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ABSTRACT:

A fuzzy parametric uncertain system is an uncertain Linear Time Invariant (LTI) system with fuzzy coefficients. The
design of a robust PI/PIDcontroller for fuzzy parametric uncer-tain is not an easy task. In this paper, an algorithm for the
design of a robust PI/PID controller is proposed. This algorithm is based on approximating the fuzzy coefficients by the
nearest interval system and then a robust controller is designed using the necessary and sufficient conditions for sta-bility
of the interval systems. To validate the proposed algorithm, in this paper, a robust PI/PID con-troller algorithm is applied
to case study of DC motor fuzzy parametric uncertain system.
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1 INTRODUCTION

Most of the real plant operates in a wide range of operating conditions. Robustness is then an important feature of the
closed loop system. When this is the case, the controller has to be able to stabilize the plant for all operating conditions.
This requires the design of a robust controller. The problem of designing a robust controller for the parametric uncertain
plants, ( B.M.Patre et al., 2007,2003), which have unknown but bounded parameter uncertainties attracted most of the
researchers attention.

Robust control is a branch of control theory that explicitly deals with uncertainty in its approach to controller design.
Robust control methods aim at achieving robust stability and/or performance in the performance of uncertainties.
”Robust control refers to the control of unknown plants with unknown dynamics subject to unknown disturbances.
Robust controller is a controller designed such that some level of performance of the control system is guaranteed
irrespective of changes in the plant dynamics with in a pre-defined class”. There are many techniques available in the
literature for the design of robust controllers which are Evolutionary techniques or Numerical Optimization techniques
such as Graphical methods, Adaptive control, Lyapunov method and Fuzzy control. However, there are drawbacks
associated with these techniques, and they are as follows:

Numerical optimization methods are not easy to use for an operating engineer.
Graphical methods reduce complexities of plant modeling.
The Adaptive control method suffers from problems in convergence for the system parameters.

Owing to the above drawbacks, we adopt Fuzzy technology for the treatment of uncertainties. A fuzzy parametric
uncertain plant is an uncertain plant in which the uncertainty can be represented using fuzzy technology and which can
be approximated using an interval number. The design of a robust controller for such fuzzy uncertain parametric system
is an important research problem. Several techniques are presented in (P.Husek et al.,2002, C.W.Tao et al.,2004,2005,
H.T.Nguyen et al., 1994,2000, H.K.Lam et al.,2008, C.J.Wu et al.,2009).An algorithm is proposed in (H. T. Nguyen et
al.,1994) to stabilize the linear system with fuzzy representation of uncertainties. But the disadvantage associated with this
algorithm is computational complexity. This disadvantage was overcome in(H. T. Nguyen et al.,2000),where the sufficient
condition is derived for the crisp set to be the best approximation of the fuzzy set. An approach is proposed in(C. W.
Tao,2004)to design robust controllers for uncertain systems with linguistic uncertainties approximated by fuzzy set. But
the drawback involved with this approach is computational complexity in the approximation of a fuzzy set by an interval
set. The linguistic information can be interpreted as a fuzzy set which is represented by a unique crisp set using interval
approximation operator called the nearest interval approximation suggested in (P.Grzegorzewski et al.,2002).Using this
approximation, the complexity in computations has reduced when compared to the approximation used in(C.W Tao0,2004)
and gives the same corresponding interval set. For a linear system with interval structured uncertainties, a robust controller
is designed using the necessary and sufficient condition in (B.M.Patre etal.,,2007).The method in(B.M.Patre etal.,,2007) is
simple, and involves less computations and hence the robust controller can be designed easily. In this paper, an algorithm
for the design of robust PI and PID controller for parametric uncertain system with a case study of DC motor speed
control is proposed.
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2 A BRIEF REVIEW OF INTERVAL APPROXIMATION OF UNCERTAIN
SYSTEMS

An uncertain system in which the coefficients are described by fuzzy function is called an extended system or fuzzy
parametric uncertain system. In case of linear systems, the fuzzy parametric uncertain system can be modeled in transfer
function form as,
Gi(s.5) = b (9)8™ + b1 (D)™ + ... + bo(P)
’ 8"+ an—1(p)s” ! + .... + ao(p)

Where p = (p1,D2, ..., Pr), Pie Xp is a vector of fuzzy numbers and X g denotes the set of all possible fuzzy sets with
real universe of discourse. If « is the degree of confidence, then the equation can be represented in interval systems as,

€y

b (P0) 8™ + by—1 (pr)s™ ™ + ... + bo(par)

[é(suﬁ)]a = sn + an_l(pb)sn_l + ...+ aO(pb)

(€5

Where pa = (p1a, p2a, ....,proz),pme[p;wp;}

Where,I = 1,2, .....r is a vector of intervals corresponding to the a-cuts of the parameters.The membership value o
can be interpreted as the degree of confidence whose value ranges from O to 1.

