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Chinh quy métric va Ung dung - Mét tdng quan

Huynh Van Ngai*
Khoa Todn va Thong ké, Truong Dai hoc Quy Nhon, Viét Nam
Nedy nhan bai: 08/10/2021; Nedy nhan dang: 06/01/2022

TOM TAT

Ly thuyét chinh quy métric va cac tinh chit lién quan 13 mot cong cu hitu hiéu trong cac linh vyce Giai tich
bién phan v& Téi wu. Trong vai chuc ndm gan day, rat nhiéu cong trinh nghién ctu clia nhiéu nha toin hoc da
doéng gop vao Iy thuyét nay, trén ca hai phuong dién 1y thuyét va ting dung. Muc dich ctia bai béo téng quan
nay nhim trinh bay mot s6 phat trién ndi bat gan day, trong d6 nhan manh chinh vio nhitng déng gop clia
nhém chiing t6i trong 1y thuyét nay. Dac biét, 1 mot s6 ing dung clia tinh chinh quy métric trong nghién ciu
su hoi tu ctia phuong phap Newton giai phuong trinh suy rong. Ngoai ra, chung t6i 4p dung tinh chinh quy

métric dé thu duge mot phién ban téng quat ctia nguyen 1y 16i cho anh xa da tri.

T khoéa: Tinh chinh quy métric, déi dao ham, tinh on dinh nhiéu, tinh lip Newton, loi suy rong.

*Tac gia lién hé chinh.
Email: ngaivn@yahoo.com
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ABSTRACT

The theory of metric regularity and related topics plays an important role in variational analysis and have
many applications in optimization. In recent decades, it has attracted the study of many researchers in both the
theoretical aspects and applications. In the survey paper, we present some recent developments, with emphasis
on the results established by our research group in the recent decade in this theory and its applications in the

study of the Newton-type methods for solving generalized equations. In addition, based on the metric regularity,

we establish a new result on a generalization of the convex principle for paraconvex multimaps.

Keywords: Metric reqularity, coderivative, perturbation stability, Newton iteration, paraconver.

1. INTRODUCTION

The study of many mathematical problems orig-
inated from practical applications, such as opti-
mization and complementarity problems, varia-
tional inequalities, as well as models in equilib-
rium problems, control theory and design prob-
lems, leads to consider inclusions of the type:

Find z € X s.t. y € F(z) for given y €Y,

(1.1)
here, X,Y are metric spaces and F': X = Y is
a set-valued mapping (also called multimap or
multifunction) describing the model under con-
sideration. These inclusions are usually called
generalized equations, due to the pioneering
work of Robinson."? The existence of solutions
as well as the behavior and stability of the so-
lutions of (1.1) are important principal topics
and have attracted many authors working in the
fields of variational analysis and optimization.

The readers are referred to the monographs>~'2

*Corresponding author.
Email: ngaivn@yahoo.com

https://doi.org/10.52111/qnjs.2022.16101

13-15

to some recent contributions and the refer-

ences therein.

One of the key ingredients to deal with the
existence as well as the stability of the solu-
tions of (1.1) is the metric regularity and re-
lated properties. Historically, this property goes
back to the celebrated Banach open mapping
theorem and latter to the Lyusternik theorem

9:9:10,16=27 and the references given therein).

(see
Recently, many important applications of this
property have been found and investigated, es-
pecially in the study of stability of variational
systems as well as convergence analysis of some
algorithms, e.g., as the Newton type methods

(See28—31)

. More recently, some generalized met-
ric regularity concepts have been introduced and
studied, due to the point of view of applica-

tions. For example, in the papers3233

, some
variants of relative metric regularity have used
in convergence analysis of some optimization al-

gorithms. An important notion of extended met-
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ric regularity is the directional metric regular-

34-39) 6.34,35 and

ity (see . One can be referred to
references given therein for applications of di-
rectional metric regularity in sensitivity analysis

and optimization.

In this survey paper, we presents some con-
tributions in the recent decade of our research
group to the theory of metric regularity and
some applications. This survey is far to be ex-
haustive on this subject. We recommend the re-
cent book and the survey papers by Ioffe?40:41
for the excellent accounts on the recent devel-
opments of the theory of metric regularity and
divers applications in variational analysis and
optimization. Outline of the paper is as follows.
In Section 2, we recall the notion of the metric
regularity and related notions; some classical re-
sults on the metric regularity; some variational
characterizations and the perturbation stability
of this property. Section 3 is devoted to the rela-
tive metric regularity, in which we present some
very recent results concerning the directional
metric regularity relative to a cone. In the final
section, some applications to the Newton meth-
ods for generalized equations and to the convex
principle for multimaps are reported.

2. METRIC
MULTIMAPS

REGULARITY OF

We recall firstly some basic notations and
notions from set-valued analysis. Throughout
the paper, for a metric space X endowed with
metric d, denote by B(x, p) and Blz, p| the open
and the closed ball centered at x € X with ra-
dius p > 0, respectively. The distance function
to a subset C' C X is denoted by d(x,C) :=
inf,co d(x,u). By a set-valued mapping ( or a
multimap) F : X =2 Y, it means a correspon-
dance from X to P(Y), the set of the (possi-
bly empty) subsets of Y. Given a multimap F,
the graph of F', the domain of F' are the sets

gph F := {(z,y) € X xY : y € F(z)} and
Dom F := {x € X : F(z) # 0}, respectively.
Inverse of F is denoted by F~! : Y = X, and
defined by

r€ F Y y) <= yecF(x).

A multimap between normed spaces is called
a convex (respectively closed) multimap if its
graph is convex (respectively closed) graph in
the product space.

