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Abstract

For industrial batch processes with unknown dynamics subject to nonrepetitive initial con-
ditions and disturbances, this paper proposes a novel adaptive data-driven set-point learning
control (ADDSPLC) scheme based on only the measured process input and output data,
which has two loops, one each for the dynamics within a batch and the other for the batch-
to-batch dynamics. In the former case, a model-free tuning strategy is firstly presented for
determining the closed-loop PI controller parameters. For the latter case, a set-point learn-
ing control law with adaptive set-point learning gain and gradient estimation is developed
for batch run optimization. Robust convergence of the output tracking error is rigorously
analyzed together with the boundedness of adaptive learning gain and real-time updated
set-point command. Moreover, another iterative extended state observer based ADDSPLC
scheme is developed with rigorous convergence and boundedness analysis, to enhance the
robust tracking performance against nonrepetitive uncertainties. Finally, two illustrative ex-
amples from the literature are used to demonstrate the effectiveness and superiority of the
new schemes over the recently developed data-driven learning control designs.

Batch processes with unknown dynamics, data-driven control, PI controller tuning, set-point
learning control, robust convergence analysis, iterative extended state observer.

1 Introduction

Owing to high flexibility and versatility for functional implementation and product manufacturing,
batch processes with repetitive dynamics and operations have been widely constructed in engineer-
ing practice, e.g., polymer injection molding [1], pharmaceutical crystallization [2], etc. Over the
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past decades, a large amount of research efforts has been devoted to advanced control methods and
technologies for various batch processes in industry. Among them, iterative learning control (ILC)
has attracted broad attention due to its capability of gradually improving system performance by
making use of the historical batch run data with no or moderate process model information, as
surveyed in [3, 4, 5].

Since the pioneering work in [6], a lot of ILC methods have been studied for linear/nonlinear
batch processes and repetitive systems operated in a finite duration, based on the lifting technique
[7], two-dimensional (2D) system theory [8, 9], contraction mapping principle [10], norm-optimal
technique [11], etc. Recently, it has been clarified that the conventional ILC, also named as open-
loop ILC, is able to maintain robust convergence of the resulting control system in the presence of
nonrepetitive process uncertainties, initial conditions and external disturbances [12, 13]. However,
the conventional ILC method likely leads to unacceptable tracking errors in the initial batch runs,
especially for open-loop unstable processes, even though the batch-direction convergence of tracking
errors could be guaranteed. In turn, the current iteration tracking error (CITE) was considered in
the design of ILC updating law in [14] to expedite the convergence speed by increasing the learning
gain associated with the CITE. Subsequently, real-time process state and output information were
also taken into account in the ILC design through an identical closed-loop controller, forming the
so-called direct-type ILC framework (see e.g., [15, 16]).

In contrast to the direct-type ILC methods, indirect-type ILC has gained increasing attention
in recent years owing to that real-time feedback control and feedforward learning control could
be separately designed. In particular, if the feedback control structure is configured a priori for
the controlled process, it suffices to design a set-point learning controller for realizing batch opti-
mization without modifying the existing closed-loop structure, which is more appealing in various
engineering applications. By using the 2D Roesser system description, a PID-type indirect 1LC
was proposed in [17] for batch processes with time-varying uncertainties, followed by an improved
Pl-based indirect-type ILC method [18] designed in terms of the 2D Fornasini-Marchesini model
framework. In [19], a set-point related indirect-type ILC design was presented based on a model
predictive control scheme to address the process output constraints. Different from the previous
indirect-type ILC methods based on a unity feedback control structure, the recent paper [20] de-
veloped an extended state observer (ESO) based indirect-type ILC for batch processes with time-
and batch-varying uncertainties, such that the set-point tracking and disturbance rejection perfor-
mance could be evidently enhanced owing to the intrinsic two-degree-of-freedom tuning properties
of the inner-loop feedback control structure. Nevertheless, most of the existing indirect-type ILC
designs, together with the corresponding convergence analysis, basically depend on the process
modeling or dynamics information, thus limiting their applications to complex industrial processes
that are difficult to model.

With the increase of scale and complexity for modern industry and manufacturing systems,
it becomes more time-consuming or even impossible to model complex process dynamics accu-
rately by using the traditional first-principle or system identification methods. Data-driven control
(DDC), using only the measured input/output (I/O) data of the controlled processes, has become
a very active research area, see, e.g., the monographs [21, 22], survey papers [23, 24] and the refer-
ences therein. For example, Meng et al. [25] proposed an optimization-based design for data-driven
learning control of nonlinear systems subject to time-varying dynamics, along with convergence
analysis. By using a radial basis function neural network to estimate the unknown pseudo-partial
derivative of a dynamic linearization model and nonrepetitive external disturbances, a data-driven



predictive ILC scheme was developed in [26] for repeatable nonaffine nonlinear discrete-time sys-
tems subject to nonrepetitive disturbances. Recently, a controller-dynamic-linearization-based
data-driven ILC (DDILC) was designed in [27] for unknown nonlinear systems, where the dynamic
linearization technique was applied to not only the controlled nonlinear system but also the non-
linear learning controller. To improve the system tracking performance, a data-driven high-order
optimal ILC was developed in [28] for a class of nonlinear repetitive control systems, by introducing
the tracking errors and control inputs from previous iterations into the ILC updating law.

Note that the above-mentioned DDILC methods directly update the control input and there-
fore, could not guarantee the convergence or stability of the resulting learning system when ap-
plied to a batch process with an a priori feedback control loop. To facilitate the application to
linear /nonlinear batch processes with an inherent P-type feedback control structure, an indirect
adaptive DDILC method was recently proposed in [29] to improve the system tracking performance
by updating the set-point command for batch run. In fact, the proportional-integral (PI) controller
has much wider applications in engineering practice [30] because it can eliminate the steady-state
tracking error and counteract a constant-type disturbance, compared with the P-type feedback
controller. Recently, it has been revealed that the PI/PID controller could be used to stabilize
uncertain nonlinear systems [31, 32, 33]. However, it remains open as yet to tune a PI or PID
controller by only using the system I/O data without any prior knowledge of the system dynamics,
let alone the combination with a data driven set-point learning control (DDSPLC) scheme for
batch run optimization under unknown system/batch dynamics and nonrepetitive uncertainties.
These issues motivate this study.

In this paper, a robust PI-based adaptive DDSPLC (PI-ADDSPLC) scheme is proposed to
realize performance optimization of batch processes with unknown dynamics and an inherent PI
feedback control structure, based on only the measured process I/O data rather than an a pri-
ori model. A model-free tuning strategy of PI controller is firstly presented to determine a set
of time-invariant PI controller parameters to facilitate the initial batch run and the subsequent
set-point learning control design. Then an ADDSPLC is developed to regulate the set-point com-
mand of the established closed-loop PI control structure for realizing batch run optimization. The
robust convergence of tracking error along with the boundedness of adaptive learning gain and
set-point command is analyzed by the mathematical induction. Moreover, to enhance the track-
ing performance in the presence of nonrepetitive uncertainties, an iterative ESO (IESO) based
PI-ADDSPLC is further designed, along with robust convergence and boundedness analysis. Two
illustrative examples from the literature are adopted to validate the effectiveness and advantage
of the proposed schemes. The main contributions of this paper include:

(i) A novel ADDSPLC scheme based on the widely used PI control loop is established for lin-
ear/nonlinear batch processes with unknown dynamics subject to nonrepetitive initial con-
ditions and disturbances. The system tracking performance could be significantly improved
from the first batch and on, compared to the recently developed indirect-type DDILC meth-
ods (e.g., [34] based on a P-type feedback control loop) and direct-type DDILC methods (e.g.,
[25]). Moreover, a feasible data-driven PI tuning algorithm is provided to facilitate setting
up a PI control loop for the set-point learning control design without any priori knowledge
of the process dynamics.

(ii) To proactively suppress nonrepetitive uncertainties such as initial condition shifts and batch-
varying disturbances, another IESO based PI-ADDSPLC scheme is proposed by introducing



an IESO into the PILADDSPLC scheme to estimate nonrepetitive uncertainties for coun-
teraction, such that the output tracking accuracy is further improved. The new scheme
substantially extends the time-domain ESO-based data-driven control method recently de-
veloped in [34] to an iterative-domain design of DDILC for batch run optimization.

