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ABSTRACT

This thesis presents the design and implement action of the fuzzy P’ID controller.
This controller is a hybrid controller that consists of the fuzzy Pl controller and the fuzzy
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pauNALY | Hatdunafiuanndnaesneundiuwiseatniad A lunuaaniivunld

N Jue U ol
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Mlnefaudmmanim x, v unwiianaidl GMP gnanlyg “modus ponens” iiia A=A’
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Z=y0 (x0R) (5.15)
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R, ifxis A, and yis B, then z is C,

R,:ifxis A,and yis B, then z is C,

R :ifxisA,and yis B, thenzis C,
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lunsatuANRINAAL A, ; B, C, A massioulimianim x, y uas z lung
usstngana U, Vuar W omndndu T i=1,2,..0  dadentlstlua “also” Iddeung
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[

_ -1 1 ] : 3
5= %E g ] dla 7>0 Apwaqu azlilugtuedamuanundiai
fi

2K, T1i—z"
UJ,,D(Z):[K‘p - = L_'_Z_I:DE(Z)

Avuald &, = K

P

2 © = o« =l I's 2
WAE K, ==K, wazRINIawaaminsuaiuarls



Uy (NT)+ U, (nT =T) = k,[e(nT) +e(nT -T)]+ K, [e(nT) - e(nT -T)] (4.2)
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Design and implementation of fuzzy P2ID
controller for handlebar control of a bicycle
robot

Pitikhate Sooraksa®*, Thana Pattaradej® and Guanrong Chen®

*Department of Information Engineering, Faculty of Engineering, King Mongkut's Institute of Technology,
Ladkrabang, Chalongkrung Rd., Ladkrabang, Bangkok, 10520, Thailand

E-mail: kspitikh@kmitl.ac.th

®Department of Electronic Engineering, City University of Hong Kong, Kowloon, Hong Kong SAR, P.R. China
E-mail: gchen@ee.cityu.edu.hk

Abstract. This paper presents the design and implementation of a new fuzzy proportional-integration plus fuzzy proportional-
derivative control scheme, named the fuzzy P?ID controller hereafter, for controlling the handlebar of a bicycle robot with
time-varying load (disturbance). The fuzzy P?ID controller combines some advantages of the fuzzy PI controller and the ones
of the fuzzy PD controller, which can compensate their individual shortcomings. Detailed design is described, along with the
implementation of the integrated computer-aided designed bicycle control system. Functionally, the controller is a nonlinear
controller with variable gains, providing the expected fast response and robustness. Structurally, it is an embedded version of a
conventional PI controller and a PD controller, which has an additional fuzzy control block, where a switching rule of control
signal is also implemented. Experimental results show the effectiveness of the new control scheme for controlling the handlebar
of a bicycle robot, built from “off-the-shelf” parts with completely unknown hardware parameters. Comparison tests among
several existing fuzzy controllers as well as the conventional PID controller have been conducted, so as to evaluate the superior
performance of the new scheme. This new control scheme can be directly applied to general robotic systems and other industrial
processes under similar physical conditions.

1. Introduction human learning, the trial error and the rate of the error
are two crucial inputs for the design of such a fuzzy

In the last three decades, fuzzy logic control has control system.
evolved as an alternati or complementary to the con- It was reported that PID controllers are still the ma-
ventional control strategies in various engineering ar- jor controllers used in the industry today [2]. On the
eas [15], particularly in robotics [5,11,14]. Fuzzy con- other hand, it has also been shown that a hybrid scheme

of fuzzy control and PID control has superior perfor-
mance over individual conventional and fuzzy control
algorithms [1,6,10,16]. Motivated by these facts, in

trol theory usually provides nonlinear controllers that
are capable of performing differernt complex nonlin-
ear control actions [2,3], even for uncertain nonlinear
systems [7]. Unlike conventional controls, designing a this paper, we design and implement a fuzzy P?ID con-
fuzzy logic controller does not require precise knowl- troller, based on the successful fuzzy PI controller and
edge of the system model such as the poles and zeroes fuzzy PD controller developed earlier by Chen et al. 3,

of the system transfer functions. Imitating the way of 4,8]. The fuzzy Pl and fuzzy PD controllers are derived
from a practical approach of a conventional digital PI

and PD controllers, as shown in Fig. 1.
*Corresponding author. To validate the efficiency of the new control scheme

ISSN 1069-2509/02/$8.00 © 2002 - OS Press. All rights reserved
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Fig. 1. A conventional PI/PD continuous-time control system.