2.1 Nearest Interval Approximation:

The interval approximation operator called the nearest interval approximation is best with respect to a certain
measure of distance between fuzzy numbers. Suppose A; and A, are two arbitrary fuzzy numbers withacuts
[A] (@), A (a)]and[A; (), A ()] respectively, the quantity d(A1, As) distance between the two fuzzy numbers
A1,Az can be given as

1

d(Ar, As) = / (A7 (0) — A ()?)da + / (A7 (a) — A7 (2)?))da )

0

After finding the solution of (3),we obtain the nearest interval approximation of A as,
1 1
Ca(Ar) = [/ Af(a)da/Af(a)da] 4)
0 0

3 NECESSARY AND SUFFICIENT CONDITIONS FOR ROBUST STABILITY
OF INTERVAL POLYNOMIALS

Consider the set of real polynomials of degree n as
as)=q+qs+qs’+——————————— + qns” (5)

Where the ranges of coefficients are go€[zo, Yo, gi1€[z1,y1] — — — — — —— s Gn[Tn, Yn)
The stability of such an interval polynomial represented in (5) can be determined by Kharitonovs theorem.
Kharitonov theorem. If a characteristic polynomial A(s,d)with intervals is degree invariant, the system with the charac-
teristic polynomial A(s,d) is stable if and only if the systems with four kharitonov polynomials as characteristic polyno-
mials are stable.
Let the characteristic polynomial of an uncertain system with interval parameters be

n

A(s,ci) = Zdisi = Z[xi,yi]si 6)
i=0

i=0
where d; = [z, yf] According to the Kharitonovs theorem(Barmish R. et al., 1989),this interval parameter characteristic
polynomial A(s,d)) can be represented as four fixed parameter polynomials called Kharitonov polynomials. These are:

A'(s) =zo+z15+y2s® +yzs° + — — — — ——

A®(s) =yo+y1s+a2s” + 238" +— — — — ——
A®(s) = yo + x15 + 228" +y3s® + — — — — —
A'(s) =20+ 15+ Y28’ + 238" + — — — — — — —
If each and every element of the above set is a Hurwitz polynomial, then only the set of polynomial considered
in(6) is stable. In (Y.Y.Nie et al., 1976),a new stability criterion for class of fixed parameter polynomials is pre-
sented. This stability criterion is extended for the determination of robust stability of interval polynomials in (B.M.Patre

etal.,,2007).According to patre (B.M.Patre etal.,,2007), the robust stability of eq(5) or eq(6) can be determined by the
following necessary and sufficient conditions.
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Necessary conditions:
For q(s) orA(s,d) to be stable, the necessary conditions to be satisfied are:

yi>x; >0, fori=0,1,2— — — — — n

TiTit1>Yi—1Yiy2,t =1,2,3, — — — — — — — n—2 @)

Sufficient conditions: For q(s) or A(S,J) to be stable, the sufficient conditions to be satisfied are:
yi > x;>0,1=0,1,2,3 — — — — — n
0.4655$¢$¢+1 >yi,1y¢+2,i = 1, 2, 3————— - n—2 (8)
4 DESIGN PROCEDURE FOR THE ROBUST CONTROLLER
Consider a fuzzy parametric uncertain plant represented in its transfer function as

5~ N(s,4) _ bm(P)s" + bm-1(p)s™ " + ... + bo(P)
G800 = 5 = o T an ()" ot a0 ()

(C)]

The (9) can be represented as in interval plant by using The nearest interval approximation technique given in section 2.1.
It is given as,
~ b (PO) 8™ + bm—1 (p0r)s™ 1 + ... + bo(pr)