(iii) Robust convergence of the output tracking error along with the boundedness of adaptive
learning gain and set-point command is rigorously analyzed by the mathematical induction
for both of the new designs.

For clarity, the remainder of this paper is structured as follows. Section 2 briefly introduces
the research problem and required preliminaries. Next, a model-free tuning strategy of PI con-
troller parameters is given in Section 3. The proposed robust PI-ADDSPLC scheme is detailed in
Section 4, followed by robust convergence and boundedness analysis for the resulting ILC system
in Section 5. In Section 6, another IESO based PI-ADDSPLC scheme is developed, together with
the corresponding robust convergence analysis. Two examples from the recent literature are used
in Section 7 to demonstrate the effectiveness and superiority of the new schemes. Finally, Section
8 summarizes the main developments in this paper and discusses possible future research.

Notation: Throughout the paper, the following notation is used. Z, = {0,1,...}, Zy =
{0,1,...,N} and Zn/{0} = {1,...,N} for any N € Z,. R" and R™™ denote n-dimensional
Euclidean space and n x m real matrix spaces, respectively. I and 0, respectively, denote the iden-
tity and null matrices with compatible dimensions. Also, | - | and || - || denote the absolute value
and the Euclidean norm of the argument, respectively. For a matrix A, AT denotes its transpose,
and for any function fy(¢) where k and ¢ denote the batch and time indices, respectively, denote
by Afi(t) = fi(t) — feo1(t) and A, fr(t) = fi(t) — fe(t — 1) the difference functions along the batch

and time directions, respectively.

2 Problem formulation and preliminaries
Consider a batch process with unknown dynamics described by

ye(t+ 1) = fe(), y(t — 1), ..yt — ny),
up(t), up(t — 1), ... u(t — ny)) + wi(),

(1)

where t € Zn_1 and k € Z, are, respectively, the time step and batch number; N is the total
length of each batch; yx(t) € R and ug(t) € R are the process output and input at time ¢ of batch
k, respectively; wy(t) denotes the nonrepetitive disturbances acting on the process dynamics, and
includes batch-to-batch variation of the process dynamics; f(-) is an unknown linear/nonlinear
function with unknown input order n,, and output order n,. The initial condition in (1) is taken as
Yk (0) = yo+9x, where g, is an identical initial resetting for a batch run and d; denotes nonrepetitive
initial shifts. Hereafter, the unknown function f(-) in (1) is rewritten as f(x1, 22, ..., Zp,4n,+2) for
the notational brevity, where z; € R, i =1,2,...,n, + n, + 2, denotes the i-th variable of f(-).
The objective in this paper is to design a robust adaptive set-point learning control scheme
based on only the measured 1/O data for a batch process described by (1) with a PI feedback
control structure, such that the process output tracks the desired reference trajectory as closely
as possible in the presence of nonrepetitive external disturbances and initial shifts along the batch



direction, i.e., for any t € Zy/{0}

sup [ex(t)| < fe, limsup |ex(t)] < e, (2)

keZy k—o0

where e (t) = ya(t) — yr(t), ya(t) denotes the desired reference trajectory and satisfies |yq(t)| <
fa < oo, where (34 is a finite constant, 3, and 3, satisfying 3. > .., > 0 are related to the upper
bounds of nonrepetitive external disturbance variation and initial shifts. Moreover, the set-point
command y; () is required to be bounded for implementation, i.e.

sup max |y (t)| < Bs < o0, (3)
kEZy tEZN_1

where [, > 0 is a finite constant.
For the simplicity of analysis, the following assumptions are made along with a technical lemma.

Assumption 1 wuy(t) =0 for anyt € Zy_1 and yx(t) =0 if t <0 or k <O0.

Assumption 2 [25] The function f is continuously differentiable such that the partial derivatives
with respect to its arguments are bounded, 1i.e.

af

81:2-
Va; E]R,i:1,2,...,ny—|—nu+2,‘v’tEZN,1,

(T1, %2, Ty pnyt2)| < b5,

where ff > 0 is a finite constant. Furthermore, let Of [0xy, 12 be sign-fived, which is assumed to
be positive, without loss of generality.

Assumption 3 [21, 36] A batch process described by (1) satisfies the following generalized Lips-
chitz condition along the time direction

[Ayr(t +1)| < BrllAcH (1] (4)
Jor ||AHg(t)|| # 0, where Br > 0 is a finite constant and AyHy(t) = [Avyr(t) Apug(t)]".

Assumption 4 [35, 20] The nonrepetitive external disturbances and initial condition shifts are
bounded, 1.e.
|wk(t)| < By, Vt € Zn_1, Yk € L,

|0k < Bs, VK € Zy.,

where B, and Bs are finite positive constants.

Assumption 1 reflects the widely used initial zero or steady state of the process dynamics for
the convenience of control design and stability analysis. Assumptions 2 and 3 are widely used in
the research fields of nonlinear system control and data-driven control (e.g., [21, 22, 23, 24, 31, 25,
32, 33, 36]) to characterize the process nonlinearity, i.e., the process output change is constrained
by the changes in all the input and past output variables. Assumption 4 is also widely used for
ILC design of batch/repetitive processes with nonrepetitive uncertainties in the literature (e.g.,
[12, 35]), owing to physical constraints of batch process operation in practice.



Lemma 1 [35] Under Assumption 2, the batch process description in (1) can be equivalently trans-
formed into the following extended dynamic linearization data model (DLDM)

Y —y; = Dij(u —uy) + T j(wi —wj)

5
+9;;(6; —6;), Vi,je€ Ly, ©)

where
Ei)’j(()) 1() 0
‘Dz‘j _ i,j(0> i,j'(l) O
10) 61 e BN — 1)
[ 1 0 0
1
T e
0 0) vty -1
Bij=[99; Vi - “%Yj_lf’
yi = [1i(1) v(2) vi(N)]
w; = [wi(0) w(1) - w(N-1]",
w; = [wi(0) w(1) - w(N-1]"

and all nonzero elements of ®; ;, Y, ; and ¥, ; are bounded, i.e., there exists a finite bound B4 > 0

such that . o
(615 (E)] < By, VE € LoVt € Ly, Vi j € Ly,

|Uf7](€)| < 5(#7 vf € Z’t7 Vt € ZN—la V'Laj € Z+7 (6)
‘79;:,j| < 5¢, Vt € Zn_1, Vi,5 € Z,.

In contrast to the standard DLDM that characterizes the iterative dynamic relationship between
the process output and input at two consecutive batches, the extended DLDM further generalizes
the relationship to any two batches. Moreover, the parameter matrix ®; ; and uncertainty infor-
mation composed of external disturbances and initial shifts could be separately estimated in the
extended DLDM.

Taking i = k and j =k — 1 in (5) gives
Ayp(t +1) = ¢ 1 (1) Dug () + X (1), (7)

where x5 (t) = Awy (Vg p—1(t) + U} 1 Ady and

Bri1(t) = [Ghua(0) Shasi(D) - S ®]
Aug(t) = [Aug(0) Aug(1) - Aug(t)] ',
Awi(t) = [Awp(0) Awp(l) -+ Awp(®)] ',
k1 () = [vhoa (0) vhga() - 1]



Using Assumption 4 and Lemma 1, it follows that y(¢) is bounded for any ¢ € Zy_; and k € Z
and assumed to satisfy sup,cz, , kez, [Xe(t)] < By(Baws Bas), where B\ (Baw, Bas) > 0 is a finite
constant dependent on the finite bounds of sup;ez, | rez, [Awk(t)| and supyez, [Ady| defined by
Baw and Bag, respectively. For the notational brevity, a symbol “e” is used to indicate the relevance
to faw and [Bas in the later sections.

3 Data-driven PI controller tuning

A data-driven PI tuning method is developed in this section to set up the inherent PI feedback
control loop. For this purpose, the following time-domain DLDM is established for a batch process
described by (1) under Assumptions 2 and 3

At +1) =T(H)AH(), (8)

where I'(t) = [y1(t) 12(t)] is a time-varying pseudo-gradient vector dependent on the process input
and output in the time domain. More details on the model transformation (8) are given in [21].
In this section, the batch index k is omitted since it is irrelevant to the time-domain PI controller
tuning.

