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Nondisturbing Extremum Seeking Control
for Multiagent Industrial Systems

Mark Haring “, Synne Fossgy

Abstraci—Industrial applications of extremum seeking
control (ESC) can be a hit and miss affair. Although a
gain in performance can be achieved, the dither applied
to excite the system causes unwanted fluctuations in the
performance of the system. The fluctuations in systems
with a single extremum seeking loop are generally small.
However, for systems with many extremum seeking loops,
the fluctuations in each loop may add up to an intolera-
ble amount of fluctuation in the total performance. In this
article, we propose a method to cancel the dither-induced
fluctuations in the overall system performance to a large
extent by smartly constructing the dither signals in each
extremum seeking loop using a centralized coordinator.
The novelty of our method lies in the direct calculation of
the dither signals that avoids the heavy computations re-
quired by other methods. Moreover, we provide a solvability
analysis for the problem of cancelling dither-induced fluctu-
ations in the total performance of the system. Furthermore,
a complete stability analysis of the overall ESC scheme with
dither coordination is given.

Index Terms—Distributed systems, dither coordination,
extremum seeking control (ESC), optimization, perturbation
methods.

[. INTRODUCTION

NDUSTRIAL applications of extremum seeking control
(ESC) can be found in sectors that encounter a large level
of uncertainty in daily operation. These uncertainties are often
caused by inconsistencies in the composition of raw materials,
such as in the process industry, or by changing environmental
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conditions, commonly encountered in the energy industry. Typ-
ical examples of industrial applications of ESC are power opti-
mization of wind turbines [8], [12], [18] and photovoltaic arrays
[71,[22], [23], oil well optimization [26], [29], and the operation
of smelting furnaces [5]. For many of these applications, the
system to be controlled can be divided into several subsystems,
where each subsystem is locally controlled by ESC. Although
controlled by individual local controllers, the subsystems may
share input resources, output infrastructure, or system-wide
constraints that must be honored while steering the control inputs
toward their optimal values. Examples of distributed ESC for
multiagent systems are presented in [9], [13], [27], [30], [39],
and [40].

Although ESC comes in many forms (see, e.g., [3], [35], and
[41] and references therein), if the uncertainties acting on the
system are large and slowly time varying, dither is commonly
used to track changes in the unknown optimal operating con-
ditions. Too large or too fast dither signals in the input may be
harmful to equipment, violate constraints, or cause unacceptably
large fluctuations in the system’s output. For individual systems
controlled by ESC, dither is often chosen to be sufficiently small
to not pose this problem, although a positive lower bound on the
amount of dither commonly exists in practice due to the presence
of measurement noise [14]. For large systems with many ESC
loops, the combined effects and consequences of the introduced
dither signals may be substantial, even if all dither amplitudes
are small. For instance, for a multiagent system comprised of
many parallel subsystems, the amplitude of the dither-induced
fluctuation in the overall output of the system may be as large as
the absolute sum of the fluctuation amplitudes of all individual
subsystems [31]. Therefore, it can be challenging to choose
suitable dither signals that are sufficiently large to ensure a
proper tracking of changes in the optimum of each individual
subsystem, and at the same time, are small enough to avoid
losses and damages due to overly large fluctuations in the overall
system output.

Previous works addressing dither signals concern mostly their
shape, frequency, and amplitude. For instance, the use case in
[36] presents results that show a relation between the size of
dither amplitudes and the achieved convergence speed. Besides,
the amplitudes should be large enough to satisfy the persistence
of excitation requirement, and thus, ensure convergence to the
optimum; see, e.g., [1] and [2]. When it comes to the dither
frequencies, an important criterion is to select them such that
time-scale separation is obtained between the dynamics of the
system, the dither, and all other time scales of the controller;
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see, e.g., [14], [20], and [33]. Performance improvement of
multiagent systems can also be achieved by reusing agent fre-
quencies that are not significantly coupled with regards to their
steady-state performance; see, e.g., [21].

Preliminary ideas on cancelling dither-induced fluctuations
in the total system input were reported in [27] for a multiagent
resource allocation problem. In that article, the cancellation is
achieved by coordinating phases of individual dither signals.
Some form of minimizing dither signal amplitudes while en-
suring an appropriate persistence of excitation condition was
presented in [2]. However, that result does not guarantee cancel-
lation of dither-induced fluctuations. The challenge of designing
dither signals to cancel fluctuations both in the total input and
total output of a multiagent system, while at the same time ensur-
ing that each subsystem is sufficiently excited, was first treated
in [31]. The solution presented in that article calculates dither
signals by solving a nonconvex, yet computationally feasible
optimization problem. The proposed algorithm implicitly coor-
dinates both amplitudes and phases of individual dither signals
to achieve minimization of dither-induced fluctuations both in
the total input and output. This approach was then successfully
applied to the case of a network of subsystems sharing acommon
constraint [32], with practical benefits demonstrated for the case
of constrained ESC optimization for an oil production system.

This article focuses on minimizing dither-induced fluctua-
tions in the total output of a multiagent system. It proposes an
algorithm for computing the dither-signals for each subsystem’s
extremum seeking controller such that the fluctuations in the
total output (defined as the sum of the outputs of individual
subsystems) are as small as possible. Considerations to avoid
rapid changes in dither signals, and to maintain a constant
excitation level in each subsystem’s input, make a complete
cancellation in total output infeasible. In contrast to the method
proposed in [31] and [32], we propose an algorithm for direct
calculation of the dither signals, which is much lighter than the
computationally heavy method proposed in these articles. Fur-
thermore, the dither signal optimizer of [31] and [32] considers
only sinusoidal dither signals, while the new proposed method
holds for a larger class of dither signals. Finally, this article
presents a solvability analysis for the problem of cancelling
dither-induced fluctuations in the total output and a complete
stability proof for each extremum seeking loop consisting of a
subsystem, an extremum seeking controller, and the dither signal
generated by the proposed algorithm.

This article is organized as follows. Preliminaries are given
in Section II. The ESC problem is presented in Section III.
Our method to solve the dither coordination problem is given
in Section IV. In Section V, an example of a stabilizing ex-
tremum seeking controller is given, which is subsequently used
in Section VI to show stability and convergence of the resulting
extremum seeking loops. Section VII presents two use cases to
illustrate our method. Finally, Section VIII concludes this article.

Il. PRELIMINARIES

The sets of real numbers, the set of nonnegative real numbers,
and the set of positive real numbers are denoted by R, R, and

R+, respectively. The sets of natural numbers (nonnegative
integers) and positive integers are denoted by N and N 4. A
scalar function o : R>g — R is said to belong to class £ if
it is continuous, strictly increasing and a(0) = 0. A continuous
function 3 : R>p X Rs>9 — R is said to belong to the class
KCL if, for each fixed s, the mapping 5(r, s) belongs to the class
IC with respect to r, and for each fixed r, the mapping 3(r, s) is
decreasing with respectto s,and 5(r, s) — 0as s — oo [19]. Let
x be a vector in R™, where n is a positive integer. The transpose
of the vector x is denoted by x”". The Euclidean norm of x is
denoted by ||x]|.

[ll. EXTREMUM-SEEKING PROBLEM FORMULATION

Consider a system consisting of N parallel subsystems. We
assume that there is no interaction between the subsystems, or
at least that the interaction between the subsystems is negligibly
small. The dynamics of each subsystem i € {1,2,..., N} are
given by a function f; : R™ x U; — R"™ such that
where x;(¢) € R™ is the state of the subsystem with dimension
n; € Nso, u;(t) € UY; is a controllable input, and t € R is
the time. The set of possible input values U/; is assumed to be a
closed interval defined by

U, = {uZ eR: Sgﬂi“ <wu; < s?lax} 2)
for some constants s < sM2%, The measured output of each
subsystem is given by

yi(t) = hi(xq(t)) + di(t) A3)
for some function h; : R™ — R, where d;(t) € R is measure-
ment noise. Due to limited knowledge about the system, we con-
sider the state x;(t) of each subsystem, the measurement noise
d;(t), and the functions f; in (1) and h; in (3) to be unknown.
Let us denote the true (noiseless) output of the subsystem by

The true output z;(¢) is measure for the performance cost
of the subsystem. The total performance cost of the system is
defined as the sum of the true outputs of all subsystems

N
2t) =) z(t). )
i=1

To achieve optimal operating conditions under steady-state
conditions, we are interested in minimizing the total steady-
state performance cost. To clarify what we mean with the total
steady-state performance cost, let us consider fixed input values
u;(t) = u;. We assume the following.

