, these rule
set is tabulated in Table 1.

3- SYSTEM DESCRIPTION AND MODELING

In this section a brief description of the DC motwsed here is given. Then a
mathematical model to represent the motor is ddrive
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Table 1: Rulesfor the Generic Fuzzy Controller

Observable Attributes &
e,
Controllable Attributes a

Condition —» Action Rules

I: Starting up; Change the input in
response to the set-point change

if eisP and d, isP then AduisP

if eisN and &g, isN then duisN

[I: Plant is not responding; Adjust
input

if eisP and d, isZ then AuisP

if eisN and &, isZ then duisN

Ill: Plant is responding normally;
Keep input the same

if eisP and dg isN then duisZ

if eisN and &g, isP then duisZ

IV: Reached equilibrium

if eisZ and &g, isZ then duisZ

V: Error is nil but changing; Take
action

if eisZ and &g isN then duisN

if eisZ and &g, isP then AuisP

The DC motor used here is an ironless rotor seretommanufactured by
Mclennan Servo Supplies Ltd [22]. Its rated torquel speed are 1.5 N.cm and 2500

rpm, respectively.

The armature control DC motor shown in Fig. 6 isnownly described for
speed control by the following set of differentguations:

d, _1, —Bia—i )
dt L L L
T =Ky, (3)
g = K,w 4)
Jo=T, -T,-K,w 5)
w=0 (6)
R, L.

€2

Fig. 6: Armature control DC motor model.
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The transfer function representation of (2)-(6Qiien as
a(s) __ Ky
v,(s) JLS +(k,L+JIRs+k,R+k,
The values of the parameters R, Km, Kb, L, J ékertdrom the manufacturer
manual as
R= 6.2 Ohms, Km=3.5 Ncm/A, Kb=3.6 v/1000rpm, L=0tnd=0.039 Kgcrh
It is not necessary to verify these parameters fizzay control strategy is
intended to be used, which not requires an accunattel. By this way a considerable
effort to model the system and estimate its pararaes saved. Furthermore, a linear
model is enough for the control purposes. For fositontrol the system can be easily

derived by integrating the angular speed in E@. &present the angular positiénas
a controlled output.

(7)

4- CONTROL SYNTHESIS
4.1- Speed Control

The fuzzy control strategy considered here is shiowkig. 8a, withglk) is the error at

instant k given as

k) = w, (k) - wik),
wherew,,w are the desired and measured speeds, respeciaralyde(k) is the
backward difference in the error at instangiken as

k) = elk) - e(k =1).

The fuzzy controller maps(k) and (k) intodu(k), which is the change
in the control signal at instant k. To update tbatml signall(K) , see Fig. 8a, the
value of AU(K)is added to a one step backward valuélfk ) to form the value of
u(k) atinstantk as

u(k)=u (k-2)+a (k).
The rule by which gk) and &(K) are mapped into a change in the control

signalU(K) can be formulated as
if e(k)isP and d (k)isN then du (k)isz

where P, N, and Z are membership functions of tizeyf sets ofgk), o&(k), and
U(K). These fuzzy sets are defined over the admissiilees oigk), (k) and

u(k) which are chosen according to the implementatimmstaints. For simplicity,

triangular membership functions are considered ,heee Fig. 9, a triangular
membership function is described as
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0 X<a
(x-a)/(b-a) asx<bh, (8)
(c-x)/[c-b) bsxsc

0 X>C

Figure 7 illustrates an example of a triangular fnership function, where
a=10, b=20, c=30.

triangular( x: a b,c) =

Fig. 7. Example of a membership (triangular function)

The membership functions of the eretk), the change in the errase(K)

and the change in the control signéjl(k) can be expressed in terms of Eq. 8,
respectively, as:

1 e<-8 0 e<0 0 e<-8
N=.-e/8 -8<e<0 , P={e/8 0<e<8, ,- (e/8)+1 -8<es<O

0 e=0 1 e>8 1-(e/8) 0O<e<8

0 e>8

1 <-4 0  &<0 0 <-4
N={-&/4 -4<®<0 ,P={®/4 0<<d,,)( @+l ~4<k<0,

0 &20 1 &4 1-(®/4) Os&s4

0 k>4

1 a<-8 0 <0 0 au<-05
N=!-d/8 -8<ai<0.P=!{d/8 0<di<8 7= (@/05+1 -05sdi<0

0 =0 1 A>8 1- (/05 0<di<05

0 a>05
Fuzzy set: Each fuzzy set is chosen to consist of threauiste terms (Z, N, and P).
Fuzzy conjunction (AND): We choose the minimum operator describedehy9 as a
fuzzy conjunction.
H s ()= min{u,, (x), 15 (X} ©)

Fuzzy implication: We choose the scaling method as an implication odketh
Fuzzy aggregation: We choose the scaling method as an aggregatiorotheth
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Defuzzification: Center of area method (COA).

All the fuzzy sets and inference operation (confiom; implication,
aggregation, and defuzzification) are chosen & &nd error to improve the control
action for all regions of operation of the DC motor
Fuzzy inference rules. The rules of fuzzy controller is derived from theeaation of
DC motor, the entire rule is summarized in Table 2.

Table2: Rulesof Fuzzy Controller

e
oe

z
z
N
P

NZZ] 2
TNTU T

z
N
P

4 .2- Position Control

The fuzzy logic control algorithm for the positicontrol maps the values gk), and
dg(k) into the control actioni(k), not into du(k) as in the case of speed control, which
is equivalent to place the integrator in Fig. 8arathe outputo, therefore the output of
the system becomeé instead ofw. However, the same rules used in the speed
control are employed for the position control.

The used fuzzy logic controller has the same featfuzzy inference rules,

fuzzy sets, conjunction, implication, aggregatiand defuzzification operations) as
that one used for the speed control.

4.3- PID Controller Synthesis [23]

In order to assess the quality of the fuzzy contaded used here, a comparison with
PID controllers is demonstrated. A Pl controlletused and implemented for speed
control, whereas a PD controller is used for posittontrol. As inaccurate model is
considered for the plant with the fuzzy controllgris justifiable not to provide an
accurate model for the plant to be used to tunePtie controller based on optimal
methods, therefore heuristic ways are used to tiumeyains Kp, Ki and Kd of the PI
and PD controllers. A comparison between the pevdmce with the fuzzy logic
controller and the PID one is shown in Sec 6.

5- CONTROLLER IMPLEMENTATION
5.1- Hardware Aspects

The experimental setup used here is the analogue sainer CA06 manufactured by
LJcreate Instrumentation Ltd [24], see Fig. 10ther hardware setup, its block diagram
is shown in Fig. 11.
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Fig. 10: Hardware Setup

Microcontroller Unit The CAOB trainer servo analogue

Tacho

microcontroller —m| D/A Sevo |l pomotor bl 9enerator

Amplifier Or
potentlometer B

A/D
module

Fig. 11: Block Diagram of the Hardware Setup

The experimental setup consists of the D-C motdd-@ tacho-generator to
measure the angular velocity and a potentiometedfon the motor shaft to measure
the angular position. The speed of the shaft isiged by the factor 1/9 via a belt
reduction. A magnetic brake is used as a mechatoea unit on the shaft of the
motor.

The microcontroller PIC16F877A is used to implemdigital controllers. The
microcontroller maps the error signal into a coingignal. The microcontroller unit,
see Fig.11, includes a low cost 8-bit microcongnoiivith full 8-bit data paths, three
independent timers, a 10-bit multi-channel Analogdigital converter module (A/D),
selectable oscillator options, FLASH program memopyto 8K x 14 words, Data
memory (RAM) up to 368 x 8 bytes, EEPROM data memgy to 256 x 8 bytes and
In-Circuit Serial Programming (ICSPTM). The microtwller runs at an internal
clock speed of 5 MHz with 200 ns instruction cy@g].