under a complex and significantly uncertain environ-
ment, we applied the new algorithm to the control of
the handlebar of a bicycle robot driven by a DC motor,
which has completely unknown parameters. The read-
ers are referred to [12,13] for more detailed theory and
design of the “in-house-built” bicycle robot used for the
current study. In this paper, our objective is focused on
the design and implementation of the new hybrid fuzzy
controller. More specifically, a fuzzy P?ID controller is
introduced, in which a computer-aided control system
is used to track a reference input voltage. The aim of
control is to achieve simultaneously a fast rise time and
a minimum steady-state error with robustness within
an acceptable tolerance, for which it is known that the
fuzzy PD controller can handle the former while the
fuzzy PI controller can deal with the latter. It is noticed
that the fast rise time and robustness are crucial for this
bicycle system because the robot can collide on obsta-
cles if the control action is too slow; or even in the case
of slight collision it should be able to self-adjust the
system so as to continue the motion. Zero steady-state
error may not be an absolutely necessary criterion for
this task if the tracking output can be guaranteed to be
within an acceptable tolerance for the motion of the
bicycle.

This paper is organized as follows. Section 2 de-
scribes the derivation of the fuzzy control law and the
basic framework of the fuzzy PI controller, including
fuzzification, control rule base establishment, and de-
fuzzification. Section 3 provides similar discussion as
in Section 2, but for the fuzzy PD controller. Sec-
tion 4 then illustrates the proposed fuzzy P2ID control
scheme, along with its switching criteria. Section 5
shows its corresponding hardware implementation and
experimental results. Finally, Section 6 concluds the

paper.

2. The fuzzy PI controller

In this section, we briefly describe the design of the
fuzzy PI controller: its mathematical derivation and
technical aspects. The fuzzy PI controller is actually a
specially-designed conventional digital controller. De-

tailed analysis and derivation of this controller is re-
ferred to [4].

We first describe the design principle and basic struc-
ture of the fuzzy PI controller. The output of the digital
fuzzy PI controller in the discrete time-domain, as can
be easily verified from Fig. 2, is given by

upr(nT) =upr(nT —T)
+KupiAupi(nT)

where T' > 0 is the sampling time, K p and K are
the proportional and integral gains, respectively, and
Kupy is a fuzzy control gain to be determined later in
the design. In Fig. 2, e(nT") is the tracking error signal
at the n-th sampling time. The fuzzy logic control
part has a single output, called the incremental control
output, and is given by

Aqu(nT) = Kpe,(nT) + KIBP(TLT) (2)

(1)

where
AUP;(TLT) _ Up[(nT) b :'t;'p[(?lT — T) (3)
eo(nT) = e(nT) — ;(nT - T) @
ep(nT') = e(nT) (5)

Here, Aup;(nT) is the incremental control output,
ep(nT') the error signal, and e, (nT') the rate of change
of the error signal.

2.1. Fuzzification

The fuzzy PI control part employs two inputs: the
tracking error signal (position), ep(nT), and the rate
of change of the error signal (velocity), e,(nT’). The
fuzzy PI control part has a single output, called the in-
cremental control output,and is denoted by Au p;(nT).
The input and output membership functions of the fuzzy
PI controller (inside the box of Fig. 2) are shown in
Figs 3 and 4, respectively, where the constant L > 0 is
chosen by the designer and is fixed after being deter-
mined.

2.2. Control rule base

Using the aforementioned membership functions,
the following control rules (shown in Table 1) are es-
tablished for the fuzzy PI control part. Note that we let
the output membership functions be singletons here for
the simplicity of design.
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Fig. 2. The fuzzy PI control system.

e,.e, negative

e,ne,n

e,.e, positive

-L |G

Fig. 3. The input membership functions for the fuzzy control part.

In Table 1, e, := r — y is the error; where if r is
a constant then e, = é, = 0 — g = —y is the rate
of the error. Here, “Pl-output” is the control output
du(nT’), “e,.p” means “position error positive” and
“o.p” means “output positive” etc. Also, “AND” is
the Zadeh’s logical “AND.” These four rules together
yield the control actions for this fuzzy PI control part
(Table 1).

The formulation of these rules can be understood as
follows [4].

Rule 1 (R1): From Table 1, we get e,.p (the error
is positive) and e,,.p (the rate of error
is positive) over the interval of 7 > y,
which controls y to run on the positive
direction toward r.

The system starts to work in the inter-
val where y is uncontrolled climbing
naturally.

Similar to Rule 2 (R2), when e,,.n and
€,.p, the system runs freely without
control, where the system output is
coming back by itself toward the set-
ting point.

Itis the inverse control under condition
ep.n and e,.n, when y passes through
r(y > 7) on this interval, so we must
control it to turn back toward r.