To tune the PI controller in the time domain, the following performance function is introduced

Ji(ult)) = lya(t +1) = y(t + D" + A fult) —u(t = 1),

where A\; > 0 is a user-specified weighting factor for evaluating the impact of input variation in the
time domain. Taking the first-order derivative of Jj(u(t)) with respect to u(t) and equating the
result to zero give
Aty = LI 1y 41) < y() - (DA 0
A+ 5 (t) ’
where p; € (0,2) is a tuning parameter to offer a flexible feedback control law. Under a constant
set-point command, the increment of control input in (9) could be reformulated as

Acu) = 520 [le) + (B e(t) o)

= 7p(t) Ave(t) + i (t)e(t),

where
5 P(t)(t) (1) 2 piya(t)
Ae+5(t) A+ 75(t)

It is seen that the time-domain increment of the control input in (10) is exactly the PI controller
in a difference equation form. Note that in the presence of a time-varying set-point command, the
closed-loop stability under the PI controller in (10) could be maintained for a finite variation of
the set-point command, e.g., a ramp type or sine signal with low frequency, see [17, 18] for more
details.

To estimate the unknown 7;(t),72(¢) for determining the feasible tuning regions of the PI

P (t)



controller parameters, the following parameter estimation algorithm [36] is used

L mAH(t — 1)
HO =10 =)+ A== D
Ag(t) =TT = DAH(E - 1), (11)

L(0), if [T(0)] < &, or [|AH(t = D) < &,
or sign(I'(t)) # sign(1(0)),

I()

where 7, € (0,2) is a tuning parameter, y, > 0 is a weighting factor, T'(£) = [%1(t) 32(t)], 51(t) and
42(t) are the respective estimates of I'(¢), v1(t) and 72(t), and & is a sufficiently small constant
for initialization. The boundedness of f‘(t) and the time-domain convergence of the closed-loop
system could be analyzed following the similar way as that in [21] and [36], respectively.

Based on the estimated 4;(t) and 4,(t), the feasible tuning regions of PI controller parameters
can be estimated as

TP € [ min Tlr)nax} T c [ min TImax} ’ (12)
where
3 Yot Yo (t

Tlrjnln — min ptﬁh( ):;/2( ) lrjnax — max Pt’}/l( ):;/ ( >’

teZy_r N+ A5(t) teZn_1 N + 55(t)

min __ . pt72< ) max o pt72< )

7 = min max

teZn_1 \¢ + 7 ()  teZn- 1 A A ( )

Given (12), a tuning procedure is presented by Algorithm 1, which can be used to determine
the desired time-invariant PI controller parameters.

Algorithm 1 (PI controller tuning)

Input: Initial PI controller parameters 7p = 75" and 71 = 7™, tuning parameters p; and 7,

weighting factors A\; and pu,, user specified thresholds ¢, and p, step sizes Amp and Ar for
iteration.
Output: Desired PI controller parameters 7p and 7.
1: while (7p < 75%¥) do
2:  while (11 < ") do
3: Apply (9) and (11) to a batch process described by (1) and compute the averaged tracking

error (ATE) defined by ATE = Z le(t)|/N;

t=1

4 if (ATE < p) then

5 Determine the desired 7p and 7;
6: else if (ATE > p) then

7: T =T+ AT

8 end if

9 end while

10:  7p = 7p + ATp, 71 = T,

11: end while




Remark 1 For unknown linear time-invariant systems with a constant-type set-point command,
the PI controller parameters obtained by the above procedure will ultimately converge to steady-state
values, which could be taken as the desired PI controller parameters. Note that the PI controller
parameters may be time-varying without steady-state values for a nonlinear time-varying system.
In such a case, a preferred option is to choose a set of time-invariant PI controller parameters
from the estimated tuning regions in (12) and fix them for implementation, so as to facilitate the
subsequent set-point learning control design.

Remark 2 In case no desired PI controller parameters could be obtained for a prescribed o in the
above Algorithm 1, one option is to increase o until a set of satisfactory PI controller parameters
is obtained. Another option is to assess the ATE index for all computed PI controller parameters
within the estimated tuning regions and choose the optimal setting in terms of the minimum of
ATE. In addition to the ATE index, other performance indices, e.q., mean-square error and max-
imum absolute error, may also be used to evaluate the control performance for determining the PI
controller parameters. Note that all the corresponding ATE indices in the above tuning regions
could be computed offline, and hence the optimal setting of PI controller parameters are available
before online implementation.

Remark 3 The recently developed data-driven PID controller designs [31, 32, 33] cannot be applied
to determine the PI controller parameters or stabilizing regions of the PI controller for a batch
process described by (1) with unknown dynamics, since the upper bounds of partial derivatives of
f () with respect to y(t), y(t —1) and u(t) cannot be known in advance. This restriction is removed
from the new tuning algorithm.

4 Robust PI-ADDSPLC scheme

The new robust PI-ADDSPLC scheme is shown in Fig. 1, where the closed-loop PI control structure
is within the red dashed-line box, and the rest is the set-point learning control law together with
a gradient estimator and another learning gain estimator responsible for regulating the set-point
command of the closed-loop control structure from batch to batch, “MEMORY” denotes a storage
used to record output tracking error (eg(t)), set-point command (y;(t)), process input (ux(t)),
process output (yx(t)) and gradient estimation (qAbM_l(t)) in the current batch, and provide the
historical batch information (ex—_1, y;_;, Aug_1, Ayk_1, d;k_Lk_Q) together with the current batch
information (Aug(t—1), Ayk(t —1), Ayi(t —1), qASk,,k,_l(t)). Note that the closed-loop PI controller
is fixed for each batch run, and therefore independent of the set-point learning control for batch
performance optimization. Moreover, only the PI feedback control loop is executed in the initial
batch where the set-point command is directly set as the desired reference trajectory yq.

Based on the determined PI controller parameters in Section 3, the process input takes the
form

u(t) =mpeg(t)+7 Z ep(i)=reg(t)+m i er (1), (13)

where 7 £ 7p + 71, 7» and 71 are the PI controller parameters, and e;(t) is the set-point tracking
error defined by

er(t) = yr(t) — yn(t), (14)
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Figure 1: Schematic of the new PI-ADDSPLC design

Closed-loop system

which differs from the output tracking error ey (t).
In this paper, an adaptive set-point learning law is designed as follows

yr(t) = i1 () + abr(t)er (t + 1), (15)

where 0 (t) is an adaptive set-point learning gain to be determined, and « is a user-specified tuning
parameter for regulating the batch-direction convergence speed of the learning system.

To estimate the learning gain 6 (t) for control implementation, the following performance eval-
uation function is used

T2 (01(8)) = lex(t + 1)1 + X 0u(t) = Ga(8)] (16)

where A > 0 is a user-specified weighting factor to evaluate the impact from variation of 6(t)
along the batch direction, and therefore adjust the convergence speed of the parameter estimation
algorithm.

It follows from (13) and (14) that

t—1

Auy(t) = T7(Ayg(t) — Ay(t)) + 7 Z(Ayi(i) — Ayy(i))
= 1abfk(t)ex—1(t + 1) — TAyx(t) (17)

Y (AR — )

Then, it follows from the definition of ey (t) that

exr(t+1)=yat+1) —yp(t +1)
t—1

=ep_1(t+1) — Z O i1 (7) Aur(5) — xx(t)

J=0

(18)
- gi)};,k_l(t){Tosz(t)ek_l(t +1) — 7Ayg(t)

t—1
+7 3 (Ayii) - Aym))}.

=0



Taking the first-order derivative of Jo (0x(t)) with respect to 0;(¢) and equating the result to
7Z€ero give

Qk(t) = gk_l(t) + )\p_:ky(ggw{@k—l(t + 1) - Xk:(t)

— O 1 ()i (t) — 719 g1 (1) D [AYR(E) — Ay (i) (19)

%

-1
—Z¢kk 1 () Aug (i) + T k- 1()Ayk(f)}7

|
—

Il
=)

where v, (t) £ Tag) . (t)er—1(t + 1), p € (0,2) is a tuning parameter to offer a flexible parameter
estimation algorithm.