The microcontroller receives the measured angpeed and position from the
tacho-generator and the potentiometer, respectivelythe built in A/D converter. An
external D/A converter has been built to conver¢ tiiigital output from the
microcontroller into analogue voltage. The micrdcolter deals only with non
negative values of the voltage up to 5 volts atnput and output channels, handling
negative values are discussed in the next section.

5.2- Software Aspects

Note that the microcontroller reads zero for a tigganput and produces zero voltage
for a negative output value. A simple way to enathle microcontroller to read
negative values is to receive its input as a satitna between the measured input and
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its negative value as shown in Fig. 12. Similamidan be used to deal with negative
output of the microcontroller, see Fig. 13.

Final Value inside
microcontroller

X=<0 —X=<0
X =X
* X

Speed Sensor(Tacho-generator)
Or
Position Sensor({Potentiometer)

Fig. 12: Dealing with negative inputs into the miiwontroller

Final Output Value To Motor
Drive

o o
utput=0 utput=0
A
D;A D;A

Microcontroller

Fig. 13: Dealing with negative outputs of the maonotroller

In digital control implementation (with microconligrs), the control algorithm
is performed every sampling instant. In most miordmllers it is commonly to use
what is called timer interrupt routine to insurattthe instant at which the computation
of the algorithm starts in a certain sampling inéris the same in all sampling
intervals. The timer interrupt approach providesuaate control of the sampling time.
Note that the interrupts are generated by thernatdrmer of the microcontroller. The
algorithm, which is written in C++, consists of tyarts: the main program and an
interrupt service routine as shown in Fig. 14a,. Figb, respectively. The main
program sets up the 1/O ports (i.e. specify inpuifgat pins, analog/digital pins, etc).

The timer interrupt service routine contains thatoaler algorithm; the timer
is programmed to generate interrupts at regularvats, equal to the sampling time.
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Read set point, s
Read output, yx
Initialize A/D Calculate error, e

Initialize 1/O ports l

Call fuzzy ISR, see Fig.
13 to Calculate control
signal, ug

Initialize Timer
interrupts

Update variables
Adjust DAC output

Return from
interrupt

(@) (b)

Fig. 14: Controller implementation: (a) main program; (b) interrupt service routine

o Enter >
ISR:

Read set point, sk
Read output, yk
Calculate error, ek=sk-yk
Calculate 6e=e(k)-e(k-1)

L

| Fuzzification of e and 6e |

Wait for
interrupts

Perform fuzzy inference
algorithm

| Defuzzification |

Return from
interrupt

Fig. 15: Flow chart of fuzzy logic controller ISR

6- EXPERIMENTAL RESULTS

The synthesized controllers here are tested fokitng a step reference. To ensure a
robust performance, disturbance rejection is cameil as well. For speed control the
reference speed is 13.966 rad/sec (133.33 RPMjaaimmbsition control the reference
angle is 132 degree.

6.1 Speed Control

The tracking performance of both the Pl and FLCtadlers to a step reference is
shown in Fig. 16-a. Table 3 summarizes the trackiegformance of the two
controllers. The FLC shows better performance mmgeof transient response and
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steady state error with no overshoot. It also giessonable control signal, see Fig.
17a. From Fig. 16b it can be seen that the fuzaytrobler is able to reject a step
disturbance applied to the motor during the inteb&tween 4.5 and 9.5 sec. It is

shown that the FLC out performs the PI controller.

rad/sec

‘ - i i i : : |
P e L e Fuzzy Tracking | | . Fuzzy Tracking |}
[ (S ; | | [ — ; I
| PI Tracking 20l - - - S S PI Tracking |
| —— Fuzzy error | | || —— Fuzzy error |
15— - - #==—<g------{ Pl Enor ! | | |——PIEmor |
= T \ | | | I
5 I I i
V7 : . |
0k F#-—--—- A - [ttt ﬁ I
\/ 7 \ \ 5
\x/ I I [ I
E' | | I
i | | I
5T\ -————- B == I
i\ | |
1 I I |
i\ I I I
K \ | | I
R W e _ I
0 \\_/k/ T | 1
1 1
0 0.5 1 1.5
t[sec]
(a) (b)