Rule 2 (R2):

Rule 3 (R3):

Rule 4 (R4):

2.3. Defuzzification

In the defuzzification step, the commonly used “cen-
ter of mass” formula is employed to defuzzify the in-
cremental control of the fuzzy logic control part. The
defuzzification formula is

Aupr(nT) = [E{membership of input
X output corresponding to

(6)
the membership of input}]/

[Z£{membership of input]

For the fuzzy PI controller, the value-ranges of the
two inputs, the errors, and the rates of change of the
errors, are decomposed into twenty adjacent input-
combination regions as shown in Fig. 5(a). This figure
is understood as follows: We put the membership func-
tion of the error signal over the horizontal K ;e,(nT)-
axis, and put the membership function of the rate of
change of the error signal over the vertical K e, (nT)-
axis, on Fig. 5. These two membership functions then
overlap and form the third-dimensional picture over
the 2-dimensional regions as the top view shown in
Fig. 5(a). When we look at region I, for example, if we
look rightward to the K;e,(nT")-axis, we see the do-
main [0, L] and the membership function (in the third
dimension) over [0, L] of the error signal; if we look
downward to the Kpe,(nT')-axis, we see the domain
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output zero

output negative

output positive

-L

B
L output signalAu(nT)

Fig. 4. The output membership functions for the fuzzy logic part. (a) Fuzzy PI input combination regions. (b) Fuzzy PD input combination

regions.
Table 1
Fuzzy PI control rule base
Rule ep ey Aupr(nT) Selected output
R1 D p positive L
R2 P n zero 0
R3 n P zero 0
R4 n n negative —L

[~L,0] and the membership function over [—L, 0] of
the rate of change of the error signal.

The above control rules, (R1)~(R4), along with the
chosen membership functions and the determined re-
gions, are used to generate appropriate fuzzy control ac-
tions when the error and rate signals are located within
a certain region.

In doing so, we consider the locations of the error
Kiep(nT) and the rate Kpe,(nT) in the regions. Let
us look at region I, for example, where e ,(nT) is in
the range [0, L] and e,(nT) in [L,0]. For these two
signals, we have e, - n > 0.5 > e, - n. Figure 6
and (R1) together, where Zadeh’s logical “AND” is
used, lead to {error = e, - n AND rate = e, - n} =
min{e, - n,e, - n} = e, - n. The rest of the cases are
summarized in Table 2.

It can be verified that the above are true for the four
input combinations labeled Regions I. Thus, in Re-
gions [, it follows from the defuzzification Eq. (6) that

_ puy + potie + paus + paug
AUP =
M1+ po + g3+ g

Aupr(nT)=(ep-nxo0-n+e,-nxo0-2
+ey -mXo-z+e,-pXo-p)/
(ep-m+ep-n+e,-n+e, p)

Here, it is important to note that if one follows the
above procedure to work through the four segments
of Region I, he will find that all cases give the same
result of e, - n. To this end, we apply 0-p = L,
0-n=—L, 0-z =0, and following the straight line
formulas obtained from the geometry of Figs 3 and 4:

Kpep(n) + L

@ P=Tor
—Kpep(n) + L

2L
Kpey(n)+ L

2L
—Kpey(n) + L

2L
where it should be noted that e,(nT") < 0 in Regions I,
then we arrive at the following result for the four seg-
ments of regions I:

L[Kiep(nT) + kpey(nT))
Aupr =
2[2L — Kple, (nT)|]

Working through all regions in the same way, we

obtain the following formulas for the twenty regions,
which can then be reduced into nine formulas:

Aup;(nT)
_ L[Kiep(nT) + Kpey(nT))
T 2[2L - K,le,(nT)|]
_ L[Kiep(nT) + Kpey(nT))
© 2[2L — Kilep(nT)|]

€p N =

€y P=

ey -p=

in region I

in region II

1
= E[erv (nT) + L] in region I11

= %[Kiep(nT) + L) in region IV

= l K,e,(nT) - L in region V
2 P

1
= §{K,-ep(nT) - L] in region VI
=0 in region VII
=+L in region V(II
=-L in region IX

Finally, it is worthwhile mentioning that the stability
of this fuzzy PI controller has been analyzed, result-
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Fig. 5. Decomposed regions of the input-combination values: (a) for fuzzy PI control, (b) for fuzzy PD control.

L

L L
Fig. 6. Marking samples for calculating an equation of region L.
ing in a practical and rigorous mathematical condition,
in [4].
3. Fuzzy PD controller

Similar to the derivation of the fuzzy PI controller
. discussed in the previous section, the fuzzy PD con-
troller, shown in Fig. 7, is described by

Table 2
One control rule base of the fuzzy Pl controller
Rule ep €y ep AND e,
R1 P p ey n
R2 P n ep ' n
R3 n P €y T
R4 n n €p-p
upD(nT) =-—upp (?’.‘.T = T) (7)

+KupDAupD(nT)

where K, pp isafuzzy control gain and the incremental
control is

Aupp(nT) = Kpep(nT) + Kge,(nT) (8)

Detail derivation and stability analysis of this con-
troller is referred to [8].