2.1. Metric
results

regularity: Classical

Consider an operator equation defined by

fx) =y, (2.1)

where f : X — Y is a mapping acting between
metric spaces X,Y .

In practice, one finds out an approximate solu-
tion rather than an exact one. The error of some
approximate solution z is the quantity

d(z, {7} (y)) = inf{d(z,u) : f(u) = y}.

Naturally, the distance d(y, F(x)) is used to
judge approximate solutions. One seeks so an
error estimate of the form

d(z, f(y)) < kd(y, f(z)) (2.2)

for all (z,y) in a suitable domain. If (2.2) is satis-
fied for (z,y) near a given (z,y) with y = F(z),
then F' is called metrically regular at z.

The metric inequality can be extended natu-
rally to multimaps. For example, consider a sys-
tem of inequalities:

gi(x) <wyi,i=1,..,m. (2.3)

This system of inequalities can be investi-
gated via the generalized equation of the form:
y € G(x), where,

G(x) == (9i())i=1,.m + R ¥ = (i)i=1,....m:
(2.4)

https://doi.org/10.52111/qnjs.2022.16101
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then G : X = R is a multimap.

Let us now recall the notion of metric regu-
larity.

Definition 1. A multimap (set-valued map-
ping) F : X =Y is said to be metrically reqular
at (Z,y) (y € F(z)) if there are k,0 > 0 such
that

d(x, F~(y)) < rd(y, F(x))

for all (x,y) € B((z,9),9). The infimum of such
k denoted by Reg F(z,7y), and is called the reg-
ular modulus of F at (z,7).

In the linear case, the metric regularity is
closely related to the Banach open mapping
principle for bounded linear operators between
Banach spaces, restated as follows.

Theorem 2. (Banach open mapping principle)
Let X, Y be Banach spaces and let A € L(X,Y),
the space of bounded linear operators from X
to Y. If the operator A is surjective, that is,
ImA =Y, then A is an open mapping,that is,
there is r > 0 such that rBy C A(Bx). The up-
per bound of such r is called the Banach constant

of A:

C(A) = inf{[|A%"[ + [ly"[| = 1},

Moreover, the following inequality holds
d(z, A7 (y)) < C(4) Az - y|
for all (z,y) € X x Y.

The Banach open mapping principle tells us
that a bounded linear operator between Banach
spaces is (locally or equivalently globally) met-
rically regular if and only if it is surjective. This
principle was extended to continuously differen-
tiable mappings by Lyusternik as follows.

Theorem 3. (Lyusternik) Let X,Y be Banach
spaces; and let f : X — Y be a continuously
differentiable mapping at T € X with f(Z) := y.
Then f is metrically reqular at T if and only if
Df(z) is onto: If In Df(Z) =

https://doi.org/10.52111/qnjs.2022.16101

The metric regularity is strongly connected
to the Robinson and Mangasarian-Fromovitz
constraint qualifications in Mathematical Pro-
gramming. Consider F':= f—C, where f: X —
Y is a mapping of C! class and C C Y is a
nonempty closed convex subset. Given (z,0) €
gph F, then F' is metrically regular at (z,0) if
the Robinson constraint qualification (RCQ) is
satisfied:

0 € int[f(z) + Df(z)X — C].

In particular, for systems of equality and in-
equality (2.4), one has the equivalence:

(RCQ) & (MFCQ) (Mangasarian-Fromovitz

constraint qualification).

In the case of convex multimaps, a necessary
and sufficient condition was given by Robinson-
Ursescu, stated in the following theorem.

Theorem 4. (Robinson-Ursescu) Given Ba-
nach spaces X, Y, a closed and convexr multimap
F:X =Y (F has a closed and convex graph),
F is metrically reqular at (o, yo) € gph F if and
only if yo € int(ImF).

Next we recall the two notions of the open-
ness at a linear rate and of Lipschitz-like (or
Aubin) property of multimaps.

Definition 5. Let F : X = Y be a mul-

timap acting between metric spaces X,Y and let
(Z,y) € gph F.

(a) F is said to be open at a linear rate around
(z,9) if there exist s,e > 0 such that

By, ts) € F(B(z,1)),

V(z,y) € B((Z,79),e) Ngph F. The supre-
mum of such r denoted by Sur F(z,y) and
is called the rate of openness (or surjec-
tion) of F' at (z,7).

8 | Journal of Science - Quy Nhon University, 2022, 16(1), 5-21
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(b) We say that F is Lipschitz-like (or Aubin)
at (Z,9) if there exist L,e > 0 such that

d(y, F(x)) < Ld(z,u),

Vo € B(z,¢), (u,y) € B((Z,y),e) Ngph F.
The supremum of such L is the Lipschitz
rate (or modulus) of F at (Z,y), and is
denoted by Lip F(z, 7).

The equivalence of these notions to the
metric regularity was given independently by
several authors (see, e.g., Borwein-Zuang 42,
Kruger®?, Penot*, Toffe?).

Proposition 6. For a multimap FF: X =2 Y
between metric spaces X,Y, and for (z,y) €
gph F, the following three assertions are equiv-
alent.

(a) F is metrically reqular around (Z,7);
(b) F' is open at linear rate around (,y);
(c) F~' is Lipschitz-like around (z,7).