Assumption 1: For each i € {1,2,..., N} and each fixed
u; € U;, there exists a (constant) solution X;(u;) € R™ of the
dynamics in (1) such that

0 = £;(X; (i), us). (6)

In addition, we assume that the constant solution given by the
mapping X; : U; — R™ is locally attractive, uniformly on its
domain as well as in time.

Assumption 2: The following holds for
{1,2,..., N}. Let us define the closed ball

Bi(uisri) = {x; € R™ ¢ |lx; — Xy (ug)|| < i} (D)

each 1€
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centered around X;(u;) with radius r; € R~. There exists a
radius p? € R and a function By; € KL such that
1 (t) — X (i) || < B ([1%:(0) — X ()], 1)

for all x;(0) € B;(us; pY), u; € Ui, and t > 0.

Because all solutions of the subsystem that start sufficiently
close to the constant solution X;(u;) eventually converge to
it, we say that X;(u;) is the steady state of the subsystem.
In correspondence to (4), the true steady-state output of the
subsystem is given by

Zi(u;) = hi(Xi(u;)). )
Therefore, the total steady-state performance cost may be ex-
pressed as

®)

Z(w) =" Zi(u) (10)
i=1

with u = [uy, us,...,uyn]|’. In order to minimize the total

steady-state performance cost, we have to take into account all

constraints on the system. As each controllable input u; must

remain within its feasible region ; in (2), we may formulate

the optimization problem as follows:
min Z(u)
uelf

(1)
with

U= {[ul,ug,...,uN}T ERN:

(Vi€ {1,2,...,N})[sM" <uy; < s;“a"]}. (12)

However, because the function h; and the state x; (as well
as the steady-state X;(u;)) of each subsystem are unknown,
the cost function Z in (10) is also unknown. To optimize the
system’s performance despite the limited knowledge about the
system, we note that the optimizer of the optimization problem in
(11) corresponds to the optimizers of the optimization problems

min Z;(u;)

for each subsystem ¢ € {1,2,..., N}; see (10). Moreover, the
output y;(¢) in (3) is a reasonably accurate approximation of the
steady-state performance cost Z;(u;(t)) in (9) for sufficiently
low noise levels and near-steady-state conditions. Therefore, we
may minimize the total steady-state performance cost by using
N extremum seeking controllers to minimize the steady-state
performance cost of each subsystem. A depiction of the system
with IV parallel control loops is given in Fig. 1.

Let the controllers that optimize the steady-state performance
of each subsystem ¢ € {1,2,..., N} be perturbation based. Al-
though details may vary, the general idea behind a perturbation-
based controller is to excite the subsystem by adding a dither
signal to its input in order to retrieve sufficient information to
approximate the first- and sometimes, second-order derivatives
of its steady-state performance cost function Z;. Subsequently,
these derivative estimates are utilized to steer the nominal input
of the subsystem toward its optimal value using a gradient-based
[3], [35] or Newton-based [11], [25] optimizer. For simplicity,
we limit ourselves to controllers that rely on gradient-based
optimization in this work. A schematic representation of a

z21
Subsystem 1
Uy Y1
Controller 1 |q— p;
22
Subsystem 2
U2 Y2
Controller 2 |q— p,
. + z
ZN
Subsystem N
un YN
Controller N [ PN

Fig. 1. System with N parallel subsystems with ESC loops.
T T T ]
Yi ——> Gradient L.
! —» Optimizer
: estimator
Hlne
1
pi —L
e |
Controller ¢
Fig. 2. Perturbation-based controller for the subsystem

ie{1,2,...,N}.

gradient-based controller is given in Fig. 2, where ;(t) denotes
the nominal input of the subsystem and p; (¢) denotes the dither
signal. A detailed example of such a controller is given in
Section V.

A. Dither-Induced Fluctuations

Although dither is often necessary to optimize the steady-state
performance of the system, it introduces a fluctuation in the
output of each subsystem. For subsystem i € {1,2,..., N}, let
the input u;(t) of the subsystem be the sum of its nominal value
4;(t) and its dither signal p;(t) as

uz(t) = ’l},l(t) +pl(t) (14)

Assuming that the subsystem is close to steady state and that
the nominal input is much slower than the dither signal, we
obtain from a first-order Taylor series approximation of Z; in
(9) that the subsystem’s true output in (4) can be approximated
by
dz;

() + E(ﬂi(t))pi(t)'

Here, Z;(1;(t)) is the nominal value of the performance cost

and Zi £ (w;(t))p;i(t) is a dither-induced fluctuation. Because the

total performance cost in (5) is the sum of all subsystem outputs,

zi(t) = Z; (1, (15)
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Fig. 3. Fluctuation in the total performance cost.

we obtain that

EE:AZk gk (t

where the ﬁrst summation in the rlght—hand side of (16) is the
nominal value of the total performance cost of the system, and
the second summation is the corresponding fluctuation. Because
the fluctuation of the total performance cost is the sum of the
fluctuations of the outputs of all subsystems, we may have
that the fluctuation of the total performance cost is large even
if all fluctuations of the outputs of the subsystems are small.
This situation is illustrated in Fig. 3. A large dither-induced
fluctuation of the performance cost is generally undesirable
as it may lead to damaged equipment, violated constraints,
and large variations in production rates. A large performance
fluctuation may rule out ESC as a feasible optimization method
for industrial applications, especially for systems for which a
steady production rate is critical, such as energy production
systems.

Similarly to [31] and [32], we aim to minimize the fluctuation
in the total performance cost by cleverly coordinating the dither
signals of the subsystems such that the fluctuations of the outputs
of the subsystems cancel each other out instead of amplifying
each other. Our solution in the next section is simpler to com-
pute than the computationally heavy solutions in [31] and [32].
Moreover, we consider a much broader class of dither signals
than the single-frequency sinusoids used therein.

pi(t)  (16)

IV. DITHER SIGNAL COORDINATION

For any subsystem i € {1,2,..., N}, we define the dither
signal p;(¢) in (14) as the linear sum of M time-varying basis

functions, denoted by b, (wt), with j € {1,2,..., M} as
M
(t) =Y aij(t)bj(wt) (17)
j=1

where a; j(t) € R represent the corresponding amplitudes for
1€{1,2,...,N}and j € {1,2,..., M}. By scaling the input
of the basis functions by the positive parameter w € R+, we
can select the frequency of the dither signal based on the value

of w. For simplicity, the basis functions are chosen to be periodic
with common period 7' € R+ (for w = 1). In addition, they are

designed such that
1 t+T
T /t bj(r)dr =0
1,ifj=k

tJrT
*/ dT{o, i) £k

forall j, k € {1,2,..., M} andallt > 0.Hence, the basis func-
tions have zero mean and are orthogonal. Moreover, the basis
functions and their first-order time derivatives are uniformly
bounded. That means that there exist constants d,; € R+,
such that

(18)
and

19)

[b; (1) < 0 (20)

and

b (0] < 5; @1
for all t >0 and all j € {1,2,...,
basis functions can be chosen as by (wt) = v/2sin(wt), by (wt) =
V2cos(wt), bz(wt) = +/2sin(2wt), by(wt) = V2 cos(2wt),
bs(wt) = V/2sin(3wt), etc. Note that a wide class of dither
signals can be captured by (17) given that M is sufficiently
large.

Although the amplitudes a; ;(¢) may change over time, we
assume that this change is much slower than the variations in
values of the basis functions; in the time scale of the basis
functions, the amplitudes can be regarded as quasi-constant.
As a measure for the magnitude of the fluctuation of the total

performance cost [see (16)], we introduce
M

()Y ai (b (wr) | dr
j=1

t+Z
/ Z duz
(22)

where we average over one period of the basis functions to
obtain a measure that represents the average magnitude of the
fluctuation instead of its instant value. Note that

M?}. As an example, the

2

V() =

N

w [E i i
OERE= /t (Z 251(%(7»1%-(7)) dr - (23)

if the amplitudes a; ;(¢) and the grad1ents £ (1;(t)) are slowly
time varying with respect to the basis functlons of the dither
signals. Using the approximation in (23), (¢) is zero if the
fluctuation of the total performance cost is zero, and positive
otherwise. Utilizing the orthogonality property of the basis
functions in (19), we obtain from (22) that

M 2
Z( e (t))a”(t)>. e
i=1

Jj=1

v(t) =

‘;5: (1;(t)), we aim to keep the fluctuation
in the total performance cost at a minimum by selecting suitable
amplitudes a;;(t) that result in a low value of the measure ~(t).
However, the selection of amplitudes should not have a profound
effect on the optimization of the steady-state performance of
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each subsystem 7 € {1,2,..., N}. Motivated by the stability
analysis in Section VI, the following three important require-
ments must be met when selecting the dither signals.