3.1. Fuzzification

We fuzzify the P and D components of the PD con-
troller individually, in a way similar to the fuzzification
of the fuzzy PI controller discussed above. The input
and output membership functions of the PD component
are also chosen to be the same as that shown in Figs 3
and 4, for simplicity of the design.

The fuzzy PD controller employs two inputs: the
average error signal, e, and the rate of change of the
error signal, e,. The fuzzy PD controller has a single
output, denoted by Au pp(n).
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ex(nT) P

AUp(AT)

y(nT)

Fuzzy PD
Controller

1 Process >

Fig. 7. The fuzzy PD control system.

Table 3
Fuzzy PD control rule base
Rule ep ey Aupp(nT) Selected output
R1 D p zero 0
R2 P n positive L
R3 n P negative -L
R4 n n zero 0

3.2. Control rule base

Using the chosen membership functions, the follow-
ing control rules are established for the fuzzy PD con-
troller, as indicated in Table 3. Here, for simplicity, we
use the singleton membership function for the outputs,
as the one shown in Fig. 4. In Table 3, the rules can be
understood as follows:

Rule 1 (R1): The system starts to work over the in-
terval where y is uncontrolled, climb-
ing naturally.

Rule 2 (R2): From Table 2, we get e,.p (the error
is positive) and e,,.n (the rate of error
negative) on the interval where r > v,
in which the rule controls ¥ to run in
the positive direction toward .

Rule 3 (R3): Under the conditions ep.n and e,.p,
the output y passes through r(y > r)
on this interval, so we must control it
to turn back toward r.

Rule 4 (R4): It is similar to Rule 1 (R1), for €p.n
and e,.n, we let the system run freely
without control. The output signal is
coming back toward the set-point, so
we let it run by itself.

3.3. Defuzzification

Inthis step, the “center of mass” formulais employed
again to defuzzify the incremental control, as shown in

Eq. (6).

Now, by applying the values o.p = L, on =
—L, 0.z = 0, and the following the straight line for-
mulas obtained from the geometry of Figs 3 and 4, we
obtain the following nine formulas for the nine reduced
input combination regions similar to Fig. 5(b):

AUPD(TLT)
= L[Kpey(nT) — Kge,(nT)]

2[2L — Kaley(nT)]] in region a
L(Kiep(nT) — Kgey(nT)] .
= b
3RL — K, ley(nT)]] in region
1
= 5[_Kd€v (nT) + L] in region ¢
= %[erp(NT) ~:L] in region d
1 . .
= §[_Kde‘3v(nT) ~ L] in region e
1
= §[Kpiep(nT) + L] in region f
=0 in region g
= in region h
= in region i

4. The fuzzy P2ID controller

The proposed Fuzzy P2ID controller is an integrated
scheme that combines the fuzzy PI and fuzzy PD con-
trol actions, where the advantages of both control ac-
tions are utilized to compensate and complement each
individual shortcoming.

Based on our long-term experience with these fuzzy
PI and fuzzy PD controllers, we found that the fuzzy
PD controller has faster rise time than the fuzzy PI con-
troller [18], while the fuzzy PI controler posses better
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Fig. 8. The fuzzy P2ID control system.
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Fig. 9. At the switching point, the error trajectory is mapped from the error-phase plane of the fuzzy PD control to that of the fuzzy PI control.

steady-state accuracy than the other. In fact, this is
clear by inspecting the design strategies employed in
their control rule bases. Hence, it is expected that if
these two controllers are combined together in a suit-
able way, to form a hybrid structure where an appro-
priate selecting rule is imposed by switching, then a
superior performance over each individual controller
may be achieved. With this concept, the architecture
of the new control algorithm is developed, as depicted
in Fig. 8.

To verify and validate the design, we separate the
transient response plane into two shaded areas, which
are the domains for lunching the fuzzy PI control action
and the fuzzy PD control action, respectively. Concep-
tually, we assign the boot-up task to the fuzzy PD con-
troller, which is also responsible for bring the output

back toward the set-point when the output is beyond the
pre-set overshoot limit. The fuzzy PI control, on the
other hand, is selected as a second pilot to drive the pro-
cess output to be within the given tolerance limit, near
a certain percentage of the desired steady-state value.
The transition point depends on the designer and the
process to be controlled.

Since these two individual controllers guarantee their
local stability, by the small gain theorem as studied
in [4,8], the operations are stable after choosing the
gains that satisfy the stability criteria locally but for all
times expect at the switching points. With this in mind,
we consider only the stability at the switching points.
Utilizing the error-phase plane shown in Fig. 5, we can
visualize a principle for designing the switching rule in
the following way: if we consider the areas inside the
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Fig. 10. Block diagram of the hardware setup.
two phase planes as the attraction regions in the sense of Handlebars of bicycle Robot

bounded input and bounded output (BIBO) stability [4,
8], then at the switching point (see Fig. 9) the change
of the control energy at the transition between the two
situations must be bounded even though it is inherently
discontinuous. Based upon this fact, we must enforce a
bounded control transition between the two controllers.
In other words, at a switching point, the control energy
using by the fuzzy PI controller must be less than that
by the fuzzy PD controller.