Moreover, one has the equality between modulus

1
F(z,7)=LipF Y 3,7) = ————.
Reg F(z,y) = Lip I (,7) S F(7.3)
2.2 Characterization of the metric
regularity via strong slopes

Let f: X - RU{+400} be an extended real-
valued function defined on a metric space. We
make use of the notations: domf := {z € X :

f(x) < 400}, the domain of f; limsup, liminf
Y—=T,YF£T Y= T,YFT

mean that the limits superior/inferior are taken

as y = x and y # x; while limsup, liminf al-
y—x y—x

low the case y = z. The symbol [f(x)]+ stands
for max(f(x),0). Recall that the local slope of a
lower semicontinuous function f at x € domf is
denoted by |V f|(x) and defined by |V f|(z) =0
if z is a local minimum of f; otherwise

fx) - f(y)

|V f|(z) = limsup i)

Y=o Y£T

For z ¢ domf, we set |V f|(z) = +00. The non-
local slope of f is defined by

For z ¢ domf, we set |I'f|(x) = +o00.

It is well-known in the literature that if X is a
normed space and f is Fréchet differentiable at x
then |V f|(z) = || f'(z)||. Obviously, one always
has the relation |V f|(z) < |T'f|(z) for all z € X.

Recall the lower semicontinuous envelope
(z,y) = oF'(2,y) = 905(:5) of the function
(z,y) — d(y,F(z)) defined by, for (z,y) €
X xY,

Froy._
)= u
For the simplification of the notation, when one
works only with a given mapping F', one denotes
Py 1= <pyF . The following theorem established by
Ngai-Tron-Théra*0 gives an estimate of the reg-
ularity rate Reg F'(Z,y) via strong slopes of the
functions .

Theorem 7. (Ngai -Tron- Théra™) Let X be
a complete metric space and let 'Y be a metric
space. For a multimap F : X =Y, and for given
(z,7) € gph F, one has

Reg F'(z, 37)71 = Sur F(z,7)

> lim inf \Y4 ).
- (z,yH(az,y),wF(z)‘ #l(@)

When'Y is a normed space (or more general, a
smooth manifold, or a length metric space), the
equality holds

Reg F(z,9)" ! = lim inf .
eg F(7,7) oy inf ¢F(x)\wy\(x)

liminf d(v, F(u)) = liminf d(y, F(u)).

https://doi.org/10.52111/qnjs.2022.16101
Journal of Science - Quy Nhon University, 2022, 16(1), 5-21 |
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2.3 Coderivative characterizations

Firstly we recall the main definitions and re-
sults from Variational Analysis necessary and
used in the sequel. Let f : X — R U {400}
be an extended real-valued function defined on
a Banach space X, the Fréchet (reqular) subdif-
ferential of f at z € domf is defined by

of(z) = {:13 6X*'hm_}an>0}.

When f is a convex function, the Fréchet sub-
differential coincides with the subdifferential in
the sense of convex analysis. When = ¢ dom f
one sets df(z) = (. We shall also work on an in-
teresting subclass of Banach spaces, called As-
plund spaces being spaces such that on which
every convex continuous function is generically
Fréchet differentiable. Notice that any space
with a Fréchet smooth renorming (and therefore
any reflexive space) is Asplund. It is well-known
that a Banach space is Asplund if and only if
each of its separable subspaces has a separable
dual.

In the Asplund setting, the Fréchet subd-
ifferential enjoys a fuzzy sum rule which was

10,Thm.2.33).

firstly proved by Fabian®® (see also

Given a nonempty closed set C' C X, the
indicator function associated to C is the func-
tion (o defined by to(z) = 0, when x € C' and
tc(x) = 0o otherwise. The Fréchet normal cone
to C at z is the set N(C,z) := 0o (z) if € C,
and N(C,z) := dc(z) =0 if z ¢ C.

The limiting subdifferential (or also called
the Mordukhovich subdifferential) is defined by

Opf(z) ={a" €X™: Jmy, € T, flap) = [(2),
and 3z} € Of (), o} = =*}.

The limiting normal cone N(C,Z) to a closed
set C' is defined through the indicator function
of the set:

NE(C, f) = ag(Sc(a_J).

https://doi.org/10.52111/qnjs.2022.16101

Given a normal cone mapping N, it is associ-
ated with a set-valued mapping F': X = Y a
coderivative Dy : Y* = X* by the formula

DiF(z,y)(y") = {z" € X" |
(‘T7_ )EN(gphF,(Ly))}
(2.5)

For further the properties and calculus rules
for the Fréchet and liniting subdifferentials as

1049-51 41 the refer-

well as coderivatives, see
ences given therein. In what follows, the Fréchet
coderivative of I will be denoted by D%F, or
simply by D*F, while the limiting coderivative

is noted by D} F'

The following theorem gave an estimate for
the slope of ¢, via the coderivative of the mul-
timap in question.

Theorem 8. (Ngai-Tron-Théra*) Let F : X =
Y be a closed multimap acting between Asplund
spaces X and Y. Then for any (x,y) € X XY
with y ¢ F(x), one has the following estimate

Viyl(z) > 7(2,y), (2.6)
where T(x,y) is defined by

v € D*F(u,0) (v), Ily*[ =1,
(u,v) € gph F, u € B(z,§),
ly —vll < wy(a) + &,

(y™ v —y) —gy(@)] <€

T(z,y) = liminf [l :

This theorem yields immediately the follow-
ing corollary.

Corollary 9. With the assumptions as in the
preceding theorem, for any (z,y) € gph F, one

has
liminf(, @z y¢F ) [ Veoyl(z) =
lim,_yo inf{|z*] : 2* eD* (u,)(y"),
(u,v) € B((z,9),¢), [y =1}

In view of this corollary, Theorem 7 im-
plies immediately the following characterization
of the metric regularity through the coderiva-
tives.