1) For a robust optimization process, there must exist a
uniform positive lower bound on the level of excitation
provided by the dither signals in order to estimate the
gradlent " (1;(t)) that is required for the optimization
of the steady state performance of each subsystem; see
Section III.

2) All dither signals are required to be small; large dither
signals result in inputs with large oscillations around
their performance-optimal values, which may lead to a
substantial performance loss on average.

3) The rate of change of all dither signals must be small for
each subsystem to remain close to steady-state operation.

Despite these three requirements, there is a large freedom in
selecting the amplitudes a;;(t) in (17). If the amplitudes of the
dither signals are slowly time varying with respect to their basis
functions, the level of excitation provided by the dither signals
is given by

+7
w / P2 (7)dr ~ Zaw (25)
for all t > 0 and all ¢ € {1,2,...,N}, see (17) and (19). To
satisfy the first requirement, we fix the level of excitation of
each dither signal as

M
Z a?j (t) = v? (26)
j=1

forallt > 0and i€ {1,2,...,N}, where v € R is a con-
ii(t)] <wv for all t>0,
i€{1,2,...,N},andj € {1,2,..., M}, and because all basis
functions are uniformly bounded [see (20)], the second require-
ment is also satisfied by choosing a sufficiently small value of
v. From (24), it follows that y(¢) is a function of the dither
amplitudes a;;(t) dZi £(@;(t)). We aim to find
(uZ (t)) to the amplitudes a;; (t)
that lead to a small value of ’y( ) t) for each possible set of gradient

values. Foreachi € {1,2,..., N}andeachj € {1,2,..., M},
let this mapping be denoted by 4;; : RY — R as
aij(t) = Aij (82(1)) 27)
with
g7(t) = [ (in(1) 2Z(aa(t) - La(an()].
(28)

We assume that each mapping is defined such that the fixed-
excitation condition in (26) is satisfied for all possible gradient
values. To satisfy the third requirement, we additionally assume
that each mapping is globally Lipschitz so that

|aij (1) < La &2 (@) (29)
for some Lipschitz constant L4 € R~. In this case, the rate
of change of all dither signals can be made arbitrarily small by
tuning the extremum seeking controller of each subsystem such
that the rate of change of all gradients is small, and by choosing
a small value of w such that the basis functions b;(wt) of the
dither signals are slowly time varying; see (21). We note that the

Zij (11;(t)) are not known. However, as mentioned in
Section III, for each i € {1,2,..., N}, the extremum seeking
controller of the subsystem ¢ contains a gradient estimator that
produces an estimate of ‘;Z L (@;(t)) to optimize the performance
of the subsystem. This estimate is also used for computing the

dither amplitudes.

A. Theoretical Lower Fluctuation Bound for a Fixed
Excitation Level

As a benchmark for the reduction of the fluctuation of the
total performance cost that can be achieved with the described
approach, we determine the theoretical minimal value of (¢) for
any (not necessarily Lipschitz) mappings in (27) that satisfy the
fixed-excitation condition in (26). This theoretical lower bound
on the value of y(t) is given in the following lemma.

Lemma 3: Let M > N — 1. Consider any gradients
% (4;(t)) € Rforalli € {1,2,..., N}. Let us renumber the
subsystems. Foralli € {1,2,..., N} andall ¢t > 0, the number
Z(i) = Z(i,t) corresponds to the number of the subsystem
with the ¢th largest gradient. Hence, we renumber the subsys-

tems such that | 522 (70, (£))] > [ 922 (i ()] > -+~ >

d’U,Z duz( 2)

| dZI(N)
duz(n)
the minimal value of ~y(¢) that can be achieved for any (not
necessarily Lipschitz) mappings of the dither amplitudes is given

by

(tiz(n)(t))|. Under the fixed-excitation condition in (26),

v(t) = max{O
dZzq) - N dZr
( dugy) (i) t))‘ N ; duz () (tizi) (1)) u}.
(30)

Proof: See the Appendix A.

It follows from Lemma 3 that a zero total fluctuation can
only be achieved whenever the magnitude of the largest gradient
is smaller than or equal to the sum of magnitudes of all other
gradients. Only in that case, it is possible to choose the dither
amplitudes such that the fluctuations of the performance cost of
individual subsystems cancel each other out. If the magnitude of
the largest gradient is larger than the sum of all others, complete
cancellation is not possible under the fixed-excitation condition
in (26). The smallest fluctuation of the total performance cost
can then be achieved by cancelling out the fluctuation of the
performance cost of the subsystem with the largest gradient as
much as possible by choosing the same perturbation with an
effective opposite sign for all other subsystems. This approach
results in the minimal value of v(¢) in (30).

The mappings of the dither amplitudes that correspond to
the minimal value of ~y(¢) in Lemma 3 are discontinuous, and
therefore, not globally Lipschitz. These discontinuities occur at
the zero crossings of the gradient values. Alterations to obtain
globally Lipschitz mappings are described in the next section.
Note that these alternations inevitably lead to a larger value of

v(t).
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B. Dither Coordination Method

In this section, we present our solution to the dither coordi-
nation problem. Our method requires that the number of the
basis function M is equal to the number of subsystems N.
Let Z(i) denote the numbering of the subsystems from the
largest to the smallest gradient value, as in Lemma 3. For each
1,7 € {1,2,..., N}, let us define the mappings

Aziyz() (82 (1))

_ [0+ Sena ), iti=i
= 0
—Sij (t) Zk:max{i,j} riix{kékl 1} if i 7&
where the nonnegative function ¢y;(t) is given by
T O a5, ) > 0
prilt) = { T o @) O (32)
dz
L i 92242 (i (1)] = 0
foralli < k < N, where the nonnegative function y; (¢) is given
by
dZz)
() = 1—a iz (D)), 0 33
() = v {1 = | 80 i) 63)

foralli € {1,2,..., N} and some shape parameter A; € R+,
and where the function s,;(¢) is given by

(A2 (A2
s (1) = sen (52 i 1)) s (22 1)
(34)
with
1, ifr<0
sign(r) =40, ifr=0 (35)
1, ifr>o0.

Due to the difference in magnitude of the gradients, the dither
amplitudes of the various subsystems may have different effects
on the fluctuation of the total performance cost. The function
©ki(t) in (32) is introduced to counteract these differences. To
ensure that the fluctuations cancel each other out instead of
amplifying each other, the function s;;(t) in (34) is introduced
to give each amplitude the appropriate sign. In addition, to
guarantee that the resulting dither signals satisfy the excitation
condition in (26), we define the scaling parameters & (1) € Rx
forall k € {1,2,..., N}, such that

N
(Azyri) (82(1)" =1 (36)
Jj=1

for all i€{1,2,...,N}. We note that, for each i€
{1,2,...,N}, (36) is quadratic in the parameters &y (¢) for
all k > 4. The values of & (¢) are the nonnegative (analytic)
solutions of these equations, and can be computed in a recursive
manner starting at £k = N. If all gradients are large, then x;(¢)
in (33) is equal to zero for all ¢ € {1,2,..., N}. Without the
function x;(j) in (33), the mappings in (31) are not globally
Lipschitz (similar to the optimal mappings in Lemma 3). With
xi(t), it can be verified that the mappings of the dither ampli-
tudes in (31) are globally Lipschitz for any positive value of the
shape parameter A;. By substituting a;;(t) = A;;(gz(t)) into

(24), we obtain that

y(t) = ((iiiigi; (i) (1) (& (6) + xa (1))

iz ()X <t>)2>2

Jj=2

2 N-1
< —_— 7
_<\/ \+m%>u (37)

for all t > 0 and any set of gradient values. This indicates that,
for large values of A1, the mappings A;; in (31) result in a small
total fluctuation that is reasonably close to the minimal total
fluctuation computed in Lemma 3, while selecting a small value
of A; may lead to a significant increase in total fluctuation of
the performance cost. However, the resulting global Lipschitz
constant is large for small values of A;. As a result, this may
require that the extremum seeking controller is tuned very
conservatively to make gradients sufficiently slow to satisfy the
third requirement in Section IV. Hence, there is a tradeoff to be
found between maximizing the optimization speed of the total
performance cost and minimizing its fluctuation when selecting
the parameter A;.