By inspection of Eq. (7) for region “I” and
Eq. (10) for region “a” and with the visual aid of
Fig. 9, we can see that if K} > ¥ K;f" >
KEP| k5 Ple,(nT)| < 2L,and K} |e, (nT)| <« 2L,
then an energy criterion is met, though at a conser-
vative level. Hereafter, we use superscript to indi-
cate which gain belongs to which controller. Substi-
tuting these conditions into those equations in Eqs (7)
and (10) in the specified regions “I" and “a”, then
with a little algebra we can show that . Similarly,
by using the same equations and repeating the same
on regions “II” and “b”, we can also see that if
KI’,’D = HF, K;f"' » KPP, kFPle,(nT)] < 2L,
and K}7|e,(nT)| <« 2L, then a similar criterion for
bounded control energy is obtained. We now summa-
rize the above analysis and state the switching criteria
as follows.

A selector is said to be sufficiently satisfied the
bounded conditions in changing control inputs at the
transition point or switching point between the fuzzy
PD to fuzzy PI controllers, if the following criteria are
met:

(a) All gains satisfy the small gain theorem, as spec-
ified in [4,8].

(b) KPP > KFT

(&) BS iR

(d) KFPley(nT)| < 2L,and K} |ey(nT)| < 2L

(f) KPPley(nT)| < 2L, and Kf'|ep(nT)| <«
2L

DC Motor

Distutbance Load

Fig. 11. A robot bicycle.

If these five conditions are met, the bounded trajec-
tory confined in the error-phase planes before/at/ after
the transition period between the two planes (shown
in Fig. 9) will be guaranteed. Note that condition (a)
guarantees the local stability during operation by in-
dividual controller, and conditions (b}—~(f) are used to
guaranteed the stability of the selector at the switch-
ing times. Note also that the inequalities in (d) and (f)
can be used to calculate the switching times using the
sampling outputs corresponding to the two sampling
times. The error and the rate of error can be obtained
by measuring data from the experiment and by using
equations in Eqs (4) and (5).

We will use the above-derived criteria to design a set
of control parameters for the proposed control scheme
when it is applied to the handlebar of a bicycle robot in
the next section.
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Fig. 12, Tracking performance comparison.

5. Hardware setup and experiment

The apparatus used in this experiment, as shown in
Figs 10 and 11, consists of a DC motor connected to the
turning unit of a bicycle robot [12,13]. The handlebar
of the robot is hanging with a plastic bottle filled with
water at one end emulating disturbance loads.

Since we use an “off-the-shelf” motor, all the param-
eters of the platform are completely unknown. This
motor has a built-in plastic gear, which can be con-
sidered as a flexible joint. The sensing apparatus in
the feedback loop is a potentiometer and an Analog-to-
Digital (A/D) converter. The output apparatus consists
of a Digital-to-Analog (D/A) converter, a Pulse-Width-
Modulation (PWM) circuit, a power amplifier, and a
DC servomotor. All electronic circuits and mechanical
parts used are “in-house-building”, prototyped by the
authors.

Since the experiment is focused on the computer-
aided control system, not on the robotic machine, the
fuzzy P?ID controller is performed on computer via
software implementation. The computer used in this
experiment is a 500 MHz AMD K6-2 computer running
on the Windows ME operating system. The computer
program is written in Turbo C++- version 3.0. The ISA
slots No.0308h, No.0309h, No.030Ah [9] are used as
ports.

This experiment is set up to partially simulate the
situation when the robot bicycle is rolling along arough

road, with uncertain ground disturbances. These ef-
fects could disturb the whole dynamic system, includ-
ing the handlebar of the robot bicycle. To simulate this
environment, we used a plastic bottle filled with water
at one end and hang it on the handlebar to generate the
disturbance input during the experiment (see Fig. 11).
We also experimented the case of a bigger disturbance
abruptly hitting the handlebar, through impulsive hits
onto the handlebar by human hand.

Performance evaluation was carried out via a com-
parison study for the proposed control scheme and
some other existing control schemes, such as the in-
dividual fuzzy PI control, fuzzy PD control, and con-
ventional PID control algorithms. Figures 12 and 13
show the experimental results. In Fig. 12, the fol-
lowing control gains were determined by trial-and-
error testing. For the conventional PID control, K, =
20, K; = 0.1, K4 = 5. This set of PID gains
was obtained by fine-tuning several times till we got
the best possible results for a fair comparison. For
fuzzy PI control, K, = 1, K; = 1, Kupy = 1,
and L = 100; whereas for the fuzzy PD control,
K, =10, K4 =0.1, Kupp = 1,and L = 100. The
new fuzzy P2ID control scheme has the same parame-
ters as the cases of the two individual fuzzy PI and fuzzy
PD controllers. We had no difficulty about tuning these
fuzzy controllers because we selected the gains based
upon the criteria given and discussed in the previous
section. We set the sampling time to T = 0.1 sec. for
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Fig. 13. Tracking errors corresponding to Fig. 12.

all cases. The switching instant between the fuzzy PI
and fuzzy PD controllers in the fuzzy P?ID scheme was
set at the point of 5% off the set-point.