10 | Journal of Science - Quy Nhon University, 2022, 16(1), 5-21
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Theorem 10. (Ioffe®®) With the assumptions
as in the preceding corollary, one has

Sur F(z,y) =
lim._,o inf{||z*|| : =* € D*F(u,v)(y"),
(u,v) € B((7,9),¢), [yl = 1}.

In the case when X, Y are finite dimensional,
one obtains the following nice point-based char-
acterization due to Mordukhovich (e.g.,'?).

Theorem 11. (Mordukhovich®®) Suppose that
X, Y are finite dimensional spaces, and
F: X =Y is a closed multimap. For given
(z,9) € gph F, F is metrically reqular at (Z,7)
if and only if

Ker D} F(z,y) = {0},

where

Ker DiF(z,5) = {y* € Y*: 0€ DEF(z,5)(y")}.

2.4 Stability of the metric regularity
and regularity radius

For a mapping f : X — Y, let us denote
d(f(z1), g(x2))

Lipf = sup
:L‘1,wQEX,a?175:E2 d(f]:l, 3:2)
d
Lip f(z) =  limsup (fc(fl)a fz2))
1, T2—T,T1£T2 (xlv xQ)

called the Lipschitz modulus of f on X and near
x, respectively.

The regularity radius of a multimap F at
(z,7) € gph F is defined by

Rad F(z,y) = inf {Lip f(z): F + f fails to be
f:X=Y

metrically regular at (Z,7 + f(Z))}.

The following relation between the regularity
modulus and the regularity radius was estab-
lished in 93:5440;

1

Rad F(z,y) > Reg F(7.7) (2.7)

Precisely,

Theorem  12. (Ioffe®*,  Dontchev-Lewis-
Rockafellar™) Let F : X =Y be a closed mul-
timap from a completed metric space X to a
normed space Y. Assume that F is metrically
reqular at (Z,y) € gph F with reg F(z,7) := 7.
Then for any locally Lipschitz mapping f : X —
Y at T with Lipschitz constant L € (0,771), one
has

Reg (F + f)(z,5+ f(z)) <1/(r~' = L).

Note that, due to Dontchev, Lewis, and
Rockafellar® and also to Ioffe®*, that the equal-

ity holds if one of the following conditions is sat-
isfied:

e X and Y are finite dimensional spaces;

e F': X — Y is a single-valued mapping.

The following theorem due to Ngai®® shows the
validity of the equality in (2.7) holds for the case
of multimaps under suitable assumptions.

Theorem 13. (Ngai®®) Let F : X = Y be
a closed multimap acting from a completed
metric space X to a uniformly conver space
Y. Assume that F is metrical regular around
(z,9) € gph F with reg F(Z,7) =7 € (0,400).
Then the equality in (2.7) holds under one of the
two following conditions:

(1) F is upper semicontinuous around T, F(u) is
convez for u near T and either F(Z) is singleton

or y is an interior point of F(Z);

(i1) Y is a finite dimensional space.

3. RELATIVE METRIC REGULARITY

Given a subset W of X x Y and a point
(x,y) € X x Y, define the following set:

W,:={z€Y: (x,2) eV}

and Wy :={ueX: (u,y) eV}

https://doi.org/10.52111/qnjs.2022.16101
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Definition 14. (Ioffe*®) For W ¢ X x Y, a
multimap F : X =Y s said to be metrically
regular relative to W at (z,y) € W Ngph F
with a modulus 7 > 0, if there is § > 0 such
that

d(z, Fl(y)ndl Wy) < 7d(y, F(z))  (3.1)

whenever (z,y) € (B(z,6) x B(y,6)) N W and
d(y, F(z)) < 0.

We shall denote regy, F(Z,y), the infinum
over all T > 0 such that (3.1) is verified.

Given a cone C' C Y in a normed linear space
Y, for 0 > 0, let us set

C):={veY: dvC)<d|v|}

and

Wp(C,0) :={(z,y) e X xY : ye F(z)+C(0)}.

Let us recall the definition of the metric regu-
larity with respect to a cone.

Definition 15. F' is called metrically reqular
relative to C at (Z,y) € gph F, if there is
0 > 0 such that F is metrically reqular relative
to W :=Wpg(C,0) at (z,7).

Due to Definition 14, we see that F' is rela-
tively metrically regular with respect to a cone
C at (z,y) € gph F with a modulus 7 > 0, if
there is € > 0 such that

d(z, F1(y) Nl Wry(C,0)) < 7d(y, F(z))
(3.2)
for all (z,y) € (B(z,e) x B(y,¢)) N Wp(C,0)
with d(y, F(z)) < e.

We consider the lower semicontinuous en-
velope relatively to W of the function =z —
d(y, F(x)), which is defined as follows.

= cllvllglslz?iw d(y, F(u)) if z € clW, (3.3)

+00 otherwise.

erw(z,y) = {

https://doi.org/10.52111/qnjs.2022.16101

Note that obviously ¢pw(z,y) > 0 and

erw(r,y) < d(y, F(z)) for every (z,y) €
AW, x Y.

The following result established by Ngai-
Théra®”, gave a slope characterization of the rel-
ative metric regularity.

Theorem 16. Let F': X =Y be a closed mul-
timap from a completed metric space X to a met-
ric one Y. For (z,y) € gph FNW, W C X xY
and T € (0,400), consider the following asser-
tions, one has (a) < (b) < (c).

(a) F is metrically regular relative to W at (z,9)
with modulus T;

(b) There are o, 8 > 0 such that

Copw (y)l(x) > 77

for any (z,y) € B(z,a) x B(y,a) with
@F,W(xvy) € (Oaﬂ)

(¢) There are o, > 0 such that

Veorw(,y)l(z) > 77

for any (z,y) € B(z,a) x B(y,a) with
erw(z,y) € (0,5).