Although the mappings in (31) are not optimal, it should be
noted that the worst-case fluctuation of the total performance
cost for the mappings in (31) is equal to and often much smaller
than the worst-case fluctuation for fixed dither amplitudes. This
claim is easy to prove by noting that, for any dither amplitudes
that satisfy the excitation condition in (26), there exist gradients

such that
(@1 <>>)2>u

and that the right-hand side of (38) is equal to or larger than
the equality (but not necessarily the inequality) in (37); see the
definitions of y;(¢) and & (¢).

As mentioned in Section IV, estimates of the gradi-
ents need to be used because their true values are un-
known. Let the vector of gradient estimates be denoted by
82(t) = 1921(t),Gz2(t), ..., gz n(t)]". Although the true
gradient values may be slowly time varying, their estimates may
not be. To guarantee that the estimates are sufficiently slow, we
propose the following rate limiters:

gZ,z(t))> (39)

(ﬁz,i(t) — s (g2(1)

N
* Z (d“I(J)

dZI(l) (
du1<1)

ize1y(t))

(38)

L(L]Z’Z' (t) = )»2 sat
Ao

fori € {1,2,..., N}, with

-1, ifr< -1
sat(r) =< 1y, if-1<r<1
1, ifr>1

where Ao and A3 € Ry are tuning parameters. Note that
|Gz,i(t)] < Agforallt > 0.Hence, Ao determines the upper limit
on magnitude of the time derivative of gz ;(¢). The value of the
parameter A3 should be large so that gz ;(t) converges fast to
the gradient estimate gz ;(t) whenever |Gz ;(t)] < As.

(40)
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The dither amplitudes that are used to attenuate the fluctuation
of the total performance cost are thus given by

a;;(t) = Aij (8z(1)) (41)
withgz(t) = [§z.1(t), §z2(t), ..., Gz~ (t)]T. Note that, for all
i,j € {1,2,..., N}, thefollowing bound on the time derivatives

of the dither amplitudes can be given:

laij(t)] < AoLla (42)

where the parameter A is defined in (39) and L 4 is the global
Lipschitz constant of the mappings in (31).

V. EXTREMUM SEEKING CONTROLLER

The proposed dither coordination method can be applied to
new and existing ESC schemes; see Section I1I. We introduce the
following controllers as an illustration. For each subsystem 4 €
{1,2,..., N}, let us consider the following gradient estimator,
similar to the one in [15]:

i (t) = n(y:(t) — my(t))

G1i(t) = —n(pi(t) + qui(t)) + ()
2.4(t) = 0a2.:(6) (1 = (i) + a1,6(1)) "2 (1))
92:(t) = n(pi(t) + q1i(t)) g2 (t)
X (yi(t) —mi(t) — (pi(t) + q1.i(1)) Gz.4(t)). (43)

Here, §z,;(t) € R i 9Zs (1 (1))
The signals m;(t),q1,:(t) € R and g2 ;(t) € R are internal
variables of the gradient estimator. The tuning parameter 1 €
R is chosen sufficiently small, such that the variable g1 ;(¢)
remains close to zero and the time variations in the (positive)
variable ¢ ;(t) are small. Let the optimizer for each subsystem
be given by

ﬁl(t) = —Kq proj,;(sat(k2gz,q(t)), 4 (1)) (44)

where k1 and ko € Rs are tuning parameters. The function
proj; is the projection operator that confines 4;(t) to a set
U; C U;. From (17), (20), and (26), it follows that there exists a
constant ¢,, € R such that

Ips ()] < vep (45)
N} andall ¢ > 0. By defining the set U; as
— ch} (46)

we ensure that, if @;(t) € U;, then u;(t) € U;. Here, we assume
that v is sufficiently small, such that the set I/; is nonempty. The
projection operator proj, can now be defined as

foralli € {1,2,...,

U; = {ﬁl eER: s?linJerp <y < st

0, ifa; > "™ —wve, and r; > 0
orif i; < s 4+ ve,andr; <0 (47)
r;, otherwise

forall i € {1,2,..., N}. In the next section, we prove asymp-
totic stability under suitable conditions for each closed-loop sub-
system consisting of the subsystem in (1) and (3), the controller
in (43) and (44), and the dither signal in (17) with the amplitudes
in (41).

proj; (ri, ;) =

VI. STABILITY ANALYSIS

In order to proof convergence of each extremum seeking loop,
we require that true steady-state output of each subsystem given
by the mapping Z; in (9) has a unique minimum that corresponds
to the optimal performance.

Assumption 4: Foreachi € {1,2,..., N}, there exist a con-
stant u; € U; and a function iz ; € K such that

dz;
(ui - uz) d

for all u; € U;. Hence, u; is a unique minimizer of the function
Z; in (9) on the domain U; in (2).

Assumption 4 implies that, from any initial condition u;(0),
we will end up at the optimal value u; as long as we follow
a gradient-descent path with the gradient-descent optimizer in
(44). In addition to Assumption 4, we require that all functions
are sufficiently smooth on their relevant domains. In order to
define the relevant domain of the state vector x;(t), let us
introduce the set

(uz) > az(lui —uil) (48)

Uj

X; = U Bi(ui; pi)
wuq; €EU;
where B;(u;; p;) is the closed ball defined in (7) and p; =
Bxi(p?,0), with By; and p? defined in Assumption 2. We note
that &; is compact because the set U/; in (2) is a closed interval.
We assume the following.

Assumption 5: The following holds for each ¢
{1,2,...,N}. The function f;(x;,u;) in (1) is twice
continuously differentiable in x; on A; and in w; on U;.
The function h;(x;) in (3) is twice continuously differentiable
in x; on X;. The mapping X;(u;) of Assumption 1 is twice
continuously differentiable in u; on ;.

With these assumptions, we are able to prove asymptotic
convergence of each extremum seeking loop to a small region
of the optimal steady-state conditions, and give a bound on the
gradient estimation error.

Theorem 6: Foranyi € {1,2,..., N}, suppose that the mea-
surement noise d;(¢) in (3) is uniformly bounded, i.e., there
exists a constant b; € R+, such that

|di ()] < ba

for all ¢ > 0. Under Assumptions 1, 2, 4, and 5, there exist con-
stants €1, €,...,67 € Ry and class-K functions «,, and oy,
such that for all initial conditions x; (0) € B;(u;(0);e€1),;(0) €
Ui, mi(0),2.i(0),72:(0) € R, q1,4(0) = 0 and ¢2,4(0) = &,
and for all parameter values v < €2, w < €3, N < wey, K1 <
nres, A < €6, Ao < nrer and ko, As € R, we have that the
solution of the closed-loop system of the subsystem in (1) and
(3), the controller in (43) and (44), and the dither signal in (17)
with the amplitudes in (41) are uniformly bounded. Moreover,
we have that

(49)

(50)

lim sup max {|uz(t) —ull,
t—o0

. dz;
ds(0) - (st}
o (vw) - |di(t

7
< limsup a,, | maxq v, , .
t—o0 v 14

Proof: See Section VI-A.

(51)



HARING et al.: NONDISTURBING EXTREMUM SEEKING CONTROL FOR MULTIAGENT INDUSTRIAL SYSTEMS

1499

We note that we can make the bound in the right-hand side
of (51) arbitrarily small in the absence of the disturbance d;(t)
by choosing small values of v and w. In the presence of the
disturbance d;(t), the bound cannot be made arbitrarily small.
However, boundedness of the solutions can still be guaranteed.
This stability result is similar to the ones in [14, Corollary 13]
and [16, Th. 14].