It is important to note that each step of the position
was set according to the mapping voltage into the new
positioning unit. The designer can change this as de-
sired. In this experiment, we mapped 0-5 voltages into
(0-255 steps corresponding to an 8-bit representation,
according to the limitation of the physical structure of
the handlebar. Note also that the initial position was
not at 0 but was at around the 90th step, to simulate the
real situation when the robot bicycle was in operation.
The control signal herein is the one measured at the
output from the computer before it was fetched to the
PWM circuit, which may be alternatively implemented
by using an 89C8051 microcontroller. Note moreover
that the x-axes in Figs 12-15 are recorded by using the
sampling step of 10 msec for each step, which can be
easily converted by using this scaling factor.

According to Fig. 12, the fuzzy P2ID controller
shows superior performance in many aspects over the
other competitors in comparison. Figure 13 shows the
tracking crror signals corresponding to Fig. 12. The
individual fuzzy PI controller ranks the third in perfor-
mance for steady-state tracking but it has no overshoot,
and the second is the individual fuzzy PD controller
scheme, which however has some overshoot. For the

rise time comparison, the fuzzy PD controller is the
second, followed by the fuzzy PI controller. The con-
ventional PID controller, however, is the worst one in
both rise time and settling time. Note again that steady-
state error-free is not a critical point for this test on
bicycle motion since for which the rise time and the
settling time are more important. If the tracking is
within the acceptable tolerance limits and within the
required settling time for controlling the balance of the
bicycle, then the control scheme can be used to serve
the purpose.

Two remarks are in order: First, all control schemes
can cope with external uncertainties (generated by the
bottle filled with water hung at the handlebar) to some
extent. Second, the conventional PID control scheme
has the worst overshoot due to its linear control actions
on this highly nonlinear and uncertain mechanical sys-
tem. In addition, its initial position was set to start up
around 10 steps higher than that of the other fuzzy con-
trol systems. Apparently, this means that the conven-
tional PID has a rise-time response far behind the fuzzy
controllers. However, the conventional PID controller
can still be used to operate the control of the handle-
bar of the robot bicycle. This implies that the plant
might actually have some significant linear features, at
least within the bounded signaling ranges. Neverthe-
less, there is no guarantee for the strong disturbance



P. Sooraksa et al. / Design and implementation of fuzzy F2ID controller

250

329

Error Signal
)
S

\
|
i
50 - !
|
\

. |

3
0 W T e T

T o v ™~ b= o =
—_ o~ (] e, v

oy
~

T T T T T T T T T T T T T T I T T T T T T e rereT

~
v

=+ — 0 vi o O
O -~~~ L O O

Number of Sampling

Fig. 14. Control input of the proposed scheme.

cases where the linear PID controller can be tolerated
to work as good as the other controllers. Note that the
time for controlling the robot bicycle so that it does not
fall onto the ground is only I sec.; otherwise the bicycle
cannot be balanced. The controller’s action must be
fast enough to cope with this very critical situation.

Figure 14 shows the control input of the proposed
fuzzy P2ID control scheme, corresponding to Fig. 12.
The solid line represents contro! input of the controller,
in which there is one part generated by the fuzzy PD
unitand the rest by the fuzzy PI unit, in accordance with
the designed switching point. As can be seen from the
figure, the control input of the proposed control scheme
is bounded and less than the one of the individual fuzzy
PD controller.

In Fig. 15, the control gains remain the same as
those in Fig. 12. In this test, we wanted to compare
the robustness performance between the proposed con-
trol scheme and the conventional PID controller. This
case is emulated when strong impulsive disturbance
was applied to the handlebar of the robot bicycle from
human-hand pushing. In the expariment, as shown in
Fig. 15, we abruptly pushed the handlebar at some dis-
crete time, roughly around the 800-th step, to move it
away from the set-point. We found that the two control
schemes are adequately robust to regulate the tracking,

driving the handlebar back to the set-point in less than
1 sec. Still, the fuzzy controllers have better transient
and steady-state responses than the conventional con-
troller. Notice also that the switching between the fuzzy
PD and fuzzy PI controllers within the new scheme is
smooth. The new control scheme is proved effective
and also easy to design, in accordance with the given
criteria in Section 4, and can be alternatively used to
substitute the conventional PID control in systems like
this robot bicycle that have highly non-linearity as well
as uncertainties, once again verifying the reports of [7,
10].

