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PID-like Fuzzy Logic Control Scheme for Control of a
Planar Parallel (3PPR U-base) Manipulator

Yogesh Singh, M. Santhakumar

Abstract

The paper investigates the control of a three prismatieamatic-revolute (3
PPR) U-base planar parallel manipulator in the presencerainpeter uncertain-
ties and unknown disturbances. The 3PPR U-base planafigaralnipulator
is a motion platform with singularity free workspace (boaddrientation angle
6. < +90°) and has manipulator legs located on the plane in assatiaith a
moving platform. Each leg has a prismatic-prismatic-retejoint configuration
in which one prismatic joint is active in each leg. To contifeé end-effector’s
mobility of the 3PPR U-base motion platform a proportioimdégral-derivative
(PID)-like fuzzy logic control scheme is introduced. To deretrate the effective-
ness of the proposed controller, experiments (on a in-hialseEated prototype of
the proposed manipulator) with a desired characteristiedtory are performed
and its control performance is compared with an existingzentional PID con-
troller. The results confirmed that the proposed contrdiks the capability to
track the desired task space trajectory and gives a betbeistaontrol perfor-
mance.

Keywords: Planar parallel manipulator, proportional-integralidative (PID) con-
trol, PID-like fuzzy logic control, task space trajectogntrol

1 Introduction

In comparison to the serial manipulators, parallel mamifmuk having few advantages
such as higher stiffness, higher dynamic characterigtigher positioning accuracy,
lower inertia of moving parts and better accuracy [1]. Hoereparallel manipula-
tors undergo from some drawbacks including small workspeaeplicated forward
kinematics and coupled dynamics. As opposed to the spatrallpl manipulators,
planar parallel manipulators have their motion restridi?c plane with the usage
of prismatic and revolute joints. Planar parallel manipads have a wider range of
applications such as material handling and processingic&tton, micro machining
and the precise positioning devices due to their simplicitjoint and structural ar-
rangements. It is well known that different configuration3sDOF planar parallel
manipulators occur, such as 3RRR, 3RPR, 3RRP, 3RPP, 3PR®, 3PPR and com-
bination of these joints (2PRP-PPR, etc.)[2, 3, 4, 5]. 3PRBate manipulator taken
for the analysis because of its higher singularity free wpéace and ease of control
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over other planar parallel manipulators [3, 4]. In the casglanar parallel manipula-
tor, most of the systems are restricted to only positionipiaations (not utilised for
other equally significant applications like trajectoryckang). Hence, there is a scope
to develop an effective and an efficient motion control schéon the parallel manip-
ulators as a precise and accurate motion platform which eautibise in industrial
as well as surgical applications where the micro level gieniis required. During
the past few years, plenty of controllers such as PID (priqual-integral-derivative),
SMC (sliding mode control), adaptive control, robust cohétc. have been proposed
and implemented for parallel manipulators[4, 5, 6, 7]. la #bove mentioned con-
trollers, the majority of control schemes are model basedroband requires an exact
mathematical model of the parallel manipulator system tacebetter control per-
formance. An exact mathematical modelling of any systemn{madator) is utterly
rigorous due to its uncertainties in the system parametaishws highly nonlinear,
coupled and belongs to time varying dynamical charactesistn that condition, in-
telligent control schemes such as fuzzy logic control (FL@ural network control
and their hybrid combination has been successfully appbtebotic manipulators
[8, 9, 10, 11, 12, 13]. However , these control schemes asacivith complex de-
signing methods and control structures. Combination d?Bl,PID and FLC resultsin
a dynamic fuzzy controller structure which gives bettertoaperformance and a sim-
ple control structure [9]. The main quality of the FLC is thiatan apply to the plants
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Figure 1: Frame diagram of the 3PPR U- i
base PPM