A. Proof of the Stability Result

We begin the proof of Theorem 6 by deriving a bound on the
magnitude of time derivative of the input u;(¢). We obtain from
(14) and (17) that

ia(t) = (1) + Y (s (b () + wagg (O (1)) (52)

where we have used that M = N for the dither coordination
method in Section IV-B. From (20), (21), |a;;(t)| < v in (26),
(42), \ﬁz(t)| < K1 in (44), and the bounds on the parameters in
Theorem 6, it subsequently follows that

(53)
for all ¢ > 0, all n < wey, all k1 < nres and all Ay < Nrey
(where L 4 in (42) is a global Lipschitz constant of the mappings
in (31) for all A; < €g, for any given value of €g).

Now, let us focus our attention to the state of the subsystem
in (1). Assumption 2 ensures convergence of the state x;(t) to
the steady state X;(u;) for fixed inputs u;. In the following
lemma, we prove convergence to a neighborhood of the steady
state for time-varying inputs w;(¢). Note that the size of this
neighborhood depends on how fast the input u;(¢) changes over
time. Therefore, to ensure convergence to a small neighborhood,
we must make sure that the time derivative of u;(t) is sufficiently
small.

Lemma 7: Let us define

Xi(t) = x;(t) — Xi(u;(t)). (54)
Under the assumptions of Theorem 6, there exist class-/C
functions a1 and axe, such that the solutions of (1) satisfy

sup (1) < max{ax1<|ii<0>||>,stggax2<mmn} (55)

| (t)] < wrey

and

limsup ||X; ()| < limsup axa (], (¢)]) (56)
t—00 t—o00

for all initial conditions x;(0) € B;(u;; €1), where the values of
€1, €2, €3 > 0 are sufficiently small to guarantee that x;(t) € X;
forall t > 0, all ¥ < ey and all w < €3 by using the bound on
1;(t) in (53).

Proof: The proof of the lemma follows similar lines as the
proofs of [37, Prop. 2] and [14, Lem. 8]. In short, first a
converse Lyapunov theorem (e.g., [24] or [19, Th. 4.16]) is
used to show that there exists a Lyapunov function for fixed
inputs u; (t) = u;. Subsequently, this Lyapunov function is used
to prove the input-to-state stability of the subsystem with respect
to the time derivative ;(t) of the input; see (55) and (56). For
the construction of the converse Lyapunov function, we require
that the functions f; and X; are Lipschitz on their domains.
This is satisfied due to the differentiability of the functions (see

Assumption 5) and the compactness of the sets X; and U/;. Further
details of the proof are omitted for brevity.

The state error X; () in (54) influences how close the measured
output y;(¢) in (3) of the subsystem is to the true steady-state
output Z;(u;(t)) in (9). Let us define the measurement error

Gi(t) = yi(t) = Zi(ui(t)). (57)
Becausex;(t) € A;andu,(t) € U; forallt > 0 (see Lemma7

and Section V), it follows (3), (9), and Assumption 5 that there
exists a constant c; € R, such that

19: ()] < ell%a (@)1 + 1di (D)) (58)
forall ¢t > 0.If X;(¢) and d;(¢) are small, then the measurement
error ¢;(t) is also small and the measurement output y;(t) is
approximately equal to the true steady-state output Z;(u;(t)).
In turn, the signal Gz, (¢) produced by the estimator in (43) is
an accurate approximation of the gradient ‘;Z L (u;(t)), as shown
next. '

Lemma 8: Let us define

32:(0) = d2.400) — 22 (i 1).

K2

(59)

Under the assumptions of Theorem 6, there exists a constant
cg € Rs, such that the solutions of the estimator in (43) are
uniformly bounded and satisfy

it
limsup |§z,:(t)| < limsup max {m y()} 5 (60)
t—o0

t—00 v
for all initial conditions m;(0) € R, §z,(0) € R, ¢1,;(0) =0
and ¢2;(0) = %, and all parameter values ) < wey, k1 < Nre;
and Lo < nrer, with sufficiently small e4, €5 > 0.

Proof: See Appendix B.

Using an accurate gradient estimate, the gradient-descent
optimizer in (44) steers the nominal input @;(¢) to a small
neighborhood of the value

smin 4 vey, ifu) < smin Ve,
0! : if ul € U

U; = § uj,
max 1 * max
s — ey, ifuy > 577 — v,

(61)

see Assumption 4 and the definition of the set Zfli in (46). We
obtain the following result.

Lemma 9: Under the conditions of Theorem 6, there exists a
class-/C function a;, such that the solutions of the optimizer in
(44) are uniformly bounded and satisfy

lim sup |4, (t) — 4| < limsup aq(|gz.:(t)]) (62)
t—o0 t—o0
for all initial conditions ;(0) € Z;{i, and all parameter values
k1 < nres and ko € Ryg.

Proof: Due to the use of the projection operator in (47), we
have that the nominal input satisfies @;(t) € U; for all ¢ > 0,
whenever ;(0) € U;. Thus, all solutions of the optimizer are
uniformly bounded. Heavily relying on Assumption 4, the proof
of the lemma follows similar lines as the proof of [37, Prop. 1].
Details of the proof are omitted for brevity.

It follows from (61) that |u — @}| < vc,. Therefore, we
obtain using (14) and (45) that

lui (t) — wi] <|a;(t) — a;| + 2ve, (63)
for all ¢ > 0. Note that all solutions of the extremum seeking
scheme are bounded under the conditions of Theorem 6. The
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TABLE |
PARAMETERS OF THE PHOTOVOLTAIC ARRAY MODEL
Parameters Descriptions
Tr = 298.15K Reference temperature
Is =5.61A Reference short-circuit current at 7.

Ip=1.13-10"%A
k; =1.96-10734/K
N =1.81
Ey = 1.16eV
kE=1.38-10"2J/K
¢g=1.60-10"12C

Nominal reverse saturation current at 77
Short-circuit current temperature coefficient
Ideality factor
Bandgap energy for Silisium
Boltzmann constant
Charge of an electron

ng =72 Number of photo-voltaic cells in series
Rs =2.83-1073Q Series resistance
R, =8.7Q Parallel resistance
C. = 1mF Converter’s capacitance
L. =5mH Converter’s inductance
R, =20 Converter’s resistance

existence of the bound in (51) follows from (53), (56), (58), and
(60)—(63).

VII. EXAMPLES

A. Power Production of Solar Arrays

Consider three photovoltaic arrays with ng cells in series
affected by different sun light and temperature conditions. Ac-
cording to the model presented in [38], the light generated
current ¢4 and the reverse saturation current ,, in a photovoltaic
cell with temperature 7" and solar irradiance .S can be described
as

o= (Lo k(- T)) o

3 Zg (l _ 1)
19 = I (Tl) e AT ;
where the parameters of the equations are given in Table I. The

corresponding output current ¢ of a photovoltaic array with n
connected cells in series is
v+ 1Rsng
) - vt
Ryns

where v is the output voltage. A dc—dc buck converter is used
to connect each array to a dc load. The converter dynamics are
represented by the model in [23] as

C.o=1i(v;T,S) —iru

kT
V= —
q

(64)

. . . v+iRsns
1 =13 — 10 |e NVins

(65)

L.ip = —ipRe + vu (66)

where i(v; T, S) is the nonlinear mapping from the duty cycle u
to the output current. This mapping can be computed from (64)
and (65).

Three photovoltaic arrays are simulated for the temperatures
T and irradiances S given in Table II. A subscripti € {1,2, 3}
is used to distinguish between the three arrays. The steady-state
relation between the duty cycle and the power output of each
array is depicted in Fig. 4. To maximize the total produced power,
we apply the extremum seeking controllers in Section V to each
of the photovoltaic arrays. Here, we use the negative of the power
as a measure for the performance cost

y(t) = ~P(t) = —i(t)(t). ©7)

TABLE Il
TEMPERATURE AND IRRADIANCE CONDITIONS FOR EACH PHOTOVOLTAIC
ARRAY, AND CONTROLLER SETTINGS

Parameters Descriptions
T = 296K Temperature of first array
S1 = 500Wm—2 Solar irradiance of first array
To = 295K Temperature of second array
So = T50Wm =2 Solar irradiance of second array
T3 = 298K Temperature of third array
S3 = 1000Wm 2 Solar irradiance of third array
v =0.01/ V3 Level of excitation in (26)
w =10 Dither parameter in (17)
n=2~8 Parameter of estimator in (43)
k=1 Parameter of optimizer in (44)
ko =7-10"° Parameter of optimizer in (44)
A1 = 0.01 Parameter of dither coordination in (33)
A2 = 200 Parameter of rate limiter in (39)
Az = 1000 Parameter of rate limiter in (39)
b1 = \/gtri(4wt) First basis function dither
by = V/3tri(5wt) Second basis function dither
by = v/3tri(6wt) Third basis function dither

250

—PV1

200

150

B%~100

50

50 A A A A )
0.4

u;

Fig. 4. Steady-state mappings of the effect of the duty cycle u; on the
produced power P; for the three photovoltaic arrays i € {1,2,3} with
different environmental conditions.