As the usual metric regularity, the relatively
metric regularity with respect to a cone also pos-
sesses the following perturbation stability.

Theorem 17. (Ngai-Tron-Théra, 2019°°) Let
F: X ==Y be a closed multimap from a com-
pleted X to a normed space Y. For a nonempty
cone C C Y, if F is relatively metrically reqular
at (z,y) with a modulus T > 0 with respect to C,
then for any locally lipschitz mappingg: X — Y
around T with a sufficiently small Lipschitz con-
stant, the multimap F + g is also relatively met-
rically regqular with respect to C at (Z,5+ g(Z)).
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The next result is a characterization in terms
of coderivatives of the relative metric regularity.
For this, associated to F': X = Y, we define the
multimap G: X =Y x Y as follows

G(x)=F(z) x F(x), z¢€X.

Theorem 18. (Ngai- Tron - Théra,®) Let
F: X =Y be a closed multimap between As-
plund spaces X,Y. For (Z,y) € gph F and a
nonempty cone C' C'Y, suppose that F' has con-
vex values around . Then F is relatively met-
rically reqular with respect to C with modulus
T <m™! at (z,9), provided

liminf  d(0, D3G(2,y1,92)(T(C,0))) > m >0,

G,_ _ _
(z.y1,y2)=(2,9,9)
§lot

(3.4)

Recall that A multimap F : X = Y is
partially sequentially normally compact (PSNC,
shortly,!?) at (z, y) € gph F, if for all se-
quence {(zy, Yk, T}, Yi) fnen C gph F x X* x Y™
verifying

(:L‘kvyk) - (j7:l7), ‘T]: € D}F(xkvyk)(ylt;)v

x W *
Y — 07 ka” — 07

one has |y;|| = 0 as k& — oo. Mention that
(PSNC) at (z,y) € gph F' holds automatically
for any multimap when Y is a finite dimensional
space. Under condition (PSNC), we obtain a
point-based sufficient condition for the relative
metric regularity as follows.

Corollary 19. (see’®) With the assumptions as
in Theorem 18, assume in addition that F~' is

PSNC at (z,y,7). If
d.(0, D;G(2,9,9)(T(C,0))) > 0,

then F is relatively metrically reqular with re-
spect to C' around (Z, 7).

In particular for the case F(z) := g(x) — D,
here D C Y, a closed convex subset, g: X =Y

is a continuous map near a given point z € X
such as g(Z) € D, one obtains the following
corollary.

Corollary 20. (see®S) Let X,Y and C CY be
as before. Let D C'Y be a closed convex subset
and g : X — Y be a continuous map around
z € X with dy := f(z) € D. Then the multimap
F(z):=g(x)—D, x € X is relatively metrically
reqular with respect to C around (Z,y) with a
modulus T = m™!, provided

lminf (0, D5 (2)(T(C,8) N N(D,dy) x N(K,dy)) > 0,
(.1 do) =2, do o)

sl0t
(3.5)

4. APPLICATIONS

4.1. Newton methods for solving gen-
eralized equations

4.1.1. Newton iteration for equations and
the Kantorovich theorem

We recall firstly the classical Newton algo-
rithm for solving equations associate to smooth
mappings beween Banach spaces. Consider the
equation

find x € X such that f(z) =0,

where X,Y are Banach spaces and f : X — Y is
a continuously differentiable map. The Newton
method for solving this equation consists of the
iterations:

Tpp1 =z — D f () 7 f(ar),

here x is a started point, and D f(z) is invert-
ible for all k. In the other works, the regular
zeros (i.e., at which the derivative is invertible)
of f are the fixed points of the following Newton
operator:

Ny(z) =z — Df(z) " f(2).

https://doi.org/10.52111/qnjs.2022.16101
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Generally, when D f(z) is not necessarily invert-
ible, but assumed just to be surjective, the New-
ton operator is given by

Ny(z) = — Df(z)" f(x),

here Df(z)" denotes the Moore-Penrose gener-
alized inverse which coincides with the usual in-
verse D f(x)~! when it exists.

The following local and non-local quadratic con-

vergence results are due to Kantorovich (1948)

(86657_59).

Theorem 21. (Kantorovich-1948%) Let f :
X =Y be a mapping of class C>. Let € € U be
such that f(§) = 0 and the derivative of f at this
point be surjective. For r > 0 with B[, p|] C U,
set

M(f,&.p)= sup |[Df(€)*D*f(x)|.

lz—¢l<p

If 2M(f,&,p)p < 1 then for all mg € B¢, pl,
then the Newton sequence xyi1 = Ny(wy) is
completely defined and converges to &, with a

quadratically convergence rate,

1 2k—1
foe=cli< (3) o=l

Set B(f,x0) = | Df (z0)* f(xo)|| if Df(xo) is

surjective, and [(f,z¢) = 400, otherwise.

Theorem 22. (Kantorovich®) Let f: X — Y
be a mapping of class C*. For xq € X, suppose

that the following conditions are satisfied:
o Df(xg) is surjective,
o 28(f, o) < p,
* 26(f,z0)M(f, z0,p) < 1.

Then the Newton sequence xpi1 = Np(xy)
1s well-defined and converges to some & with
f(&) =0, and one has the estimation

https://doi.org/10.52111/qnjs.2022.16101

1 2k_1
|z, — €| < 1.63281... <2> |zo =&
with

1
1.63281... = ZW
k=0

4.1.2. Newton type method of generalized
equations

Given Banach spaces XY, consider the fol-
lowing generalized equation of the form of the
sum of a single-valued map and a set-valued one:

0€ f(z)+ F(z), z€X (4.1)

here f : X — Y is a function of class C', and
F: X =2Y is a closed multimap.