It is seen from (19) that the increment of 6y (t) cannot be realized since x.(t) and ¢}, (7),i =
0,1,...,t are unavailable in advance. To address this issue, the uncertainty term y(t) is omitted
and the unknown parameter qﬁff’ «_1(7) is replaced by its estimate obtained by a parameter estimation
algorithm [37] along the batch direction, i.e.

R - nAwu_1 (1)
rn1(t) = S pall) + 22 s T (20)

X (Ayk—l(t +1) - &2—1,/&—2(75)&“19—1@)) 5

where (}kz,k—l(t) = [¢t ri1(0), ...,(bkk ()] is the estimation of ¢y ,—1(t), p > 0 and n € (0,2) are

two tuning parameters. Moreover, the boundedness of qAb,ﬁk_l(t) was established in [37]. For ease of

the subsequent analysis, the upper bound of @, , () is denoted by BJN Le., SUPyezy | kez, Br i1 (t)’
By

In summary, the new set-point learning control algorithm named PI-ADDSPLC is given as
Algorithm 2.

In Algorithm 2, &; and &, are two small positive thresholds specified in practice. Note that
the resetting algorithms for ¢, () and 6i(f) are used to improve the parameter estimation
performance, in particular for estimating time-varying parameters, as studied in the recent papers

[27] and [29].

Remark 4 The newly developed PI-ADDSLC' scheme can be extended to the design of a PID-type
ADDSLC scheme, by rewriting a PID controller of the form ug(t) = Tpej(t) + 71 ZZ oen(d) +
mplep(t) — el (t —1)] as ug(t) = (tp+ 71+ 7p)el(t) + (11— Tp)ef(t — 1) + S22 es(i). Then the above
design can be straightforwardly applied, and hence the details are omitted.

5 Robust convergence and boundedness analysis of the PI-
ADDSPLC scheme

Nonrepetitive initial conditions and/or disturbances hinder or even jeopardize the convergence of
a data-driven set-point learning control scheme for a batch run. Moreover, it remains an open
problem in the literature to analyze the boundedness of set-point command and adaptive learning
gain, without the process modeling or any prior knowledge of the batch run. To ensure robust

IN



Algorithm 2 (PI-ADDSPLC)

Input: Initial learning gain 6y(t), gradient vector &0(15), control input ug(t), process output yo(t),
desired reference trajectory yq, PI controller parameters 70 and 7, tuning parameters n, i, p
and «, weighting factor A, user specified thresholds £; and &5, batch length N and maximum
batch number k..

Output: Process output and ATE index.

1: for k=1,2,..., kpna do
2. fort=1,2,...,N do

3: Update the gradient vector {bk,kfl(t) by (20). If ||q3kk71(t)|| < &g or sign(é&hkil(t)) #
sign($k7k_1(0)), &k,kq(t) is reset as its initial value @y (¢);
4: Update the adaptive learning gain 60, (t) by (19) with ¢}, ,(i),i = 0,1,..., replaced by

its estimation gg’,;kfl(z) and xx(t) set as zero. If |0x(t)| < 9 or sign(bx(t)) # sign(by(t)),
05(t) is reset as its initial value 0y(t);

5: Update the set-point command y;(¢) by (15) and compute the set-point tracking error
ex(t) by (14);

6: Apply the PI controller in (13) to a batch process in (1);

7. end for

8:  Compute the output tracking error ex(f) and ATE index defined by ATE(k) =

> le(t)l/N;

9: end for

convergence of output tracking error by the new PILADDSPLC scheme, sufficient conditions are
therefore established in the following theorem, which also guarantee the boundedness of set-point
command and adaptive learning gain along the batch direction.

Theorem 1 Consider a batch process described by (1) controlled by application of Algorithm 2
using (13) and (15) under Assumptions 1, 2 and 4. Then the bounded tracking objective in (2),
the bounded set-point command in (3), and the bounded adaptive learning gain in (15) hold, if the
tuning parameter o is properly taken such that

[Tl < ;L (21)
sign(Ta)) = sign(0y(1)), (22)

where © < o0 is a uniform and attainable upper bound of the learning gain Ox(t) for any t € Zy
and k € Z .

Rewriting (18) gives

er(t +1) = Ap(t)er—1(t + 1) + r1x(2), (23)
where A5 (t) £ 1 — rad),,_,(t)0;(t) and

rik(t) = — Z¢kk 1(7) Aug( )+T¢kk 1 (1) Ay (t)

t—

= i1 (t) D (AYR(F) — Aye(i)) — xa().

J

—_

I\
=)



Setting i = k — 1 and 7 = 0 in (5) leads to

Yr—1(t+1) = yo(t + 1) + ¢f_ 1 o(t)ur—1(t)

t—1 t
+Z¢k; 1,00 ue—1(j Z¢k 1o(f)uo(s)
7=0

=0 (24)

ka 1,000 [wk—1(4) — wo ()]
+ [wk—l(t) — wo(t)] + _1,0(0k—1 — d0)-
Substituting (24) into the set-point updating law in (15) gives
yr(t) = AL (O)yi 1 (t) + 2 (1), (25)
where A;(t) = 1 — arby(t)¢},_, o(t) and

rax(t) = a9k(t){eo(t + 1)+ 701 0()yr-1 (1)
t—1
— 10k_10(t) Z Yr1(8) — yr-1(2)]
=0

- Z Ph—1.0(7)ur—1(5) + Z Dh—1,0(7)u0(5)

— [wr-1(t) = wo(t)] = V51 o(Or—1 — do)

t—1

=D Vk-10(i)[wi-1(4) — wO(j)]}

=0

Meanwhile, by substituting ¢} ,_,(t) with its estimation &?k_l(t) and letting yx(t) = 0, it follows
from (19) that

P (t)
O(t) = {1 - W} B2 (1)

Pk () (26)
k
————e_1(t+1 t
where -
A pﬁk(t) 2t .
r37k<t) - )\ _|_ ﬁz(t) { - TI¢k,k 1 lzz(; Ayk Ayk(?‘)]

t—1
S G (A + msz,k_lumyk(w}.
1=0

Next, the mathematical induction is adopted to prove the bounded convergence of the output
tracking error ej(t) along the batch direction, together with the boundedness of the adaptive
learning gain 6y (¢) and the real-time updated set-point command y;(t) for any t € Zy_; and
keZ,.



Step (I). When ¢ = 0, there is

pvi(0) -,
A E0) k»'f—lmmyk(O)‘

73 (0)] = ]
< L 1718845 < .
2N e

Moreover, the boundedness of the second term in the right-hand side of (26) holds for any ¢ and
k since

D (t radt , . (t)e? (t+1
PVkA(Q) €k1<t+1)‘ < P ¢If,k 1(ejq ( )
A+ Vi (t) A+ [Ta¢27k_1(t>€k,1(t + 1)]2
| prodhus e+ -
[Tad) 1 (Der—1(t + 1)]?
_ p p
radat+ 1| = Tl
Owing to p € (0,2), it follows that
~2
P (t)
1——2 2\ <1, VteZy_, keZ,. 2
‘ A‘+’ﬁg(t) < 1, Vt € N-1, € Ly ( 8)

Also, it follows from (26) that 6;(0) is bounded for any k € Z,, satisfying supyez, |0k(0)] <
Bo(0, ) < oo, where y(0) > 0 is a finite constant.
It is easily verified that

171,6(0)] = ’T¢Z7k71(O)Ayk(O) - Xk(o)‘
< |7|BsBas + By (o) < oo

By selecting ¢ = [y(0,e), it follows from the conditions in (21) and (22) that |A5(0)] < 1 for
any k € Z., which implies that the bounded convergence of ej(1) along the batch direction is
guaranteed and satisfies

sup |ex(1)] < Be(1,0),
k€Z+

11msup |ek(]‘)’ S ﬁesup(]‘7 .)7

k—oo

where 3.(1,e) and 3, (1,e) with 3.(1,e) > 3. (1,e) > 0 are two finite constants related to the
upper bound of r (0) and hence are dependent on fa,, and fas.
Consequently, there are

| Ay (0)] = |abdk(0)er—1(1)]
S |05|66’(07.)56(17.) < 00

and
|Aug(0)] = |7(Ayz(0) — Ay (0))]

< |T| [|O‘|56(07 ’)5e(1, ') + 5&5} < 0.