We apply the dither coordination method in Section I'V-B to
minimize the fluctuation of the total produced power. The base
functions of the dither signals and the controller parameters are
presented in Table II, where tri(-) is the triangle wave function
defined in [36]. We constrain the duty cycle of each array to be
between 0.45 and 1. Therefore, two out of the three arrays are
not able to produce at their peak values in Fig. 4. As a reference,
we compare the results for the varying coordinated dither signals
with those of fixed dither signals (where the amplitudes of the
dither signals do not change over time). The fixed dither signals
have the same basis functions and effective amplitude as the
varying dither signals.

We observe from the simulation results in Fig. 5 that each
extremum seeking controller steers the duty cycle w to its con-
strained optimal value. As a result, the power output P of each
photovoltaic array goes to its constrained maximum. All optimal
values are indicated by the dashed lines in Fig. 5. The figure
shows the results for the varying dither signals. Due to their
large similarity, the corresponding results for the fixed dither
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Fig. 5. Duty cycle u; and power output P; of each photovoltaic array Fig. 7. Dither amplitudes a;; for each photovoltaic array 7 € {1, 2, 3}.

i € {1, 2,3} for the varying dither signals. The dashed lines correspond
to the constrained optimal values.

450 } PRI
— 400
Z. 350

r 340 W

2 300

P 320

250 6 6.5
5 10 15 20 25

Fig. 6. Total power P and fluctuation measure ~ for the three pho-
tovoltaic arrays with fixed dither signals and with varying dither signals.
The blue lines correspond to the varying dither signals. The red lines
correspond to the fixed dither signals. The dashed line corresponds to
the theoretical lower bound on ~ in Lemma 3.

signals are omitted. The main difference between the varying
dither signals and the fixed dither signals is showcased in Fig. 6;
the fluctuation in the total power P, of the three arrays is
visually much smaller for the varying dither signals with dither
coordination than for the fixed dither signals without dither
coordination. Due to the smaller fluctuation, we see in Fig. 6 that
the value of the fluctuation measure ~y in (24) is much smaller
overall for the varying dither signals than for the fixed dither
signals. Moreover, after the transient response has died out in
the first two seconds, the value of ~y for the varying dither signals
remains close to the theoretical lower bound derived in Lemma 3.
This lower bound is indicated by the dashed line in Fig. 6. Fig. 7

: : E> rt
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| Processing Facilities|
Risers

Ol Production (t)
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Power
Generation

. Power lines

Fig. 8.
platform.

ESP-lifted wells with diluent injection producing to an offshore

presents the dither amplitude a;; that are used to compute the
varying dither signals. Note that there are no rapid changes in
the values of a;;, which is one of the three requirements in
Section IV. Thus, the proposed dither coordination method in
Section IV-B is able to drastically reduce the fluctuation in the
total produced power, even in the presence of dynamics and local
input constraints.

B. Power Optimization in Electric Submersible Pump
(ESP)-Diluent Lifted Wells

In this example we consider oil wells equipped with ESPs
[34] installed several hundred meters down in the well. High
viscosity of the reservoir fluid (consisting of viscous oil and
water) increased by emulsion formation at the ESP, significantly
reduces ESP efficiency and increases its power consumption.
To reduce the ESP power consumption, diluent (lighter oil)
is injected upstream the ESP [10], [26]. A diagram of this
production system for the case of several wells is shown in Fig. 8.

In the initial phase of oil production, when the percentage
of water in the reservoir fluid is low, increasing the diluent
injection rate initially reduces the ESP power consumption;
after a certain optimal rate, it starts to increase the ESP power
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consumption. The objective of diluent optimization is to find
the optimal diluent injection rate that provides a minimal power
consumption for the given ESP intake pressure setpoint.

Due to high uncertainties (emulsions can increase fluid vis-
cosity up to six times [28]), extremum seeking control is a
proper optimization tool to address this problem. However,
dither-induced fluctuations in ESP power consumption from
several ESP-lifted wells can add up to formidable power fluctu-
ations negatively affecting power generators on the oil platform.
The dither coordination method presented in this article can be
applied to reduce these power fluctuations.

For simplicity, we present a static model of an ESP lifted well,
which is derived from the dynamic model in [4]

Din = Pwh + pgh + Apy — Ap,
qr = PI(pr 7pbh)
Qp = qr + qq

o= o () (£)

P =Cp(p)Py (Cﬁgf) (J€)>3 <ppo> (68)

where py, is the ESP intake pressure; pyy is the well-head pres-
sure; pgh is the hydrostatic pressure at the ESP intake for a given
fluid density p and a vertical distance h; Apy is the frictional
pressure loss (calculated based on the Darcy—Weisbach and
Colebrook equations [17]); and Ap, is the pressure increase
yielded by the pump. The production rate of the reservoir fluid
qy 1s calculated as a product of the productivity index P/ and the
difference between the reservoir pressure p,. and the pressure pyy,
at the bottom of the well. The total flow rate through the pump g,
consists of the reservoir inflow rate ¢, and the diluent injection
rate qq.

The pressure increase provided by the ESP Ap,, and the ESP
break horse power P depend on the pump speed f, flow rate
through the pump ¢,, the fluid density p, and the viscosity u.
Ap, and P are calculated from the pump characteristics Hy(q)
and Py(q) corresponding to the pump performance at the pump
speed fy, the flow rate g, the fluid density pg, and the viscosity
p=1cP. The terms Cy (1), Co(p), and Cp(p) are viscosity
correction factors for using the model with fluids of higher
viscosities; see [4] for more details on the model.

Diluent injection enters the model through the diluent injec-
tion rate qq, the fluid viscosity p, and the density p, which is
calculated by mass balance equations from the densities and
flow rates of the reservoir fluid and the diluent. The viscosity
of the diluted fluid p is calculated using formulas for oil-water
emulsions from [6]. The effect of diluent depends on the water
cut WC—The percentage of water in the reservoir fluid.

The ESP speed f is controlled by a proportional-integral
controller that keeps ESP intake pressure pi, at a set-point p;”,
and thus, provides a constant inflow rate of the reservoir fluid
consisting of oil and water.

260
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Fig. 9. Steady-state mappings describing the effect of the diluent
injection u; on the ESP power P; for the three wells i € {1, 2,3}, with
WC =32%, 40%, and 35%, respectively.

TABLE Il
CONTROLLER PARAMETERS
Parameters Descriptions
v= 10/\/5 Level of excitation in (26)
w=0.1 Dither parameter in (17)
n=>5 Parameter of estimator in (43)
k1 = 60 Parameter of optimizer in (44)
ko = 0.1 Parameter of optimizer in (44)
A1 = 100 Parameter of dither coordination in (33)
A2 =5-10"° Parameter of rate limiter in (39)
A3 =5-10"6 Parameter of rate limiter in (39)
b1 = v/2sin(3wt) First basis function dither
b = v/2 cos(3wt) Second basis function dither
bz = v/2sin(4wt) Third basis function dither

Based on the presented model, we calculate the curves de-
scribing the effect of diluent injection on the ESP power con-
sumption for three identical wells with different water cuts:
WC=32%, 40%, and 35%, respectively, as shown in Fig. 9.
Numerical values for these curves are taken from [4] with
the additional parameters being: the viscosities and densities
pg = 1cP and pg = 800kg/m® of the diluent, p, = 125 cP
and p, = 970 kg/m® of the oil, and s, = 1 cP and p,,
1000 kg/m? of the water. In reality, these curves, apart from be-
ing convex, are highly uncertain due to inaccurate pump models,
uncertainties in reservoir fluid properties and a varying diluent
mixing efficiency at the ESP. Extremum seeking control is,
thus, a suitable method to find the optimal diluent injection rate
[26], although one needs to avoid or reduce the dither-induced
fluctuation in the total ESP power consumption.