6. Conclusions

We have described a new fuzzy P?ID controller de-
signed by suitably integrated the individual fuzzy PI
and fuzzy PD controllers with a switching rule. We
have also reported our real performance evaluation and
comparison, and summarized its merits and drawbacks
as compared to the other comparable fuzzy and con-

- ventional PID-type controllers. It turns out that this

new control scheme has superior performance over all
its competitors, including the individual fuzzy PI and
fuzzy PD controllers as well as the conventional PID
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controller. An additional finding is that although all
these control schemes are robust to some extent in the
presence of uncertainties, unknown parameters, and in-
put disturbances, and yet the new scheme is overall the
best among them.

Although our experimental results show the effec-
tiveness and superior performance of the new con-
troller, its online adaptive feature has not yet been care-
fully investigated. This powerful feature should be fur-
ther evaluated and upgraded in the new control scheme,
thereby making it an even more powerful hybrid con-
troller for real engineering applications.
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Fuzzy PI with Gain Scheduling Control for a Flexible Joint Robot
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Abstract=<This paper presents the imnlementation of fuzzy PI gain scheduling controiler (FPICGS) for controlling tiexible joint robot

arms with uncertainties rom time-varying load. The term FPICGS is called based on a combination of fuszy PI contro} scheme with
a set of rule bases. Principle of design for a FPICGS is given along with the implementation of the designed computer aided control
system. The experiment reveals an effectiveness of the proposed control scheme for flexible joint robot arms driven by a DC motor
hooked with a spring which both parameters are completely unknown parameters. According to performance evaluation and
comparison tests among conventional PI.D, and the proposed control schemes show that the proposed control scheme has superior
performance in all aspects. Implication of the work is promisingly implied applications of this computer aided control scheme in

robotics and automation

Keywords:tomputer control, fuzzy control, PID, DC motor, flexible joint rabot, gain scheduling

1. Introduction

Convention control system theories have proven to be very
effective for systems that can be modeled precisely by
mathematical equations. However, they have been found to Le
inefficient in handling systems that are either too complex or
too vague to be described by accurate mathematical models.
Some difficult issues, which related to these systems, are
inertia, momentum, friction, damping, time lags, oscillations,
nonlinearities, and complex structure, etc.

Fuzzy logic control has emerged as an alternative or
complement to conventional control strategies in many
engineering areas, especially in robotics [1,2]. Fuzzy control
theory usually provides nealinear controllers that are capable
of performing various nonlinear control actions [3,4]. If the
parameters of the fuzzy controllers are chosen appropriately,
it is also possible for them to work for uncertain nonlinear
systems [5]. In addition, fuzzy controllers are capable of
handling many complex situations such as some control
systems with large uncertainties in process parameters and/or
systems structures.

In this paper, we design an improved fuzzy PI (proportional-
integral) controller (IFPIC) based on the successful fuzzy PI
controller developed by following the practical approach of
the conventional PI controller (see Fig. 1) design method [6].
Basic characteristics of the proposed design that may differ
from other fuzzy or non-fuzzy Pl-type controller include the
following:

(1) It has the same linear structure as the
conventional PI controller, but it has
nonconstant gains: the proportional and
integral, gains are nonlinear functions of the
input signals.

The designed controller is based on the precise
mathematical model of a discrete PI controller,
from which the fuzzy control law is derived.

(2)
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(3) Membership functions are simple linear ones
with only four fuzzy logic if-then rules for
each of the PI control components.

(4) The fuzzification, control-rule execution and
defuzzification steps are all embedded in the
final product of the fuzzy control law, which is
an explicit conventional formula, so that the
fuzzification-rules-defuzzification routine is
not needed at all the process control steps.

The derivation of the fuzzy control law and the basic

framework of the fuzzy PI controller, including the
fuzzification, fuzzy control rule base and defuzzification , are
shown in detail in the next section.

it
Process L o

: u
—O—>» PI Y

Fig. I. The conventional continuous-time PI control system.

2. Fuzzy PI Controller with Gain Scheduling

It has been reported in [1.5,7] that fuzzy control has
superior performance over the conventional controllers
for many systems, particularly for some higher-order,
time-delayed, nonlinear, and complex systems. due to
its strong capability of handling nonlinearity and
uncertainties. To utilize this advantages of fuzzy logic.
A new improved fuzzy Pl controller with gain
scheduling is designed based on the fuzzy PI
component in [4]. More detail derivation can also be
found in [1.4]. All notations and abbreviation are used
exactly the same as [4]. For example, Kp and K, are the
proportional and integral gains respectively, and e is the
tracking error signal.

Conlerence Web Site : hitp//www.jccas.org
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Fig.2. Design Respond FPIGSC.