Based on the boundedness of 6;(0) and e (1), it follows by using Assumptions 1, 4 and Lemma 1
that

[r2(0)] = \aek (0)]eo(1) + 76} 150} 1(0)
10(0)10(0) = [wi—a(t) — wo(0)]
ﬁk Lo(Gr 1 — 50)}‘
< [al35(0, #){ Bo(1, ) + I7Bs(lyol + B5)
+2(B, + @zﬁa)} < oo, VkE€Z,.

Using the conditions in (21) and (22) again with ¢ = £y(0, @), it follows that |.A5(0)| < 1 for any
k € Z,, and the boundedness of y;(0) follows immediately, i.e., sup,ez, [y7(0)] < 8:(0,0) < oo,
where (35(0,e) > 0 is a finite constant.

Step (II). Suppose that for any ¢ € Zr_y with T' € Zx_1, the following conditions hold

sup [0x(t)| < By(t, @) < oo, (29)
k€Z+
sup lep(t+ 1) < Be(t + 1, 0) < o0, (30)
k€Z+
keZ4
sup |y (1) < Bs(t, @) < oo, (32)
keZ,

where (y(t,e), 5s(t,®), Be(t+1,0) and e, (t41,e) for any ¢t € Zp_, are finite constants satisfying
Be(t+1,0) > [, (t+1,0) >0 and dependent on fa, and fas.
When it comes to the time t = T, it follows that

_plo(T)]
21|

T-1

+ Y Ot () Auk (i) = 76 o1 (T) Ayp(T)
i=0

rax(T)] <

T-1
kk 1 ( Z Ayp(t) — Ay (i)]
1=0

2\/—{|TI|5¢T max [|Ay;(i)] + [ Ay ()]

+ T max |Aug(i)] + IflﬁélAyk(Tn}.



Additionally, it follows from (29)-(32) that

max ]Ayk( )| < 25?%)(1( ),

iELT

JDax |Ayy(i)| < 267774 (),

max [Auy(i)| < 2|r| max {8,(i, ) + B.(i, ¢)}

i€Lr
+ max 2|nfi max {5.(j, ) + Be(j, o)}
<27+ Inl(T - 1)]
X( o1 (®) + B (e ))

where

wiei(e) £ max f,(i,e), B (0) £ max B(ie).
€L 1 1€LT 1

Therefore
(@) < 50 [2|TI|6Q;T< () O ()
+ 2|7(B38:(T, 8) + 2T 5, [|7| + |ml(T — 1)] (33)
X (Bori(e) + é‘fr?’h('))] < 00,

and hence 73 (7)) is bounded for any k € Z,, and its upper bound is related to Sa, and fas.
Based on the inequalities (27) and (28), it follows from (26) and (33) that supycz, |0k(T)| <
Bo(T, @) < 0o, where [By(T, ) is a finite constant. Consequently, it is derived that

T-1

(D) < By Y [Auk ()] + 7185| Ayn(T)] + [xu(T)]

=0
‘|'|7'1|B¢Z |AYR () + [Ayr(5)]]
7=0
< 2B,T(|7] + |m[(T" — 1))
X (G751 () + BorE (o)) + 2|7]BeBe(T, o)
+ 2|71 BT (B (0) + BIFE (o)) + By < 0.

Similarly, using the conditions in (21) and (22) with . = 55(T, ®) gives |AL(T)| < 1 for any k € Z,
which guarantees the bounded convergence of e, (T + 1) for any k € Z, i.e.
sup ex(T + 1) < BT+ 1,9),
keZy
limsup |ex(T + 1)| < Bey, (T +1,0) < (T + 1, 0),

k—o0

where (.(T'+ 1, ) and f.,,, (1T + 1, ®) are two finite positive constants dependent on Sa., and Sas.
Hence, there are

IAY(T)| = a8 (T)ex1 (T + 1)
< |alBo(T. )8.(T + 1,8) < 00



and

-1
|Aug(T)| = [TAe(T) + 71 Z Ae; (1)
i=0

< |7|[||Bo(T, @) B(T + 1, 0) + 28.(T, )]
+ 20| T (BEF (o) + BT (9)) < oo
Using the boundedness of y;_1(t) for any ¢ € Zr and ug_1(t) for any ¢ € Zr_4, respectively, i.e.

k-1 < [ya(®)] + lex—1(D)] < Ba + BT (o),
k-1 (O] < [7[(lyg-1 (O] + |ys-2(1)])
+ 7| Z[\yi_l(i)! + -1 (2)]
< (17l + (T = DInD (B (@) + Ba + BT (e)),

max

where 2% (e) £ max;ez, B.(i, ), it follows that

ras ()] < [l (T, )[BT + 1, ) + 718,50 + B2 (o))

+ Bl | T(Be71 (@) + Ba + Ber(e))
+ BT (|7 + (T — 1)|7l)
X (BT (8) 4+ Ba + B (o))

o+ 2(8 + TBBu + Bfs)| < o0,

which, together with the conditions in (21) and (22) with ¢« = Sy(T, e), guarantees |A;(T)| < 1
for any k € Z,. Therefore, y;(T') is bounded and satisfies supycz, |yi(T)| < B4(T, ), where
Bs(T, ) > 0 is a finite constant.

Hence, according to the mathematical induction, the conclusion of this theorem is true. Since
t € Zr is finite, a uniform threshold of ¢+ = max;cz, By(i,®) can be taken. This completes the
proof.

Remark 5 The parameter a plays a crucial role in the conditions of (21) and (22) in Theorem 1,
which is the only tuning parameter for the set-point learning control since both @}, (t) and Ox(t)
are iteratively estimated. Moreover, the bounded control input required by the developed DDILC
methods (e.g., [25, 26, 27, 28]) is obviously guaranteed by the new PI-ADDSPLC scheme, based
on the above designed PI controller in (13) and the boundedness of output tracking error and the
set-point command as concluded by Theorem 1.

If both nonrepetitive disturbances and initial condition shifts converge along the batch direction,
l.e.
lim [wk(t) — wk_l(t)] =0, Vit € ZN—1>
lim ((Sk - 5k—1) = 0,
k—o0

perfect output tracking could be realized despite the presence of nonrepetitive disturbances and
initial conditions, which is clarified by the following corollary.
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Figure 2: Schematic of the new IESO based PI-ADDSPLC scheme

Corollary 1 Consider a batch process described by (1) controlled by application of Algorithm
2 using (13) and (15) under Assumptions 1, 2 and the condition in (34). Then, asymptotic
convergence of the output tracking error together with the boundedness of the real-time updated set-
point command in (3) and the adaptive learning gain in (15) is guaranteed, if the tuning parameter
« is taken such that the conditions in (21) and (22) are satisfied.

Using (34), it follows from (7) that

lim yx(t) = 0. (35)

k—o0

The rest of the proof follows similar steps to those for Theorem 1, and therefore is omitted.

6 IESO based PI-ADDSPLC scheme

Although the PI-ADDSPLC scheme developed in Section 4 has the capability to maintain robust
convergence and boundedness of the resulting ILC system, the adverse effects caused by nonrepet-
itive uncertainties cannot be actively suppressed. Motivated by the time-domain ESO design in
ADRC [34], another IESO based PI-ADDSPLC scheme shown in Fig. 2 is further developed in this
section by inserting an IESO into the PI-ADDSPLC scheme to proactively estimate and counteract
Xx(t) that was not considered in the PI-ADDSPLC scheme, for better disturbance rejection but
at the cost of implemental complexity. Note that the adopted IESO can estimate the uncertainty
term x(t) along the batch direction, by only using the available process data as shown in Fig. 2
rather than any model information as required in other recent research [38].

For analysis, the following assumption is made without loss of generality.

Assumption 5 The variation of the set-point command y;(t) along the batch direction is bounded,
i.e., |[Ayp(t)| < 0 for any t € Zn_1, k € Z, where d5, > 0 is a finite constant.