This can be achieved with the method presented in this article.
The basis functions and parameters for the extremum seeking
controller are presented in Table III. The basis functions have
periods of about 15-20 min to ensure quasi steady-state opera-
tion of the well under these perturbations. The diluent injection
is constrained to the interval of [100,400] m? /d.

Fig. 10 shows the performance of the controller for the three
ESP-lifted wells with varying dithers signals. As seen from
the figure, the diluent injection rates u; = g4, for each well
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Fig. 10. Diluent injection ; and consumed power P; of each ESP  Fig- 12 Dither amplitudes a;; for each well i € {1,2,3}.

i € {1,2,3} for the varying dither signals. The dashed lines correspond
to the optimal values.
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Fig. 11.  Total power Pjoq and fluctuation measure ~ for the three wells
with fixed dither signals and with varying dither signals. The blue lines
correspond to the varying dither signals. The red lines correspond to the
fixed dither signals. The dashed line corresponds to the theoretical lower
bound on ~ in Lemma 3.

1 are steered toward the optimal solutions by the extremum
seeking controllers so that the power P; consumed by each ESP
reaches its minimum value. Fig. 11 presents the total power
consumed by all the ESPs and the fluctuation measure - in (24)
for fixed and varying dither signals. As seen in the figure, the
extremum seeking controllers with coordinated varying dither
signals noticeably mitigate the fluctuation of the total power
consumption compared to the standard method with fixed dither
signals. The fluctuation measure -y is considerably lower for the
coordinated dither signals, being much closer to the theoretical
lower bound indicated by the dashed line in the figure. Fig. 12
depicts the dither amplitudes a;; calculated for the coordinated
dither signals shown in Fig. 10. The absence of spikes or abrupt
changes in the dither amplitudes is essential for the smooth and
safe operation of this algorithm in the presented oil production
system.

VIIl. CONCLUSION

In this article, we have introduced a novel method to coordi-
nate the dither signals utilized in the extremum seeking loops of
individual subsystems in order to minimize the dither-induced
fluctuation in the total output of a multiagent industrial system.
Therefore, we do not only optimize the quantity of the total
output by employing the optimizing capabilities of ESC but
also its quality by minimizing the undesired dither-induced
fluctuation. The presented method is computationally much
lighter than current alternatives. This greatly benefits its practical
deployment. The stability analysis in this article tells us that
convergence to a small region of the optimum can be guaranteed
under conditions that are similar to those of other ESC methods.
Two case studies show that the presented dither-coordination
method can drastically decrease the magnitude of the fluctuation
in the total output, while having a negligible effect on the
performance of the extremum seeking loop of each individual
subsystem.

APPENDIX A
PROOF OF LEMMA 3

For brevity of notation, we drop the time index ¢. The proof of
the lemma consists of two parts. In the first part, we prove that, if

>N, |Ziz“:’ (Uzeiy)| > |ZiZ(l) (tiz(1y)|, it is always possible to
(i) 7(1)

choose the dither amplitudes such that v = 0 and Z;‘il afj =
v?foralli € {1,2,..., N}.Inthe second part, we prove that the

. . dZ) - N 2y -
minimal value of 7y is (|ﬁ(uz(1))| — Y its |du§§i; (tz(iy)|)vs

dz N N dZz) -
whenever |du§3)) (dz))l > 2io |du;(1)) (tiz(i))l-
Part I require  that
N dZzgy (4 .
doict duzi (tz@))az@y; =0 for all  je{l,2,...,M};
see (24). By squaring both sides of the equation, we
can write this condition as (a§°l)TMa§°l =0, with a?"l =

For ~ to be zero, we

laz(1)j» az(2)js - - - » azeny;)T and M = (42 (@))7 42 (@), with
Az /- 7 R dz N dz N
du () = [duii; (uI(l))a du;(; (Uz(z))7 cees dujﬁﬁ; (UZ(N))]T'

We obtain that v = 0 if and only if a® € ker(M) for all
jed{1,2,...,M}.
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Due to the numbering specified in the lemma, we have

that duzzli (tiz(1y) = 0 implies that Zz“) (uI( y) = 0foralli e
{1,2,...,N}.If du;(i; (tiz(1y) =0, then M(t) = 0. Therefore,

any vector a°°1 € RY is in the nullspace of M. As a conse-

quence, any d1ther amplitudes that satisfy Z —.a; j =12 for
all 1 € {1,2,...,N} will result in the theoretlcally minimal
value v = 0. We can always find dither amplitudes that sat-
isfy these conditions. Thus, the minimal value of ~ is zero if

5 (g (1)) ~0.

duI(l)

Now, let & — (B (ti7(1y) # 0. The nullspace of the matrix M is
given by

ker(M) = span {Va, V3, ..., VN } (69)
where for each ke€{2,3,....N}, ¥ is a vec-
tcg with two nonzero elements: its Zﬁrst element is
dui’;; (tz(ry); its kth element is —ﬁ( iray) (e,
_ dz _
Vo = [duzizz ( ur 2)) dulili ( Z(1 )) 0707 s 70}T? V3 =
dz T

[du§§3;( 73)): 0, — du;l;( tiz(1)),0,...,0]", etc.). Therefore,

any vector a;-"l € ker(M) may be written as ac"1 N b2 ik VE

for some coefficients g;, € R. It follows from this and the
definitions of a°°1 and vy, that if there exist dither amplitudes
that satisfy v = 0 and ZJ yag; =viforallie {1,2,...,N},
then there must exist coefficients g;1 such that

N

éa%)j Z (Z ik

dZZ k)

2
(k))) = l/2 (70)

and

) quk—ﬂ (71)

N}. Let us deﬁne the vectors 5% =

M
Za%(k)' _ (dZZ(l) N
=1 I dUI 1)

for all k€ {2,3,...,

[@1%s @2ks - - - qure) T for all k € {2,3,..., N}. The equations
in (70) and (71) can be rewritten as
T o1 WZ1(k dZzqy , .
ZZ ) fOI ( )( Uz ’))d ()(Uz(l)):V2 (72)
k=2 1=2 Yz
and
dZzn
(o (uﬂm) o = 2 73

respectively. In turn, the condition in (73) is equivalent to
col

a5 = o . Hence, g5 is a vector of length
‘d“'I(l)( Z(l))‘
— forall k € {2,3,..., N}. By combining the con-
d“zh;( Az(1y)

ditions in (72) and (73), we get that there exist d1ther amplitudes
that satisfy the conditions v = 0 and ZJ 1 ” =2 for all
i € {1,2,..., N}ifand only if there exist vectors r{"! € R of
length one (1 e., [[r$!| = 1) forall k € {2,3,... ,N} such that

N N
W Zzky . dZzqy .
(x50 " et T Tz ())) (1)
H; duz(r) duz
dZzqy , .
- 74
(duz(l)(uz(n) (74)

col __
Here, rf HQ°°'H for all k€ {2,3,.

—1<(r °°l) c01<1fora11k 1 e{2,3,.
ficult to show that there exist vectors r°°]

,N}. Noting that

, N}, it is not dif-
RM for k €

{2,3,..., N} for which the left-hand side of (74) attains its
maximal value
Z R 12209 (3, k) Ly (zqy)
21— duz(k) duz(l)
N 2
dZ
- (X7 ® (@ )’ . (75)
P “I(k)

Moreover, we may always select vectors r‘,;"l for ke

{2,3,..., N} such that
N N
dz dz
col col Z(k) /A Z() ;A
(rk ) r Uz (k) (i)
k=2 =2 duz (k) duz()
az dz. 2
= (|2 o) - |22 200
dz N dz . 2
(| (g | — |22 g)])
2
(\ T (1) - | o) (am))’) if N is odd
Zi;x) (uZ(N))‘ ; if NV is even.
(76)

Note that the right-hand side of (76) is smaller than or
equal to (dZI(” (t7(1)))? using the specified numbering of the

duz(y)

gradients. Moreover, noting that r°°1 fork € {2,3,...,N} are
N — 1 vectors on an M- d1mens10na1 unit sphere, M > N — 1
implies that there exist a continuous path on the M -dimensional
unit sphere between the vector values that correspond to (75)
and the vector values that correspond to (76). Therefore, fol-

lowing this path, the value of the left-hand side of (74) will
dZz k)
dug (i)
dZz01) .
Tz cr) (4i7(1)))* in a continuous
manner. Thus, somewhere on this path, we will always en-

change from the value (X:i\[:2 | (tiz(ky)])? to a value that

is smaller than or equal to (

counter values of r$°! fork € {2,3,..., N } for which (74) holds
if and only if YN, |du§z;( I(k) )| > |du;(1; (tiz(1y)|- Hence,

we obtain that there exist dither amplitudes for which v =0
and Z;V[Zl afj =2 for all i € {1,2,..., N} if and only if
N

S 12255 g )| > 92 ).