The Newton type method for solving (4.1)

2.60.61): Given a

can be described as follows (see
starting point xg, the sequence (xy) is iteratively
defined in solving the auxiliary generalized equa-

tion: x4 is a suitable solution of

0€ f(xg)+Df(zg)(x—z))+F(x) for k=0,1,...
(4.2)
Equivalently,

Tpr1 € (Df(xp) + F) (D f(wg) — f(ap).

This Newton type method means of the use
of "partial linearization” of the single-valued

part f.

The following theorem due to Adly-Ngai-
Vu® gives a local version of convergence for
Newton’s iteration (4.2).

Theorem 23. (Adly - Ngai-Vu%%) Let f :
X — Y be a second-order continuously dif-
ferentiable function on an open subset U of X
and let FF : X =Y be a closed multimap.
Let £ € U be a solution of (4.1) and set  :=
Df(€)(&) — f(&) € Y. Suppose that the mul-
timap ® = Df(§) + F is metrically regular on
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V =B¢, ] xB[(, p] of (&, ) with modulus 7 > 0
with r > 0, B¢, r] C U. Set

M(r,&r):=71 sup
lu—¢ll<r

I

D (z)|

0 = min {r, Py Tp}.
If 2M(1,&,7)r < 1, then for any zo € B[, 4],
the sequence (zy)n>0 in (4.2) is well-defined and
converges quadratically to . More precisely, one
has

12"71
o=l < (5) loo-el. @3

In order to establish a non-local of the Kan-
torovich theorem, we need the following defini-
tion of the metric regularity on a suitable do-
main.

Definition 24. Let a multimap FF : X =2 Y,
xo € X and positive constants r > 0, s > 0, we
define

V(F,zg,r,8) ={(x,y) € XXY : 2z € Blxg,r],

d(y, F(z)) < s}.
(4.4)

The multimap F is called metrically reqular on
V(F,xg,r,8) with a modulus 7 > 0 if for all
(x,y) € V(F,xg,r1,5), one has

d(x,F_l(y)) < 7d(y, F(2)). (4.5)

When the multimap F verifies Definition 24,
denote the quantity reg (F, zg, 7, s), the infimum
over all 7 > 0 satisfying (4.5). Otherwise, set
reg (F, xg,r,s) = 00.

The next result states a global convergence
result of the Newton iterations. The assump-
tions for this are based on the classical Kan-

torovich’s theorem (see).

Theorem 25. (Adly-Ngai-Vu®?) Let f: X —
Y and F X = Y be maps acting be-
tween Banach spaces X,Y. Suppose that f is a

C?—mapping on an open subset U C X and F is
a closed multimap. Consider problem (4.1), and
define the following quantities

B(r,z) = Td(O, (f + F)(:L‘)),

M(r,z,p) =71 sup HDQf(u)H .
llu—z(I<p

Letx € U, 6 € (0,1] and p > 0, t > 0 such that
the following statements hold.

1. G := Df(x) + F is metrically regular on
V :=V(G,z,4p,t) with a modulus 7 > 0,

2.d(0, f(z) + F(z)) <s,
3. 2B(r,x)M(1,2,p) < 0,

4. 2nB(r,x) < p,
- _1=/1=85 1
with n = =% = Ui

Then the generalized equation (4.1) has a solu-
tion £ satisfying

|z = &Il < 2nB(r, z) < p. (4.6)

Moreover, there exists a sequence (z,,) generated
by the Newton iterations (4.2) with the starting
point x and converges to &, and the following
error estimate holds

o ifd <1, then

4H4/1-6 6

_¢l < _Z
Hxn é‘H N (5 1 _ 02n ﬂ(TV%‘)?
(4.7)
_1-V/1-3.
where 0 = Vo
o if =1, then
= €l < 27" B(r, ). (4.8)

When the mapping f is analytic, an ex-
tension of Smale’s (a,y)—theory to generalized
equation was also extensively developed in%2.

https://doi.org/10.52111/qnjs.2022.16101
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4.1.3. Newton methods under relativemetric
regularity

We consider now the case in which the mul-
timap is not longer metrically regular but merely
relatively metrically regular. For a cone C' CY,
consider the inexact Newton iterations with re-
spect to C' defined as follows.

0e f(xk) + Df(a:k)(x — xk) + F(x) +¢,C NSy
(4.9)

for £k = 0,1,..., where Sy stands for the unit
sphere in Y, and (e,) is a suitable sequence of
positive reals, converging to zero.

To analyze the convergence of the iterative pro-
cess (4.9), we established a non-local version of
the relative metric regularity as was stated in
the following theorem.

Theorem 26. (Ngai %) Let F : X = Y be
a closed multimap acting from a completed met-
ric space X to a normed one Y. For a nonempty
cone C' C'Y, suppose that F' : X =Y is mel-
rically reqular on V(F,z,r,s) for some r,s > 0
with a modulus T > 0, relatively to C, i.e., there
is a real 6 € (0,1) such that for all (z,y) €
V(E,z,r,s) N Wg(C,§), one has

d(z, F~(y) Nl Wgy(C,0)) < 7d(y, F(z)).
(4.10)
Then with a map f: X — Y being locally Lips-
chitz on B[z, r| with a Lipschitz constant L > 0,
the multimap G := F + g is relatively metrically

reqular on V(G,z,%, R) with respect to C' with

) 4 )
modulus

IN

-1
Rege(G, 2,5, R) < o= (it — L)

(1+8(1+6

provided that

Be(0,1),0<0< 5&‘5), and
6(1—0)p . T
L< [1+51+9] 1+0) R.—mln{s,&i}.

https://doi.org/10.52111/qnjs.2022.16101

The convergence result of the iterative pro-
cess (4.9) is stated as follows.