By augmenting the so-called total disturbance xi(t) as an extended state in (7), it follows that

{yk(t F1) = AV (t+ 1) + ),y (1) Aug (1) + Qu(2), (36)

yk_l(t + 1) = Oyk_l(t + 1),



where C' = [1 0], Vu(t+1) = [yp(t +1) xx(t)]" and
11 1 Avyi(t)
A= o 3 2= o] mo - [0
Note that Q4 (t) is bounded for any ¢ € Zx_, and k € Z, due to the boundedness of xx(t), and is
assumed to satisfy sup,ez, | ez, [ ()| < Ba(e), where So(e) is a finite constant dependent on

Baw and Sas.
An IESO for the augmented system in (36) is designed as

Vet +1) = AV 1(t+1) + I&’;k—l(t)Auk(t)

) 37
—I—L(yk_l(t—l—l) —Cyk—l(t+1)> ; )

where L = [I; 1] is the observer gain vector, Yy (t+1) = [fs_1(t+1) Xe_1(¢)] is the estimation
of Yp—1(t+1), and ¢, (t) is the estimation of ¢ 1 (t) obtained from the parameter estimation
n (20).
By substituting ¢}, ,(i),i = 0,1,...,t and xx(t) with ¢}, ;(i) and xx(t) in (19), a new
updating law for the adaptive learning gain is established below

Ok(t) = Qk,l(t) + MX

A+ DE(t)
{6k_1(t + 1) — Qk_l(t)ﬁk(t) — )A(k(t)
1 (38)
Z 7) Auy( >+T¢kk 1 (6)Ayk(t)

=0
) t—1
— ik p 1 () Y (Ayi(i) Ayk(i))}'
=0

Correspondingly, the set-point learning law is established as

() = v 1 (1) + {ff(’”ﬁ GO 0
spSign(Cx(t)), otherwise,
where (i(t) = afy(t)er_(t + 1) and sign(-) is the sign function.
The new IESO based PI-ADDSPLC scheme is summarized in Algorithm 3.
The following theorem establishes sufficient conditions to ensure robust convergence of the
output tracking error when Algorithm 3 is applied in the presence of nonrepetitive uncertainties.

Theorem 2 Consider a batch process described by (1) controlled by application of Algorithm 3
using (13) and (15) under Assumptions 1, 2, 4 and 5. Then the bounded tracking objective in (2),
the bounded set-point command in (3), the bounded adaptive learning gain in (15) and the bounded
convergence of IESO in (37) hold, if the tuning parameter « is taken such that the conditions in
(21) and (22) are satisfied, and the IESO gains Iy and ly are selected to satisfy

2—l++/3—4ls| 12—l —+/17—4l
ax{| 1+21 2|,| ! 21 2|}<1. (40)




Algorithm 3 (IESO based PILADDSPLC)

Input: Initial learning gain 6y (t), gradient vector @y(t), control input ug(t), process output yo(t),
[ESO state )A)O(t), desired reference trajectory yq, PI controller parameters 7p and 7, observer
gains [y and [, tuning parameters 7, u, p and «, weighting factor A, user specified thresholds
€1, €2 and dgp, batch length N and maximum batch number k.

Output: Process output and ATE index.

1: for k=1,2,..., kna do
2. fort=1,2,...,N do R X R
3: Update the gradient vector ¢y, ,(t) by (20). If ||y, ()| < &1 or sign(dy,_,(t)) #
sign($k7k_1(0)), &k,kq(t) is reset as its initial value @y (¢);
: Update the IESO state YVi(t + 1) by (37);
5: Update the adaptive learning gain 6, (t) by (38). If |0, (t)| < eo or sign(0(t)) # sign(6y(t)),

01 (t) is reset as its initial value 6y(t);

6: Update the set-point command y;(¢) by (39) and compute the set-point tracking error
i (1) by (14);

7: Apply the PI controller in (13) to a batch process in (1);

8: end for

9:  Compute the output tracking error ex(t) and ATE index;

10: end for

The boundedness of x(t) for any ¢ € Zy_; and k € Z, ensures that &)M_l(t) is bounded, for
which the proof is similar to that of Theorem 6 in [39] and thus is omitted.
On setting Vi (t) = Ve(t) — Vi(t). The dynamics of the IESO estimation error is obtained as
Velt +1) = (A~ LO)Teor(t +1)
~T
+ Ly o (1) Aug () + (1),

where E;&k,k_l(t) 2 dri1(t) —q&k,k_l(t). Note that the boundedness of @y .1 (t) and gAbkjk_l(t) ensures
that &Sm_l(t) is bounded, and assumed to satisfy ||¢~>kk_1(t)\| < B; < oo for any ¢t € Zy-; and
k € Z,, where 53 is a finite constant.

Applying the PI control law in (13) to (41) gives

Vilt+1) = (A= LOYVror (t+ 1) + rap(t), (42)

(41)

where N
ran(t) = I (1) (Ayi(t) — Ayi(t))

+ TG () Y IBU0) - D)

+Iz¢kk 1 (1) Aug(5) + Qi ().

Let hi(t) = Ayi(t)/Ck(t). Then it follows that hy(t) = 1 if |((t)] < dsp, and hg(t) € (0,1) if
|Ci(t)| > dsp. Hence, the dynamics of the output tracking error along the batch direction is given
by

ek(t + 1) = AZ(t)ek—l(t + 1) -+ 7"17].3(75), (43)



where Ay (1) 21 — Tahy(t) @, 51 (1)0x(t) and ry4(t) is described as per (23).
Moreover, one has

Ye(t) = yi_1 (t) + e (t)Ch(t)
= Yp1 (t) + hi(t)abi(t)ep—1 (t + 1)
= yp_1 () + he(t)ab(t)[ya(t + 1) — yra (t + 1)],

which can be combined with (24) to give
Yr(t) = Ay 1 (1) + btz (D), (44)

where A; (1) 2 1 — athi(t)0r(t) @)1 o(t) and ro(t) is described as per (25).
It follows from (38) that the updating of 6 (¢) is given by

_ pUi(t) po(t)
O (t) = [1 - W} Op—1(t) + Tﬁ]z@)ekﬂ(t +1)
PP (1)

A+ 2(1)

(45)
+ T3k (t)

Xk(1),

where 73 () is described as per (26).

As in the proof of Theorem 1, the mathematical induction is used to prove the main conclusion
of this theorem as follows.

Step (I). Let t = 0, and it follows that

7"4,k(0) = IT%,kA(O)[Ayz(O) — Ay (0)] + 2(0).
Since Ayx(0) = yx(0) — Yx—1(0) = ok — dx—1 and sup,ez,; , rez, |Ayi(0)| < dgp, one has
74k (0)] < |7155(dsp + Bas) + Bale) < oo. (46)

Therefore, the boundedness convergence of Y;(1) is guaranteed under the condition in (40), and
hence A — LC' is Schur stable. This fact further implies that x4(0) is bounded for any k € Z,
satisfying supycz, [Xx(0)] < B;(0,8) < 0o, where 34(0,) is a finite constant related to Sa. and

Bas-
By the boundedness of x(0), it follows that

23:(0)
7”3,k(AO) - )\p_i_—ﬁgo(o)
:’5?%%3p@£gmA%m»—mmﬂ‘

< 0= (80(0.9) + I715;68s) < o0,

Xk(o)‘

which, together with the boundeness of A”f;é’a) ex—1(t+1), see Theorem 1, and the condition in (28),
k

guarantees that 0;(0) is bounded and thus is assumed to satisfy sup,cz, |0k(0)] < 55(0, ) < oo,
where [34(0, ®) is a finite constant related to Sa, and Bas. Hence




716 (0)] < 76 11 (0)Ayi(0) — Xx(0)]
< 5)((.) + |T|ﬁ¢6A5 < 00, Yk € Z+.
Using the conditions given in (21) and (22) with ¢ = 3,(0, ), it follows that |4, (0)| < 1 for
any k € Z., which guarantees that ex(1) is bounded and convergent along the batch direction, i.e.

sup |ek(1>| < /86(]‘7.)’
k€Z+

limsup ee(1)] < B, (1) < B.(1,9).

k—o00
where 3.(1,e) and S, (1,e) are two finite constants related to Sa. and Sas. As a consequence,
it follows that
1e(0)r24(0)] = [0 ()8 (0) e0(1) + 76} o(0)i1(0)

+ Gh1.0(0)u0(0) = w1 (0) = wo(0)]
_792—1,0(&@—1 - 50)}‘

< |a]G(0, ) 8(1, 8) + I718s(lyol + 55)
+ 28, + 28,65 < oo.