From Fig 2, it is designed to vary gain Ki, Kp, Kui, by
defining the interval to reach the set point rapidly and to
achieve u good trans.ent response. The result of the
consideration is shown in Fig. 6 for the proposed architecture.
Basic algorithm: for designing rule bases of FPIGSC are:

For the first interval, let increases gain to higher the speed in
order tv arrive to the set point faster.

For the second interval, let decreases gain from the first
interval in half because it closes to the set point.

For the third interval, let set a small gain to reduce the
overshoot.

-
-

-L o i e,

Fig 3.The input mewnbership functions for tie fuzzy logic control part.

output output positive

-L ‘o L output signal Au(nT)

Fig. 4.The output membership functions for the fuzzy Jogic control

part.
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4
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L
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Figure 5. Decomposed regions of the input-combination values.
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The input and output membership functions of the fuzzy Jogic
control part are shown in Figure. 3 and 4, respectively. The'
fuzzy logic control part has a single output, called the .
incremental control output and is denoted by Au(nT), as
shown in Figure. 4, where the constant L > 0 is chosen by the
designer and is fixed after being determined.

With the method of center of gravity in defuzzification
step and simple algebra, we obtain the following nine
formulas for the ten IC regions ( in Fig 5)

Au,,(nT)=*LK.e,(nT)+K e (uT)] inregion |
A2L-K |, (nT )}

=LK, T )+K e (nT)] inregion2
2L ~K Je, (nTH]]

=1 . In region 3
WK e 0T )+ L g

=%[K'€F(HT)+L] i region 4

= 1_[‘&,'8‘_ (nT) - 11 inregion 5
5 ]

= in region 6
;[A.ey(nf) -1]

=0 in region 7

=+L in region 8

=L in region 9

3. Flexible joint Robot

For the flexible-joint model under investigation, however, due
to the nonlinearity, flexibility, and uncertainty, this property is
not satisfied. Therefore, we need to derive some additional
sufficient conditions to modify the controller, so as to
guarantee this proportional property. Consider a typical
flexible-joint model shown in Fig.7, described by

I, 81+mgl sin(8,)+k(@, -6,)=0 (n

1,82+Kk0, ~0,)=u (2)

where u is the torque input , [, is the link inertia, I, is the
motor inertia, m is the mass, g is the gravity constant, 1 is the
length of the link, k is stiffness.

Note that Equation (1) can be rewritten as

0=Y -P+k(6, -6, (3)

If the desired link trajectory @, and its velocity 84 are both

given, we can estimate the desired motor trajectories 92 4 and

624 using Equation (3):

Y, =[6u sin(6,,)]and ¥, =[8.4 cos(B,,)]
Let

e,(nT)=0,,(nT)—-06,(nT)

&, (nT) = Gag (AT Y = By (5T
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Fig. 6. The FPIGSC system.

Fig. 7. The flexible-joint system..

Be the inputs to the fuzzy logic control part in Fig 6. If we
know both ep(nT) and ev(nT), then we can find the
incremental control  Au(nT) according to the formulas
described in the last section.

4. Hardware Setup and Experiment

In this experiment, the motor is connected with a lightweight
arm, which is made of PVC plastic in cylindrical shape. The
time-varying load is a spring connecting at the tip of the PVC
arm.  Since the motor used here is “off-the-shelf” and the
other material including the arm and the spring are the recycle
ones, all of these hardware data and parameters are
completely unknown with shown in Fig 8. The sensing
apparatus for feedback is a potentiometer and an Analog-to-
Digital (A/D) converter. The output unit consists of a Digital-
to-Analog converter (D/A), a Pulse-Width-Modulation
(PWM) circuit, a power Amplifier, and a DC servomotor. The
computer used in this experiment is an AMD K6-2, S00MHz
with Windows ME OS. The computer program is written in
Tutbo C++ version 3.0. The ISA slots [8] No.0308h,
No.0309h, and No.030Ah are used as ports. Fig. 9 shows step
response between the conventional PID and FPICGS. In this
figure, the conventional PID has gains Kp = 10, Ki = 0.01, Kd
= 1. For FPICGS, it has gains L = 100, T = 0.1 s. From this
experiment, we started with the set point is equal to 120, 180,
60 respectively.

5. Conclusion

In this paper, we describe the design and implementation of
FPICGS computer aided control system.  Simple nine
formulas as well as three control rules for improving tracking
performance are presented and employed to control the
flexible joint robot arms with uncertainties from time-varying
load. Experimental results depicts a remarkable performance
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of the control paradigm promisingly imipued that the scheme
can be adopted and applied to the robotic systems. By
comparison tests betizeen conventional PID with FPICGS, it
shows that FPICGS performances better than the conventional
PID in all aspects.

De M’nlnr

Fig. 8. Physical setup for the robot arm experiment
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