Figure 2: Experimental setup of
the 3PPR U-base PPM

whose mathematical model is not well defined. For such pl&ht€ can be executed
to mimic human deductive thinking i.e. exhibit human-likéenking into an automated
control system. To have an improvised control performaaasgvel linear PID-like
fuzzy logic control technique is designed and applied ferdbmplex trajectory track-
ing control in task space of the 3PPR U-base PPM. The propusettol technique
empowers, overcoming the difficulty due to parameter uag®res, external distur-
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bances and payload variations. The effectiveness of theogeml control technique is
evaluated with trajectory tracking control problem of tHePR U-base PPM and val-
idated through prototype real-time experimentation. Bsag control scheme shows
better and robust control performance. Rest of the papanisgd as follows, section
2, describes dynamic modeling of 3PPR U-base PPM. sectipre8ents a proposed
linear PID-like fuzzy logic controller design scheme. smt#, presented the perfor-
mance analysis of the proposed control scheme. Finallylgsionis are provided in
section 5.

2 Dynamic modeling of a 3PPR U-base PPM

Figure 1 presented the schematic arrangement of the liokdsjand frames of the
3PPR U-base PPM. It has three PPR legs which connect the fbaes# platform to
mobile platform (end-effector). 3PPR U-base PPM has thraaestation active joints
(input) namelys;, so andss which act as the joint-space variables. correspondingly
position and orientation of the end-effector { andd,) act as the task space variables.
In the present paper dynamic modeling of the 3PPR U-base BRidrived through
Lagrangian-Euler method. Then the dynamic equation of enatif the manipulator
can be expressed as follows:

M (s)8+C(s,8)+ F(5) = Ts + Tais (1)

where, M (s) is the inertia matrix. s = [s; s2 s3] is the joint space variables.
C (s, $) is the coriolis and centripetal effects of the manipulatBr(s) is the vector
of the fictional effects of the manipulator, = [f; f2 fs] is the vector of the active
prismatic joint forces of the manipulataty;s = 7.q:s + Ti4:5 IS the disturbance vector
due to both internal and external disturbances;, is the external disturbance vector
due to payload variations and other effeets; is the internal disturbance vector due
to system uncertainties, unmodeled dynamics and procésssno

3 Robust PID-like fuzzy logic control scheme

Fuzzy logic control (FLC) can deal with poorly understoodgesses and have an abil-
ity to approximate nonlinear system. FLC has an ability foecaith nonlinearities and
uncertainty. To achieve the good control system performalmear Pl, PD or PID-
like FLC introduced [9, 10, 11, 12, 13]. The proposed consatieme PID-like FLC
elaborated and presented here. The FLC is a linguistic bas#doller that attempts
to mimic the human thinking approach. The FLC uses expedwledge to built a set
of linguistic control rules and then convert it into an ausdio control. The control
structure of PID-like fuzzy controller is the combinatiohRI-like fuzzy control and
PD-like fuzzy control as follows:

Zpip=Z2pr+Zpp 2
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where,Zp; is the velocity type Pl control andpp is the position type PD control
and can be written as:

Z% = Zpt 4, 3)
Zpr = Nie"+ Npée" 4)
Z};D = Npe"™ 4+ Npé™ (5)

From equation (3) to (5), the PID-like fuzzy control law candccurred as:
Zhip =2  +(1+T)e" + (1+T;) " (6)

where,Np, Ny andNp are proportional, integral and derivatives gain of the PID-
like fuzzy controller. e™ is the fuzzy error variable at'" instant between set point
and actual output of the systert’ is the derivative of the fuzzy error variablesaf*
instant.T; andTy are the integral and derivative time constants respegtiFégure 3
shows the control structure of the PID-like fuzzy controlihere, variabled(, and
K4 are the input scaling factors ferandé respectively and<, , K5 are the output
scaling factor.