Using the conditions in (21) and (22) with ¢ = 34(0, ®) again, it follows that |4 (0)| < 1 for any k €
Z. Therefore, y;(0) is guaranteed to be bounded and thus is assumed to satisfy sup,cz, [y7(0)] <
Bs(0, @) < oo, where [4(0, ®) is a finite constant related to Sa, and Sas.

Step (II). Suppose that for any ¢ € Zp_; with T € Zy_1, the bounded convergence of J%(t),
0x(t), ex(t + 1) and yi(t) is satisfied and

sup |Vi(t)] < By(t, ) < oo,
kEZy

sup |01(t)| < Bo(t, ) < o0,
keZ4

sup |eg(t+1)| < Be(t+1,0) < o0,
keZ,

limsup [ex(t + 1)] < o, (t +1,0) < Bult + 1,0),

k—o0

sup [yi(t)] < (1, @) < oo,
keZy

where (5(t,e), Bo(t,e), Be(t +1,0), B, (t+1,8) and (,(t, ) are finite constants related to Sa.
and ﬁAg.
When it comes to the time ¢t = T, one has
rax(T)] < |7|85(0sp + 28577(0)) + Bale)
+ 2| BT (5571 (8) + B ()
+26;T(|7|+ [l T) (63751 (o) +BI75 (0)) < 00,
where 2% (o) £ maxiez, , Be(t,®), and hence the bounded convergence of V(T + 1) is guar-

anteed. In turn, xx(7) is bounded and is assumed to satisfy supyes, [Xx(T)| < Bi(T), ), where
B5(T,) is a finite constant related to fa, and fas.



Moreover, it follows from (45) that

raalt) = S0

2\/_{@‘( o) +2|7(B;8.(T, 8) + 2T,

(Ber=i(®) + i (o) [l + (1 + T)|n] } < 00,

X

which, together with the boundedness of {2 ”’“(t 2 Gk 1(t + 1), ensures the boundedness of 0;(T),

satisfying supyez, |[0x(T)] < Bo(T', @) < 00, Where Bo(T, ®) is a finite constant. Hence

k(1)) <

= G () Au()
j=0

— Xi(T) + T} oy (T) Ayi(T)
-1

— 71041 (T) Y _[Ayp (i) — Ay(D)]
=0
< 2TBy(|7] + || T) (BT (o) + BETE1 (o))
+ By +2[7(ByB:(T »)
+2|71| BT (B, () + B 1 (8)) < 00.

Using the conditions in (21) and (22) with ¢ = y(T', @), it follows that |AL(T")| < 1 for any k € Z,
indicating the bounded convergence of the output tracking error e (7T+1) along the batch direction,

i.e.
sup ‘6k(T+ 1)’ < ﬁe(T—i_ 17.) < 00,
keZ4

limsup lex(T +1)| < B, (T +1,0) < BT+ 1,0).

k—o0

The boundedness of e, (T + 1) together with the fact that |y,_1(i)] < Ba + B (e) and
[yi_1(2)] < BEF< (o) for any i € Zp_ ensures that

e (T) 72,6 (T')]
< |alBo(T)4 Be(T + 1, 8) + [7[By[Ba + Be(T', ®)]
+ |1 BT (B 1 (@) + Ba + 8271 (o))
+ BT (|| + (T = D)|m[] (85721 (8) + Ba + B 1 (o))
+ 2T BB + 260 + 2@@;} < 00

Based on the conditions in (21) and (22) with ¢ = (y(T,e), it follows |A;(T)| < 1 for any k €
Z.. Therefore, the bounded convergence of y;(7') is guaranteed and hence is assumed to satisfy
supgez, |Y(T)| < B(T, @), where ,(T, ) > 0 is a finite constant related to Sa, and Bas.

By the mathematical induction, the conclusion in Theorem 2 follows immediately. Since the
time duration is finite for the batch operation, a uniform threshold of ¢ = max;ez,. Gp(i, ®) can be
taken.This completes the proof.



Table 1: Parameter settings of different methods for Example 1

Parameters Proposed | IDL-AILC OAILC
Feedback controller | ¥ 0.01 K =0.15 —
T = 0.46
n=0.1 n=20.1 A=1
w=20.6 uw=0.6 =1
p=1 Mt = 1 pe = 0.001
Learning controller A=1 Mg =1 v = 0.8
a=0.7 a=3.6 Yo = 0.16
er=le—=T|eya=1le—=7| v3=0.04
e1=1le—T7|eg=1le—7| =0.01
" s Po(t) =1 do(t) =1 j(+) —
Initial conditions Bolt) = 1 Bolt) = 1 Oo(t) =1

Remark 6 The sufficient conditions in Theorem 2 ensure not only the bounded convergence of
output tracking error, the bounded set-point command and adaptive learning gain, but also the
bounded convergence of IESO along the batch direction. Moreover, the sufficient condition in (40)
for the bounded convergence of IESO is independent of those in (21) and (22), thus facilitating the
parameter tuning of IESO.

7 Illustrative examples

Two illustrative examples from the literature are used to verify and compare the new designs in
this paper with the recently developed DDILC methods. In both examples, the process models
are merely used to generate I/O data for control design.

Example 1 Consider an unknown nonlinear time-varying system studied in [21, 29]
P () + we(t), t € [0,50],

Yie (O yr =) yp (¢ —=2)ug (E—1) [yx (t—2) —1]+a()ur (t)
14y (t—1)+yi (t—2)

t € (50,100],

yk(t + 1) =
—H'Jk(t),

where a(t) = round(t/50) + 1, wi(t) = 0.2sin(t/70 + k/50) + 01 x(t) and yx(0) = —1 + &g, 61.x(%)

and Oy are nonrepetitive and vary randomly within [—0.05,0.05]. Note that the aforementioned

Assumptions 2 and 3 are obviously satisfied owing to no abrupt changes in the system inputs and

outputs. Besides, Assumption 4 is also satisfied under the above disturbances and initial conditions.
The desired reference trajectory is the same as that in [29]

0.5 % (_1)round(t/10)’ te [07 30],
ya(t +1) = < 0.5sin(t7/10) + 0.3cos(tw/10), t € (30, 70],
0.5 x (—1)round(t/10) t € (70,100].

In the case when N\ = 0.15, py = 0.75, 5y = 1, py = 0.2 and g, = 1078 in (9) and (11) for
validation, the tuning regions of the PI controller parameters are determined as Tp € [0.01,0.87]
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Figure 3: Tracking results by the new design applied to Example 1 in the absence of external
disturbances and initial shifts.

0.5
New PI-ADDSPLC design 05
— OAILC S
0.4 |- - - |pL-AILC 0.41%
r. %
w 03
= i
< I
0.2\

1 5 10 157

pLTTT - N\ ~ -
SRS n- ~- Soevt ‘
PRSPy ~ . I o~

l

40 60 80 100

S
k

20 40 60 80 100
Batch number

New PI-ADDSPLC design| |

max; o gV,
-

Figure 4: Plot of ATE indices by different methods and the set-point command assessed by

maxi<;<n-1 |ys(t)| for the new design applied to Example 1 in the absence of external distur-
bances and initial shifts.

and 11 € [0.30,0.97]. Applying Algorithm 1 with o = 0.3 and Atp = A1, = 0.01, a set of desired
PI controller parameters, 7p = 0.01 and 7; = 0.46, can then be obtained. The parameter settings of
the proposed PI-ADDSPLC' scheme are listed in Table 1. Similarly, the recently developed iterative
dynamic linearization-based indirect adaptive ILC' (IDL-iAILC) in [29] and the optimization-based
adaptive ILC (OAILC) [25] are also applied for comparison, for which the corresponding parameter
settings are also listed in Table 1. Note that the iAILC method given in [29] cannot be applied to
nonlinear processes and therefore is not considered herein.