Fig. 16: (a) Motor speed for step reference
) fdotor speed for step reference with load distndea

45

volt

(b)
Fig. 17: (a) Controller voltage with PI controller
(b) Controller voltage with Ryzcontroller
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Fig. 18: (a) Controller voltage with PI controlleith load disturbance
(b) Controller voltage with Fayzcontroller with load disturbance

Table 3: Response specification of speed control

_ Rise Time Peak P_eak Steady Set_tling M ax.
Algorithm Sec overshoot | Time state Time | control
% Sec error Sec signal
Pl 0.2 9.1937 0.3 0.0735 0.75 7.956
Fuzzy 0.3 0 - 0.07 0.4 4.017

6.2 Position Control

The tracking capability of the DC motor in closedp with both a PD and the FLC
controllers to follow a step reference input iswshan Fig. 19. Table 4 summarizes the
tracking performance of the two controllers. TheCFshows better performance in
terms of overshoot, rise and settling times. Wtss| control effort, see Fig. 20a, b, in
comparison with the PD one. In addition, it yieldss steady state error than the PD
controller.

180~~~ e Fuzzy Tracking [}

----- PI Tracking
— Fuzzy error
—PI Error

160

140

t[sec]

Fig. 19: Motor position for step input
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volt

3.5

3

25

2

15

volt

1
0.5
0

-0.5

(b)
Fig. 20: (a) Controller voltage with PD controller
(b) Controller voltage with Fuzagntroller

Table 4: Response specification of position control

Rise Time Peak Peak Steady | Settling Max.
Algorithm Sec overshoot | Time state Time control
% Sec error Sec signal

PD 0.6 0.9 0.7 0.5133 0.75 7.956
Fuzzy 45 0 - 0.1114 05 3.315

6.3 Practical Issues

In this section we demonstrate the requirementipetons of the microcontroller
unit when a FLC is implemented. This is carried iouterms of execution time of the
control algorithm and the required memory.
Table 5 shows, the Ram, Program memory and execution tegeired to
implement the PD/PI and the FLC algorithms in esampling interval. Furthermore,
Fig. 21a, b shows the change of the execution time to implentemtPD/PI and the
FLC algorithms, respectively in each sampling perio

The PD/PI

controller

demonstrates

less microcoletrolspecifications,

however the minimum specifications to implement FeC controller is not so far
from that of the PD/PI one, taken in consideratiom advantages discussed above to
use the FLC controller.

Table5: Microcontroller Resources usage

Algorithm Ram Program memory Execution time
Byte Word msec
PID 62.56 1.2K 1.6
Fuzzy 69.92 3.36K 6.2
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Exection time at each sample X 10° Exection time at each sample
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0_90 l(‘)O 21‘)0 3(‘30 41‘)0 5(‘30 61‘)0 7(‘30 800 lO 11‘)0 2(‘30 31‘)0 4(‘30 51‘)0 6(‘30 71‘)0 800
sample number sample number
- (3 o (b)
Fig. 21: (a) Execution time of Pl and PD controlidgorithm
(b) Execution &naf FLC algorithm
/- CONCLUSIONS
This paper has demonstrated the implementationfotzy logic controller for a DC

motor speed and position control by using a lowt &bit microcontroller. In this

paper the implementation with a microcontroller egivbetter results in terms of
transient response, steady state error, and distaebrejection. The controller showed
good velocity and position tracking performancevitad and no load conditions. The

cont
for

rol algorithm is implemented with C languagésdi microcontroller can be used
implementing more complex control algorithmstiwithe ability of easily

reprogramming. In future work the microcontrolleillvbe used to implement more

efficient control techniques such 55»0 and linear matrix inequality (LMI).

(1)
(2)
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(4)
()
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