Theorem 27. (Ngai %) Given a nonempty
cone C C Y, a function f : X — Y between
two Banach spaces X, Y being a C>—mapping
on an open subset U C X and a closed mul-
timap F': X =Y. Consider problem (4.1), and
define the quantities

B(r,z) =1d(0, (f + F)(x)),

M(r,z,p) =7 sup |[D2f(u).
lu—zl<p

Letx € U, 6 € (0,1] and p > 0, t > 0, such that
the following statements hold.

1. G = Df(z) + F is metrically regular on
V = V(G,x,4r,s) relatively to C with a
modulus T > Regq (G, x,4r, s),

2.0€ f(z)+ F(z) + C,
3.d(0, f(z) + F(z)) <t,
4. 28(r,x)M (1,2, p) <90,

5. 2nf(r,x) < p,

: 1-v1-6 1
with n = =% = T

Then the generalized equation (4.1) has a solu-
tion & € U satisfying

lz =&l < 2nB(7, x) <. (4.11)

Moreover, there are constants 0 < by, by < 1 and
¢ > 0 such that for any sequence of positive reals

(en) satisfying
e0 € (0,€); ent1 < bicn; € < bpgpyr, n €N,

there exists a sequence (x,,) generated by the it-
erative process (4.9) with the starting point x
and converges to &. In addition, if § < 1 and
lim sup,,_, o E’;gl

rate of such sequence () is quadratic.

< 400, then the convergence
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4.2. Convex principle for multimaps

In64’65

, Polyak has established an interesting
convex principle with numerous applications in
linear algebra, optimization and control theory.
This convex principle states that a nonlinear im-
age of a small ball in a Hilbert space is convex,
provided the mapping is of class C*!' and the
center of the ball is a regular point of the map-
ping. In this final subsection, based on the met-
ric regularity theory, we present a generalization
of the Polyak convex principle for multimaps.
Recall® that a multimap F : X = Y between
normed spaces X, Y is paraconvex with a mod-
ulus L > 0 if for all x1,29 € X, t € [0,1],

tF(l‘l) + (1 — t)F(IQ) gF(tl‘l + (1 — t)I2)+
+ Lt(l - i)HZﬁ - 1‘2”2.
Obviously, a single-valued mapping of class

Ch! is paraconvex.

Theorem 28. Let X be a Hilbert space and Y
be a normed space. Let F : X =Y be a para-
convexr multimap with modulus L > 0. For given
(z,y) € gph F, e1,69 > 0, if ' is metrically reg-
ular with o constant k > 0 on B(Z,e1)x B(y,£2),
then for 0 < & < &y := min{e, (2sL) ™1}, the set
F(B[z,0]) N B(y,e2) is a convex set in'Y.

We need the following lemma.

Lemma 29. Let X be a Hilbert spaces. For
§ >0,z € X, z1,00 € B[z,0], t € (0,1),
zy =ty + (1 —t)xe, one has

Bliy,6 — /& — 5] C Bl d],
where s 1= t(1 — t)|lz1 — z2|>.
Proof. Using the equality
[ta+(1=t)b]* = tal*+(1=)l[b]*~t(1~t) la—b|*,

validated in any Hilbert space X, a,b € X, and
t € R, one has the estimation

e = 2[* =ty — 2* + (1 = D}z - 2[*-
—t(1=t)]z1 - a2
<6 —t(1 —t)||z) — zo)® = 6% — 5.

Hence for y =6 —/02 — s, 2 € Blxy,7], one
has

< (I = @ll + [lze — 2[1)?
= [l = 2ol + 2]z — wellllze — 2] + [l - 2]
<24 29/02 — s+ 6% — 5 =02,

Iz - 2|

that is, z € B[z, 0], and the lemma is proved. O

Proof of Theorem 28. Let y1,y2 €
F(B[z,¢]) N B(y,e2), t € (0,1) be given. We
want to show y; == ty; + (1 —t)y2 € F(B[z,0])N
B(y,e2). As obviously y; € B(g,¢e9), for yi,ys €
B(y,e9), t € (0,1), it suffices to show y; €
F(B[z,d]). Let x1,29 € B[z,d] be such that
yi € F(x;),1=1,2. Then z; :=tx; +(1—t)xy €
B[z, 0] C B(z,¢1), according to the metric regu-
larity with constant x of F'on B(Z,e1)x B(y, €2),
one has

d(ze, F~' (1)) < (s, F (1))
Since F' is paraconvex with modulus L,
Y € tF(21) + (1= 1) F(x9) C F(zs) + Lt(1 —1)||z1 — 29 %,

therefore, d(y;, F(z;)) < Lt(1 — t)||lzy — x9]?,
which along with the previous inequality yields

d(zy, F~ () < kLt(1 — t)||z1 — 22)|? = kLs.

