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Abstract The weighted leading local-symmetrical-double-integral-type iterative learning control
algorithm 1s studied for dynamics of industrial processes with time delay in steady-state optimi-
zing. Based on the desired trajectory and real output dynamical information of the control system,
a basic iterative learning control algorithm is suggested, its e-convergence 1s derived, and the in-
terval length of local symmetrical double integral is determined. Digital simulations show that the
iterative learning control algorithm can effectively eliminate the influence of the noise on output
signal and can remarkably improve the dynamical performance ot the control systems in steady-
state optimizing, such as to decrease the overshoot, shorten the settling time, accelerate the re-
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1 Introduction

In the course of steady-state hierarchical optimizing for large-scale industrial proces-
ses, the model-reality difference exists due to the complexity and uncertainty of the control
systems. In this situation, the coordinator in the upper level computes out a series of con-
troller’s step set-point changes with different magnitudes. Then each set-point i1s imposed
on the real process and a conventional PID controller adjusts the system. But the system
dynamical performance is usually not satisfying because of the complexity and uncertainty
of the control system, such as excessive overshooting, slow response, long settling time,
etc. This seriously influences the quality and quantity of industrial production. How to
improve the dynamic performance of transient response 1s an urgent problem to be solved
in on-line steady-state optimization-'.

Because of the measurement noise, the algorithms with derivative term in the litera-
231 Hence,

the measurement noise should be smoothed off before the iterative learning control strate-

tures are not used in practice though their theoretical conclusions are perfec

gy 1s adopted. The local-symmetrical-integral-type iterative learning control algorithms for
repeated control systems are suggested in [ 4,5 ] to smooth output with noise, but the sig-
nal-noise ratio would be enlarged since the error between un-smoothed output and desired
trajectory is used to update the iterative input, and the overtlow sometimes appears when
un-smoothed error 1s amplified by the proportion and derivative terms in the iterative
learning control algorithm, particularly, the derivative term would greatly enlarge high
frequency noise signal. This leads to the limited use of iterative learning control in prac-
tice,
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In this paper, the local-symmetrical-double-integral is firstly suggested to smooth ott
the noise, and then in successive steady-state optimization iterations, the responding lead-
ing weighted local-symmetrical-double-integral iterative learning control is discussed for
dynamics of linear industrial processes with time delay in steady-state optimizing to im-
prove its dynamical performance.

2 Control structure and algorithm

The basic control structure is shown in Fig. 1, where ILC means the iterative learning unit,
n(t) is random white noise, G.(s), G,(s)e ™ and H’ (s) are the transfer function of PID
controller, industrial process with time delay, and local-symmetrical-double-integral oper-
ator, respectively, The closed-loop stable control system 1s described as

S B sy Jumt SRR e umm S YR Gine =

Optimization
adjusting

Fig.1 [Iterative learning control structure

G,(s)e ™
1+G,(s)e™™
where G, (s) =G, (s)G,(s) ,R(s) represents the input and Y(s) 1s the precise output.

In steady-state optimizing, the step set-point change series ¢; y¢z 575 5 *+* with differ-
ent magnitudes are obtained from upper optimization level and the iterative learning control
strategy 1s adopted when each ¢, is imposed on the real process. The weighted leading lo-
cal-symmetrical-double-integral iterative learning control algorithm is in the following
f{)rm:

Y(s) = R (s) (1)

Ve (t) — ﬁlek(t) -+ &lepek(t + 1) -+ CIH-IP.;;' e (t+ T) (2)

where a, 1 =ci11 /¢, 1s the weighting coefficient, & represents the iteration number, ry; (2)

ts the control input, I', and I'; are the proportional and derivative learning gains, respec-

tively, e,(2) =3, (¢) —ys (t), ys (t) 1s the desired trajectory with perfect dynamic per-

4;? J:’t% J:J_r;jju(y)dpdgp expresses noise-smoothed

output. When algorithm (2) is imposed on control system(1), the corresponding system

dynamics can be described by the following transfer function:

Yoo (5) = lffé:i;e__ﬁml(s) (3)

Definition 1. Algorithm (2) i1s sald to be g-convergent with respect to system (1)

means that the noise-smoothed value 3, (¢) of ¥,(¢) satisfies lydk () —3,(t) {<e as k>0,
where t& [0, T ], € is a suitable positive constant, and T is the adjusting time,

Lemma 1. Denote Laplace transmitter of function f(¢) as L(f(¢))=F(s). Then
1 ++T, T,s _  _—T;s

N e —e
L(3),, / (Pde)= g F

tormance with respect to ¢, and ¥, (¢) =

3 Main resuits
Theorem 1. The local-symmetric-double-integral-type iterative learning control algo-
rithm (2) is e-convergent with respect to system (1) if learning gains I', and I'; satisfy
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L SinchJTg (Fp -u'*jcwrd)Gfp (j(u) < 1
w T} 1 4+ G, Guwle ™
Proof. Denote Laplace transmitter of function f(¢) as L f{(z))=F(s). Hence, f(¢)

- F TI.F__“ —T{J
=L (F(s)). DenoteG(.i)“le(s()j)e_d, H(s)="* ZTZ and Jiry (1) = yuo, (1) +
cp *