Part2: Letus deﬁne a™ = [az(i)1,a7(i)2, - - - » az(iynr) " - The
excitation condition Z;‘il a?, =v? forall i € {1,2,...,N}
implies that |[al*V|| = v forall ¢ € {1,2,..., N}. From (24), it
follows that

dZI

l’OW
Z

(77)

Using the sign function, we may rewrite this equation as
follows:

72 = W1 + W2 (78)
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with
dZz01) (i

_ N
W1 = ( duz(l) ) - Zi:2

_ N dz.
Wo =30 | ques (i ))‘

. dZzay , .
X (51gn <duz(i) (tiz(s))

dZ1(s) (o oW

dZzq) . ow | row
Buy ) 2R
(79)

Because ||a®™|| = v, we have
2
dZ; 4z
— 2 _ 1) a o Z(i) ) 2
[W1]® = ( duz) (um))’ ; iy l)( zm)D v
(80)

regardless of the choice of ai”. Note that, for any vectors ai”
and a;°¥, we have

T/ . dZzeiy o dZ;
(arlow) (31gn (duili (uI( )) durzi)) (UI( ))) agow + arlow) >0
(81)
dux; (tz(1))| >

the inequality in (81) implies that

because [a®™] = For

N dZg
Zi:Q'duiE;( az(i))l,

wiwsy > 0; see (79). In addition, because |Wa|/? >0, we
obtain from (78) that ~v > ||W1| for all dither amplitudes
that satisfy ZJ 1 ” =12 for all i € {1,2,..., N}, under

dz
the that duz(l)( liz (1) )‘ > ZZ 9 |du§; 3( I(i ))|

The equality ~ = ||Ww1]| is obtained if and only if
wo = 0. Given any vector ai’”, by choosing a}®" to be
equal to a’ multiplied by an appropriate sign for all
,N}, we can always get wo = 0; see (79).

1€{2,3,.
Therefore, it follows from v = ||W1|| and (80) that the minimal

rOWH
[[ai™™][-

condition

. N dZzeiy / ~ .
value of 7 is (du;g;( )| = S0 | T2 (z) v if
|2 (7)) > L0y | 52 (o).

APPENDIX B PROOF OF LEMMA 8

The proof consists of three parts. First, we show that

K
lq1,:(t)| < max {Z, 1} vegl

nv

(82)

forall ¢ > 0 and some constant ¢,; € R~ . Second, we demon-
strate that

1
ﬁ < QQ,i(t) < ﬁ (83)

for all ¢ > 0. Third, we prove the statement in (60) using the
derived bounds in the first two parts.
Part I: Let us define the Variable

Gr,i(t) = qui(t Jrnz:a” / i(wT)dT. (84)

By differentiating ¢; ; with respect to time and using (17) and
(43), we obtain

i) = —nd1(t) + 4 (t)

t
+nz (ma;,;(t) + a; ;(t ))/O bj(wr)dr.  (85)

We note that |i;(t)] < s [see (44)], |a; ;(t)| < v [see (26)],
la;j(t)] < AaLa [see (42)], and that it follows from (18) and

(20) that
¢
/ b;(wr)dr
0

forallt > 0and some constantc, € R~ (. Therefore, the lasttwo
terms in the right-hand side of (85) can be regarded as uniformly
bounded disturbances. Using that ¢1 ;(0) = ¢1 ;(0) = 0, we may
use a Lyapunov stability analysis with the candidate function
Va1(q1,4) = G3 ; to show that

~ K
|q1,i(t)] < maX{Z mlj}l/cql,l

for all ¢ > 0, all Ay < nre; and some constant cg; € R+¢. By
applying the same bounds as before, it follows from (84) that

lg1,: ()] < 1G1,:(t)] + (88)

for all £ > 0. Combining (87) and (88) gives the bound in (82).
Part 2: We define the variable

<& (86)

w

(87)

Vqu 2

M M
Goi(t) = gz i (1) =Y > aij(t)ain(t)Bx(t) — v (89)
j=1k=1
with
You(wr) ifj=k
Byu(t) = { Jo s 90
(E) = {fo bj(wr)bg(wr)dr, if j # k. ©0)

Using (43) and the excitation condition in (26), the time
derivative of g, ; in (89) is given by

G2,i(t) = —no,i(t) + 2npi()qr.i(t) + 0t , ()
M M

a3 (g Oaae) + 5 (a0 ) Bl

j=1k=1
oD
From the definition of B}, in (90), the orthogonality condition
of the basis functions in (19) and the bound in (20), we have that

[By(t) < = 92)

for some constant cg € R~ . In addition, using (17), (82), and
the same bounds as in Part 1, we obtain from a Lyapunov stability
analysis with candidate function V2 i(q2,:) = 3 ; that

2

- 1%
|G2,:(t)] < T

for all t > 0, n < wey, and k1 < nres, where €4, €5 > 0 are
sufficiently small. Subsequently, we obtain from (89) that

93)

lgoi(t) — | < %zﬁ (94)

for all t > 0 and all < wey, with a sufficiently small value of
€4 > 0, where we used the bounds in (26) and (92). The bounds
in (83) follow from the inequality in (94).

Part 3: Let us define

mi(t) = mi(t) — Zi(a(t)) + th,z‘(t)%(ﬁi ().

In addition, we define the Lyapunov-function candidate as

95)

~9
97,

q2,i

Vy(Mi, G705 42,i) (96)
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with gz ;(¢) in (59). For brevity, we omit the time argument in
the following expressions. Using a first-order Taylor expansion
of Z;(u;), it follows that

dz; , .
Zi(u;) = Zi(1;) + pi T (@) + w; o7
with
1 d2 Zz
w; = p? / (1— S5 s+ spyds (98)
0 dul

see (17). By combining (43), (59), (95), and (97), we get that
the time derivative of the Lyapunov-function candidate in (96)
can be written as

Vg<miagZ,i7 q2,i) = —n(m; + (pi + q1,1)924)*

~2
- 9z, - - -
- ”(m? + Bi ) + 2n(m; + (pi + q1,1)92,:) (i + ws)

- Gz \d*Z; . -
+ Q(miqu — G20 ) duz (ul)ul
99)
Subsequently, applying Young’s inequality yields

N N,
Vo (i, 2,1, q2,:) < _§Vg(miagZ,i7QZ,i)

277, N\ 2
+n(f +wi)® + f](qii + 1) (d Zi (m)ai> . (100)

q2,i du?
Because the function Z; in (9) is twice continuously differen-
tiable (see Assumption 5), and because its domain I/; is compact,
we have that ‘?f; is uniformly bounded. Using this and (45),

we obtain that wz in (98) can be bounded by

(101)

for some constant ¢,, € R-o. By applying the comparison
lemma [19, Lem. 3.4], and by using |4;(t)| < &1 [see (44)] and
the bounds in (82), (83), and (101), we obtain from (100) that

Vi (s (1), 521 (1), d2.0(8)) < max{u4,

lw;| < vy,

sup [5(7)[*
T€[0,t)

eZtmmi(oxgz,i<0>,q2,¢<o>>}cv (102)

for all t > 0, n < wey, kK1 < Nres, and some constant cy €
R~ . From (53), (55), and (58), it follows that g; (¢) is uniformly
bounded under the conditions of Theorem 6. Therefore, we
obtain from (83), (96), and (102) that /72, (¢) in (95) and gz ;(t) in
(59) are uniformly bounded. Moreover, the bound on the gradient
estimation error in (60) follows from the same arguments.
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