3.1 Fuzzification

Fuzzification is associated with the mapping between thgeaf values of input
variables and corresponding universe of discourse. Eejoand change in errarare
the two fuzzy input variables and the control sigial; p is the output of the PID-like
fuzzy controller. This control signal actuates the actisatd the robotic manipulator
system to control its motion. There are seven differentlistic labels fore andé¢ as
follows: Negative Large (NL), Negative Medium (NM), NegagiSmall (NS), Zero
(2), Positive Small (PS), Positive Medium (PM), Positiverd@ (PL). Similarly for
the output variableZp; p, the lingustic labels are as follows: Negative Large (NL),
Negative Medium (NM), Negative Small (NS), Zero (Z), PastBmall (PS), Positive
Medium (PM), Positive Large (PL). The cross point level @& @egree is considered
for every two adjacent membership functions, as it resolfaster rise time and less
settling time. A triangular type membership functions asedifor fuzzy sets NM, NS,
Z, PS and PM. Mathematically triangular type membershigfion is given as:

0 z <a;
xr — a;
b a; <x < b;
/L.(I) =N —aa? (7)
bi<z<g¢
C—bi
0 Cigx,

where,e ¢ {NM,NS,Z PS,PM}, Trapezoidal membership functions are used
for the fuzzy sets NL and PB. respectively. Heteis the crisp variable which is
being fuzzified and;;, b; andc; are the breakpoints of th¢h triangular or trapezoidal
membership function of the input or output variahte,
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3.2 Rule Base Logic

For the optimum performance, control rules, membershiptfans and scaling factors
are essential to be tuned perfectly. Fuzzy control rulestauetured through the anal-
yses of a controlled system. The rules are defined in such aenéimat the deviation
from a desired state can be amended and the control objeatiMee acquired [9]. The
fuzzy control rules are justified through a closed loop tgey in phase plane analy-
sis. Based upon the heuristic knowledge a general robuesbade can be designed to
produce PID type control characteristics. Tablel repitssgigeneral PID-like fuzzy
control kind of rule base. The cell elucidated by the intetisa of first row and first
column represents a rule such as,&'is NL andé is PL thenZp;p is Z”. The main
advantage of this rule base is, its good response within @ sh@ without any prior
knowledge of the system modeling.

Table 1: A general PID-like fuzzy control type rule base

[eNe[NL[NM[NS| Z [ PS[PM]PL
PL]] Z [PS[PM]| PL]PL[PLJPL
PM | NS| Z | PS|[PM | PL | PL | PL
PS][NM|NS| Z | PS|PM | PL | PL
Z [NL|NM[NS|[ Z [PS|[PM]|PL
NS [ NL [NL [NM | NS| Z | PS|PM
NM [[NC [NL [NL [NM | NS | Z | PS
NL [[NC [NC [NL [NL [NM [ NS| Z

3.3 Defuzzification

Defuzzification process converts fuzzy terms to quantiéabsult (crisp value) which
is required to actuate the final control element. The crisptrob action is required
for controlling the motion and joint space variables of a ipalator. The Center of
Area (COA) defuzzification technique is used here becauygelds better steady-state
performance [9]. The crisp output control action is defingéodiows:

 pe(@)zde
Zpip = T o)z (8)

wherec denotes the fuzzy sets which are being clipped during défcation process.

Now, let us consider PID-like fuzzy control law which givedbust control perfor-
mance against uncertainties in the model parameters amwemental disturbances.
With this, a proposed robust control scheme can be presasted

7. = K.Zpip 9

where, K. is the gain matrix of PID-like fuzzy controller andp; p is the centralized
PID-like fuzzy control input vector. In this work, model wrtainty, unknown dis-
turbance and time varying parameters compensated thrdiglike fuzzy controller.
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The following assumption and properties are consideredd¢arg the asymptotic con-
vergence of trajectory tracking response in overall cldsegp system:

Trajectory Desired Task-space User
| Planner Variables Input |
Disturbance
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Fuzzy Rule Base Co‘:ll::’,l Dynamics (:nlplu ator
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Figure 3: Control strucure: PID-like Fuzz' |‘—”""’ S

Figure 4: Linear PID-like fuzzy con-
troller block diagram

Assumption 1: The PID-like fuzzy controller gairk’. is constant symmetric and
positive definite (SPD) matrice by design, that is:

K.=KI'>0 (10)

Property 1. The inertia matrix of the proposed manipulator system wétpect
to inertial frame is always positive definite, that is:

M(s) > 0,VseR" (11)

Property 2: For the manipulator, the following property exists with pest to
inertial reference (base) frame.