Figs. 8 and 4 show the tracking results and the corresponding ATE indices together with the set-
point command assessed by maxi<i<n—1 |yi(t)|, respectively, in the absence of external disturbances
and initial shifts. It is seen that perfect tracking is almost realized after 20 batches by the new PI-
ADDSPLC scheme. In contrast, nearly 80 batches are required to achieve the similar tracking
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Figure 5: Evolutions of the derivative estimation qgk,k_l(t) and adaptive learning gain 0 (t) by the
new design applied to Example 1 in the absence of external disturbances and initial shifts.

precision by the OAILC design in [25], and the IDL-iAILC method in [29] leads to relatively
larger steady-state tracking error along the batch direction. In addition, the evolutions of the
derivative estimation (/zASk(t) and the adaptive learning gain 0 (t) shown in Fig. 5 demonstrate their
boundedness along both the time and batch directions, which may be used to roughly estimate a
feasible region of the tuning parameter a as (0,1.75). Therefore, it is reasonable to select a = 0.7
for implementation.

In the presence of nonrepetitive disturbance wy(t) and initial shifts yx(0), the new IESO based
PI-ADDSPLC' design is also evaluated, where the IESO gains are taken as 1 = 0.4, I, = 0.03
to satisfy the premise in (40), a constraint on Ayi(t) is set as d, = 10, and the remaining
parameters are taken as those in the nominal case. The resulting ATE indices and the set-point
command assessed by maxy<i<ny—1 |y;(t)| are shown in Fig. 6. It is seen that both the tracking speed
and steady-state tracking error by the proposed two new designs are evidently better than those by
OAILC in [25] and IDL-iAILC [29]. Moreover, further improved tracking performance is obtained
by the new IESO based PI-ADDSPLC' design compared to PI-ADDSPLC.

Example 2 Consider an industrial injection molding process studied in [8, 17, 18, 25, 35], for
which a model used to generate the process data is

yr(t + 1) = 1.607y;(t) — 0.6086y, (¢ — 1)
+ 1.239u,(t) — 0.9282uy,(t — 1) + wy(t),

where wy(t) = 10 sin(t/10 4+ k/30) + 01 x(t) and the initial process output is taken as yi(0) = day,
01,(t) and 09 Tepresent uncertain parameters randomly varying in the interval [—1,1]. It is easy
to verify that the Assumptions 2-4 are satisfied in this ezample. The desired reference trajectory is

o {190 0<i<0
YA =N 300, 51 <t < 100.
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Figure 6: Plot of ATE indices by different methods and the set-point command assessed by
max;<;<n—1 |Yp(t)| for the new designs applied to Example 1 with nonrepetitive uncertainties.

Table 2: Parameter settings of different methods for Example 2

Parameters | Proposed iAILC IDL-iAILC | OAILC
FC TTP:%“? K=1 K=1 —
1= 0.
n=0.01 n=0.01 =
p=2 =2 B
B =2 B e = 0.001
a=0.1 v1 = 0.95
a=0.1 e = le—T a=0.1 — 0.05
e =1le—7 |1 g9 =1le—7 5%—_16.—3
1= le—T7 g3 = le—T -
¢0(t) - 1 ¢0(t) - 1 A

*FC, LC and IC represent feedback controller, learning con-
troller and initial conditions, respectively.

In the case when \y =1, py=1,n, =1, py = 1 and &, = 107° are taken in (9) and (11) for
validation, the tuning regions of PI controller parameters are determined as Tp € [0.14,0.5] and
71 € [0.48,0.5]. Note that there are two groups of steady-state values of the PI controller parameters,
t.e., 7p = 0.34, 71 = 0.48 and 7p = 0.44, 71 = 0.5, due to the piecewise function structure of the
desired reference trajectory. By comparing the corresponding ATE indices when applying these two
groups of PI controller parameters, Tp = 0.44 and 171 = 0.5 are used for the set-point learning
scheme in this example.

For clarity, the parameter settings in the new PI-ADDSPLC scheme are listed in Table 2,
where the PI controller parameters indicate their steady-state values. For comparison, the recently
developed indirect adaptive ILC (iAILC) and IDL-iAILC designs in [29] along with OAILC in [25]
are also performed. The corresponding parameter settings for these data-driven control methods in



terms of the guidelines given therein are also listed in Table 2.
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Figure 7: Tracking results by the new design applied to Example 2 in the absence of external
disturbances and initial shifts.
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Figure 8: Plot of ATE indices by different methods and the set-point command assessed by

max;<;<n—1 |yp(t)| for the new design applied to Example 2 in the absence of external distur-
bances and initial shifts.

In the absence of external disturbances and initial shifts, i.e., wr(t) = 0 and y,(0) = 0, the
tracking results are shown in Fig. 7. Correspondingly, the ATE indices by different methods and
the set-point command assessed by maxi<i<n—1 |yi(t)| are plotted in Fig. 8. It is seen that perfect
tracking can be achieved after 10 batches by the new design, while the tracking speed is obviously
faster than those of tAILC and IDL-iAILC [29] and OAILC [25]. Moreover, the bounded set-point
command is guaranteed, as shown in the bottom plot of Fig. 8.

Note that the tracking error in the initial batch run by the new design s significantly reduced
in contrast to the existing iAILC and IDL-itAILC methods in [29] and OAILC method in [25].
Meanwhile, the evolutions of the derivative estimation ¢Ek(t) and the learning gain O(t) shown in



Fig. 9 well demonstrate their boundedness along both the time and batch directions. A feasible
region of the parameter o is approzimately determined as (0,0.16) based on the simulation bounds
of or(t) and Ox(t), verifying the appropriateness of choosing o = 0.1 in the new design.

Batch number Time step

Figure 9: Evolutions of the derivative estimation ng,k—l(t) and adaptive learning gain 6y (t) by the
new design applied to Example 2 in the absence of external disturbances and initial shifts.
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Figure 10: Plot of ATE indices by different methods and the set-point command assessed by
maxi<;<n-1 |yp(t)| for the new designs applied to Example 2 with nonrepetitive uncertainties.

In the presence of nonrepetitive initial conditions and disturbances, the new IESO based PI-
ADDSPLC design is also applied for comparison, where the IESO gains are taken as [y = 1 and
lo = 0.8 to satisfy the premise in (40). Meanwhile, a constraint on the batch-wise variation of
set-point command is set as dsp = 50. The corresponding ATE indices and the set-point command
assessed by maxi<i<y—1 |yp(t)| are shown in Fig. 10. It is seen that the two new designs well
maintain the robust convergence of the resulting ILC system. Also, the tracking performance is
significantly improved compared with the recently developed methods in [25] and [29]. Note that the



new IESO-based PI-ADDSPLC outperforms PI-ADDSPLC owing to the disturbance compensation.
Moreover, the real-time updated set-point command is bounded, as per Theorem 2.

8 Conclusions

For linear /nonlinear batch processes with unknown dynamics subject to nonrepetitive initial con-
ditions and disturbances, this paper has developed a robust PI-ADDSPLC scheme for batch run
optimization, based on a widely used PI control loop by only using the process I/O data. Sig-
nificantly enhanced performance is achieved from the initial batch compared to existing DDILC
methods based on the P-type feedback structure, such as the recently developed iAILC and IDL-
IAILC [29]. Robust convergence of the output tracking error together with the boundedness of
adaptive learning gain and real-time updated set-point command has been analyzed using the
mathematical induction. Moreover, by introducing an IESO into the PI-ADDSPLC, another set-
point learning control scheme of IESO-based PI-ADDSPLC has been developed to further enhance
the tracking performance in the presence of nonrepetitive uncertainties. A nonlinear numerical ex-
ample and an industrial injection molding process have been used to demonstrate the effectiveness
and superiority of the proposed two new ADDSPLC schemes. It should be noted that the new
ADDSPLC schemes are based on the classical PI control loop to construct a set-point learning sys-
tem. The extension to more advanced closed-loop control structures deserves further exploration,
in particular for nonlinear batch processes with input or output delay.
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