G(s,p)la= — ~ 10
[G (s, Pl ™ + an—1(pa)s™ ! + ... + ao(per) (10)
where
N(s, @) = @io 4 @15 + U25> + coevo + U s™
D(s,0) = @ + 018 + T2s” + ...... + s a1
Whereii;e[u; ,u]], vielv; v]*]z =0,1,2,...... m
7=0,1,2....... n;m < n and the stabilizing PI or PID controller transfer function is given by
(ks +k2) _ [Ky K]+ [Ky Ky] _ Ne(s)
Ki,Ks2) = = = PI
CPI(57 1, 2) s s DC(S) (fOT )
2 — et - et — )62
CPID(S,KLKQ,KZ;): (k18+k2+k38 ) — [KI 7K1]S+[K27K2]+[K37K3]S ) — NC(S)(fO'I’PID)
s s D.(s)
Then calculate the closed-loop polynomial of the system with PI/PID controller using
A(s) = N(s, ) * Ne(s) + D(s,0) * De(s) (12)

Where ,N(s, %) and D(s,?) are the numerator and denominator polynomials of the plant considered respectively and
Nc(s) andD.(s) are the numerator and denominator polynomials of PI/PID controller transfer function respectively.Now
by applying the necessary and sufficient conditions of robust stability to the closed-loop polynomial derive the set of
inequality constraints. Then solve the obtained inequality constraints using MATLAB-Optimization tool box( Optimiza-
tion Toolbox) so as to minimize the objective function J = Z?:I | k; | and form the table with the values of controller
parameters for different values ofe .Then obtain the Kharitonovs polynomials (Barmish R.,1989 ) to check the stability
and find the closed-loop step response and verify the results.

S DESIGN OF ROBUST CONTROLLER

CASE STUDY: Design of Robust PI Controller for DC motor: DC motor: Consider a DC motor which drives a viscously
damped inertial load. The transfer function obtained between the torque and armature voltage is given by (P.S.V.Nataraj

et al., 2001)

(8) o TL(S) . K(Jls—i—Bl)
P ZVols) ~ (Ls+ R)(Jms + Jis + B + Bl) + K2

K€[0.2,0.6],J:€[107°,3 % 107°], J,, = 2% 107% ,B,, = 2% 107°, L = 107 2H, R= 1 ,B;=B,,w=20.

Here, the only varying parameters are K and J;.These parameters can be represented as fuzzy sets with triangular
membership functions as k = ¢r4(0.2,0.4,0.6) and J; = tri([10]7°,2 % [10]~°,3 % [10] ). Then the nearest interval
approximation of these triangular membership functions can be obtained as:

Let K can be expressed as

ur(z) =5z —1for0.2 <z <04,
pr(x) =5z + 3for0.4 <z <0.6
pi(x) = 0 otherwise

Then forceae [0,1] a-cuts can be obtained using method given in section2.1.

a+1l 33—«

(A7 (@), A" (@)) = [, 229
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1 1
c™ = /Ai(oz)da =0.3,Cct = /A+(a)da =0.5
0 0
Cy(A) =K, K] =[0.3,0.5]
. Similarly, the nearest interval approximation of the inertial load (5;) is [J;, J;'] = [1.5 * 107°, 2.5 * 10~°]. Now we
design a controller C'py(s) in such a way that it stabilizes the DC motor torque in the above approximated interval. Let
us consider PI controller with its transfer function defined as
(K K1+ Ky Ky ]) _ Ne(s)
C Ki,K>) = =
pr(s, K1, Ka) . De(s)
For the above considered system, the close-loop polynomial will be
A(s, k, Ji, k1, ko) = [2.015%107°,2.025% 10 °]s* +[0.45% 10 ° K, 4+2.015%10 %, 1.25%10 " K" +2.025%10*]s*
+]0.45% 10 ° Ky +0.6x107° K, 40.09004,1.25 %10 ° K5 + 10" ° K" +0.25004]s + [0.6 % 10 ° K5 ,10 " K.
On applying the necessary and sufficient conditions given in section3 to this polynomial, the following inequality
constraints are obtained.

06%10°K; —1%107°K, —1%107°KS +e<0
045107 °K; 4+ 0.6+ 10 °K; —1.25%x10 °Ky —1%10°K;" —0.16 +£ < 0
0.45% 10 °K; —1.25%x10 °K; —1%10 > +e<0
—2.7%107 M K2 —2.025 %10 " Ky Ky —9.0693 %10 7Ky —4.172724% 10 "K; — 1.814658 % 10 * + 2 < 0
—1.25685%10 " K12 —9.426375%10 2 Ky K —4.221759x10 7 K5 —1.942403%10™ " K| —8.447233%10 °+¢ < 0
—9.0675 % 10" " K —4.06103 %107 % +£ < 0
—4.22092 x 10" "M K7 — 1.890409 % 10 % + & < 0
Upon solving the above constraints using the MATLAB-Optimization tool box(Optimization Toolbox) which mini-
mizes the objective function J = E;L:l | k; |,we get the controller parameter values for different e values. For =0, the
controller uncertain parameters obtained are
K{ =—4.9787+107° K;” = 9.9574 %« 107 &
K, = —0.01195, K5 = 0.0199.
Then the set of Kharitonov polynomials forK; = 2.48935 x 10 6& K5 = 3.975 1073 is:

Ai(s) = 2.385 % 107 % +0.09004s + 2.0254 % 10 °s® +2.025 % 10~ °s*
A2(s) = 3.975  10~° 4 0.250045 + 2.0154 10" %s* 4 2.015 % 10 °s”
A3(s) = 3.975  10~° 4 0.090045 + 2.0154 % 10~ %% 4+ 2.025 * 10 °s”
A4(s) = 2.385  10™° 4 0.250045 + 2.0254 * 10~ %% 4 2.025 * 10 °s°
All the four Kharitonov polynomials are Hurwitz stable. Hence the designed PI controller stabilizes the DC motor
system. The closed-loop step response and the frequency response fore=0 and k1 = 2.48935% 1076 ko = 3.975 %1073
are shown in Figure 1 and Figure 2 respectively.
Design of Robust PID controller for DC motor: Now we consider the PID controller transfer function
CpID(s, K1, K2, K3) as
(K1, K ]s + [Ky, K] + [Ky , Kyls®)
s

Cpip(s, K1, K2, K3) =

The closed-loop polynomial after calculation will be

A(s, k, Ji k1, ko, ks) = [0.45 % 107 ° K3 +2.015%107°,1.25 % 10 ° K5 + 2.025 % 107 °)s°+
[0.45 % 10°K; 4+ 0.6 * 10 ° K5 4 2.0154 %10 %,1.25 % 10 ° K" + 10 ° K5 + 2.0254 % 10 *]s*

+]0.45 % 10 ° K5 4 0.6 % 10 °K; 0.09004,1.25 * 10 ° K5 + 10 K" + 0.25004]s + [0.6 * 10 ° K, , 10 ° K]
On applying the necessary and sufficient conditions in section3, we obtain a set of inequality constraints. Hence
the optimization problem is to find k1, k2, k3 such that the objective function Zle | k; | is minimized subject to
the inequalities constraints. Upon solving the inequality constraints, we get the controller parameters fore = 0 as
K = —4.9787%107% K| = 9.9574 x 107 %& K; = —0.010256, Kj = 0.01709& K; = 3.634456 % 10™*, K =
1.010678 * 10~3.Using these parameters, the Kharitonov polynomials for closed loop system are formulated It has

been observed that the four Kharitonov polynomials are Hurwitz stable. The closed-loop step response and frequency
responses are shown in Figure 3 and Figure 4 respectively

By using the proposed method, the system reaches its steady state value quickly when compared to the design method-
ology used in (R.J.Bhiwani etal.,2011). From Figure 1 and Figure 2 it has been observed that the ripple contents in torque
of DC motor are minimized with the proposed PI/PID controller. Hence there will be no jerks in the operation of dc
motor. So the DC motor drives a viscously damped inertial load very smoothly. Hence the performance of motor is
improved by reducing the torque ripples using proposed robust PI/PID controller.
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Figure 1: Step response of the Closed-loop system of the DC motor with PI Controller

Step Response

0.9

0.8
first kharitonov polynomial

0.7 second kharitonov polynomial |-
g 0 third kharitonov polynomial
E ’ fourth kharitonov polynomial
g 05 |
<
0.4 i
0.3 .
0.2 .
0.1 .
0 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7

Time (sec) X 107

Figure 2: Frequency response of the Closed-loop system of the DC motor with PI Controller
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Figure 3: Step response of the closed-loop system with PID Controller
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Figure 4: Frequency response of the closed-loop system with PID Controller.
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6 CONCLUSION

A robust PI and PID controller algorithm is proposed in this paper. The proposed algorithm robustly improves stability
of the plant in a given interval. To show the efficacy of the proposed algorithm, a DC motor transfer function obtained
between load torque versus armature voltage with varying parameters of K (armature gain) and inertial load Jy, is consid-
ered. The performance of DC Motor is improved by reducing the torque ripples by design the robust PI / PID Controller.
This example is simulated through MATLAB-Optimization tool box and convincing results are obtained. It has been
observed from the simulation results that the designed PI/PID controller stabilizes the plant.
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