ET(M(s) —20(5,3)E =0, VEeR", s e R", 5 R” (12)

i.e. M(s) —2C(s, $) is a skew-symmetric matrix.

4 Performance analysis

To prove the efficacy of the proposed control scheme, thepagnce analysis of the
3PPR U-base PPM is performed by real time experiments ontatppe of the 3PPR
U-base PPM and compared with conventional PID control law.

4.1 Description of the Task

Effectiveness of the PID-like fuzzy logic controller vadigéd by simulating the task of
tracking a complex trajectory given by the user in terms skispace along with the
internal and external disturbance. As the parallel motiatf@grms are mainly used
in moving a predefined trajectory, the path (complex trajggtpreferred to prove
the effectiveness of the controller has been formed in suelawthat, the results
obtained would confirm the effective functioning of the @amarallel manipulator.
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The path defined here consists of a vertical rise, a circudén iith two different
arcs followed by a ramp and a vertical drop and ending with @zbotal span thus
reaching the starting point. The detailed time dependshkt$pace trajectory shown
in Fig. 5(a).The initial velocity vector of the manipulateere set to zero and random
values assigned.
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Figure 5: (a) Task-space trajectory (b) Task-space tmjiest of the end-effector dur-
ing complex trajectory tracking

4.2 Results and Discussions

The efficacy of the proposed controller is achieved from thmerical simulations
and have been used as a reference for the real-time prob@onsideration of distur-
bances, parameter uncertainties and sensor noises havimbleeled in the numerical
model to ensure the usage of the proposed controller intiraal-application with-

out compromising either performance or effectiveness.rbogand validation of the
proposed control scheme the same control scheme is usedlttime prototype ex-
periment as shown in Fig. 2. to perform complex trajectoaghing operation. Com-
parison of the proposed control scheme is made with the cdioveal PID controller,

given as follows:

T = NpS-i—N[/Sdt—FND% (13)
The results are obtained for the complex trajectory eldeitién Fig. 5(b), 6 and 7
and shows that proposed controller’'s performance arertaittsmooth as compared
to conventional PID controller. The theoretical PID-likezty logic controller gain
values considered (for experiment purpose)as= 2I13,K; = 2,Ks = 3,K, =
5I3,Np = 5,N; = 0.01,Np = 0.02. Task-space and joint-space position errors are
depicted in Fig. 6 and it can be observed that the proposddadlen’'s performance is
acceptable in terms of tracking errors. In the experimaetllts, oscillations are no-
ticed in the task and joint-space errors which is in accdetialvel. These oscillations
can be easily removed by the application of high precisetipossensor and suitable
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filtering technique which will increase the overall costlod tsystem. The norm of the
joint position and task space errors depicted in Fig. 7,rduthe tracking trajectory

for the clear understanding of the performance of the pregp@®ntrol scheme used
here. Fig.5(b), 6 and 7 shows that the proposed control seliein satisfactory level

and tracking the trajectory with least errors.
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5 Conclusion

In this paper, a robust linear PID-like fuzzy logic controheme is designed and ap-
plied for a complex trajectory tracking in the task spacetiproblem of the 3PPR
U-base PPM (in house fabricated prototype). From the resigitv of the points are
observed and summarised as follows:

e Poor knowledge of the manipulator’s model matrices liketiag coriolis will
be enough for designing and learning of the controller.

o Difficulties in tuning of controller gains are eliminated bging robust rule base
structure of PID-like fuzzy controller.

e Linear PID-like fuzzy controller has the capability to warkthe presence of
disturbance and parameter uncertainty which has beenghnoveis paper, thus
it is a robust controller.
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