PQw) = |1

n,-1(t). Then from the above Lemmal we have
Eva(9) =Y, () =Y () =Y, () = H (Y1 (5) + Ny (5)) =
Ydﬁ_} (s) __ak+1H2(5)G(5)Rk(5) — H(s) N1 (8) — ap- H- (S)G(S)(Fp +I'ysH)E,(s)e™ =
i (1 — H (), +Tus )G(s)e® YE, (s) + H(s) (apiy Ny (s) — Ny (5)) =

k—1
01 PGYE () + Wi (8) = BPH()E (8) + Wit )+ D BenPr " (DW,n () (4)
m=1

where
P(s) =1—H*(s)(I", + Tys)G(s)e"
Wi (s) = aqu  H* ()N, (s) — H*(s) Ny (s5)
Bk-—cﬁ—i’ == Ap+1QAp " Ay (q = 243y k)
In real industrial processes it is reasonable to suppose |8, |<<8 for all m(m=1,2, -,
k) and to suppose that the spectrum width of measurement noise 1s limited but is much lar-

ger than the frequency width of the system, and that the measurement noise mean value is
zero. T hen

w,, (1) = L7 (W, (s)) = LT (H* () (aN -1 (5) + N, (5))) =
1 J-r+’.f‘£ retT

T E(amnm_l(y) — 11, () ) dpede (5)
!

I*‘T{. o g::—Tt,

and

o 0

Denote L' (P*(s))=p,(t); then it is obtained that

™~

L P (D Wt (D) | = || pront = 10 (8)de | <

¢

l Pirn (Ck—-m ) l Wy (E) df é Ny I Pr—m (Ck—m ) l

v O
Particularly,
LTH(PYSE (5)) | < ‘Pk(C@)[J e, (&) | dé¢ (6)
where
| B .
‘ Pim (Ckam ) 1 - Zr.; . P (]Cﬂ)elm‘:k-'m dw | =
_1— - | Pkﬂ_m (]CU' ) [ ejmgk—m d(U < 1 | .lr‘:)'&h_mI (J () ) ~ (7)
| 29} oo Co—m o T['C,g.—m .

Substitute(5),(6) and (7) into the inverse Laplace transmitter of (4), and we have

1 c iy 14 Nof 1 PG | = [PGw) [* |
lekﬂ_l(t) \-~..<x ﬂ_t (Jl}fﬁ(&)d&)lp (](Ll)l | ﬂ"{ 7 — lP(JQJ)} | 0

where £= min ;. Thus if learning gains I', and I'; are suitably chosen such that
k

=1, 0,

o sin“wT; (I, + jal's )Gy Ge) |
PGt = 1 1T Gu e |
then
| N{}ﬂ ’P(](U} _ l ,

as k—»co, That 1s to say, !eHl (1) | <e.
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4 Determination strategy of local symmetric integral interval length
Generally, the spectral width of local symmetric double integral operator is restricted
to be no less than that of the closed-loop control system, that is to say

. sin‘w. T, \* 1
| H GweT)) |* = ( a,.?c’;“? i) “’27

then w,T,<,1.002 is derived by solving the above inequality, where w. is the cut-off fre-
quency of the closed-loop control system.

5 Numerical Simulations

e—-{}. 25

Choose G.(s)=211. 6s, G,(s) BT r,=0.6, ry=0.7, the set-point series as c,

=0.9, ¢,=0.8, ¢;=0.7, ¢,=0.6, ¢s=0.5, -+, the desired trajectory as y; . = ar+i

(1—e %), k=1,2,+-. Simulation results are shown in Fig. 2, where curve 1 repre-
sents the desired trajectory, curve 2 means noise-smoothed output without iterative learn-
ing control, and curve 3 is the noise-smoothed output with iterative learning control,

1.0
0. 9t
0. 8}
& 0. 7%
g .
%‘ 0.6}
-H 0-5':
% 0.4-;
5. 0'3:
0‘2|
0.1 ¢, =—=0.9 1
o0 510 15 20 25 30 35 40
t/s
) U S
0.8 4O mana
g 0.7}
- {
8_0.6 (n 3 -
¥ 0.5 i ’
9 !
g 0.41]) 2
g . 3HI ]
g 1
0.2" 1
0.1‘ f2=0-8 1
°% 5 10 15 20 25 30 35 40
t/s
0.7 S r — - -
O-ﬁf' f.-":H -~ —
g
2 1
E 0.4}k 2
o /
+ 0-3.1
oul \
= 0. 2H)
= 0. 14 !
"1 c,=0.6
0 - - A e A . ——
0 5 10 15 20 25 30 35 40
t/s

Fig.2 Simulation results

From the simulation results it 1s easy to see that applying the local-symmetric-double-
integral iterative learning control algorithm to industrial process can effectively decrease
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the overshoot, shorten the settling time, accelerate the dynamic response, etec.

6 Conclusion

This paper not only presents a theoretical basis for improving dynamic performance of
industrial processes in steady-state optimizing, but also provides a practical manner for ap-
plications. The numerical simulations confirm the correction of theoretical analysis and in-
dicate the effectiveness of the control strategy.
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