As by assumption, KL < §/2, one can find
z € F~Y(y) such that |2y — 2| < ds/2. Then

by
0s/2 <6 —1/02—s,

one has z € Blry,0 — V6> — s, and thanks
to Lemma 29, z; € B[z,0], consequently 1 €
F(z) C F(B|z,4]). O
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5. CONCLUSIONS

The paper gives a survey on some recent con-
tributions of our research group to the theory of
metric regularity and its applications. Some im-
portant characterizations of the metric regular-
ity via the strong slopes as well as the coderiva-
tives have established. We have presented some
extended variants of the notion of metric regu-
larity and related properties. Regarding the ra-
dius of metric regularity which is an interesting
topic in this theory, we have established a rela-
tionship between the regularity radius and the
regularity modulus for general multimaps under
some suitable assumptions. It remains still some
open questions related to estimate the regular-
ity radius for future studies. Many applications
to numerical algorithms for solving optimization
problems and generalized equations have found
out recently, especially the applications to the
Newton type methods have been investigated in
this paper. We have used the metric regularity to
obtain a new result related to the convexity of an
image of balls through paraconvex multimaps.
Many open problems related to the theory of
metric regularity and applications are devoted
to future researches.
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TOM TAT

Biang phuong phap ding khuén 1a cac qua cau polystyrene, két hop voi qua trinh nhiét phan trong khong
khi, chiing t61 da ché tao thanh cong vat li¢u nano Co,O, cAu trac xép ¢ do trat tu cao. Hinh thai va cAu tric tinh
thé cua vat liéu duoc khao sat bang phuong phap kinh hién vi dién tir quét (SEM) va phuong phéap nhiéu xa tia X
(XRD). Két qua anh SEM cho thay khoang cach giira cc 16 x5p ¢& vai dén vai chuc nano mét va dudng kinh trung
binh cua céc 15 x6p trong khoang 260 — 300 nm. Két qua phan tich phé XRD ciia mau cho thdy vt liéu duoc tong
hop c6 cAu tric tinh thé dang lap phuong. Tinh chét xuc tac dién hoa cua vat liéu duoc khao sat thong qua phan
g tong hop oxi tir nude. Két qua cho thay hiéu sudt vuot trdi ctia cdu tric xp nano so vai cu tric hat nano.

Twr khéa: Co,O,, nano xop, xic tdac dién héa, phan img tong hop oxi.
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ABSTRACT

In this study, highly ordered mesoporous Co,O, inverse opals are synthesized using polystyrene beads as a
hard template, followed by a calcination in air. The morphology and crystalline structure of the mesoporous Co,O,
are investigated by scanning electron microscopy and X-ray diffraction techniques. The characterizations reveal
that the thickness of the pore walls of the inverse opals is in the range of a few to a few tens of nanometers, the
average diameter of the pores is in the range of 260 — 300 nm, and the mesoporous Co,O, has a spinel crystalline
structure. The electrocatalytic properties of the materials are investigated by the oxygen evolution reaction. The
results show a superior activity of the mesoporous structure with a small Tafel slope and a low overpotential in the
alkaline medium compared to the nanoparticle counterpart.

Keywords: Co,O, mesoporous inverse opal, electrocatalysis, oxygen evolution reaction.

1. INTRODUCTION materials for fuel cells, and metal-air batteries

Renewable energy sources have been developed such as lithium-—air batteries, zinc—air batteries.

rapidly due to the world's growing energy However, one of major hurdles of water

electrolysis is anodic oxygen evolution reaction
(OER) which needs high onset potential and
shows slow sluggish kinetics due to four-electron

demands and serious environmental threat caused
by the depletion of natural fossil resources such
as coal, oil, and natural gas. Even so, currently

renewable energy sources only account for a very
small part of the total global energy consumption.
The renewable energy is still not popular in the
world because the extraction technology is still
limited, making product cost still high.

Catalytic splitting of water into hydrogen
and oxygen provides a potential path to product
clean H, and O, for human society as the input

*Corresponding author.

Email:nguyenthihongtrang@qnu.edu.vn

https://doi.org/10.52111/qnjs.2022.16102

transfer process. Consequently, extensive efforts
have been undertaken to develop highly efficient
catalysts with low onset potential and promoted
reaction kinetics. Many materials with different
structures have been studied recently to improve
OER efficiency.

Typically, ruthenium oxide (RuO,) and
iridium oxide (IrO,) have been proven to be
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highly efficient OER catalysts.! Unfortunately,
these noble metal oxide catalysts suffer from
poor chemical stability in alkaline media and
high price, which limit their practical large-scale
application as water splitting anodes. Therefore,
design and development of OER catalysts
with low cost and high activity has attracted
considerable attention, and lots of efforts have
been made.*?

Cobalt oxide (Co,0,) has been intensely
studied for electrochemical energy conversion
and storage, including as an electrocatalyst for the
water oxidation/OER, in lithium-ion batteries,
and as supercapacitors, due to its excellent
catalytic properties and high corrosion stability.
The low cost and earth abundance of Co,O, have
suggested it to be a highly promising substitute
for rare metal based catalysts.>* Moreover, Co,O,
with different morphologies, such as hollow fluffy
cage,’ three-dimensional ordered nanoporous,?
core-shell,> has been used as efficient OER
catalyst. As the surface area and electronic states
of Co,0, are two of the main contributors for its
catalytic performance, substantial work has been
focused on developing new synthetic approaches
to realize a variety. Additionally, mesoporous
nanostructures are beneficial for promoting
electrochemical performance of electrodes due
to their interconnected pores, large specific
surface area, controllable pore size and pore
wall composition.®” Template method has been
considered as one of the most convenient and
effective methods to prepare mesoporous inverse
opal structures.

In this paper, Co,0, with mesoporous
inverse opal structure (Co,0, I0) is fabricated
on nickel foam (NF) substrates via chemical
method with polystyrene (PS) beads as hard
template, followed by the calcination process in
air. The influence of fabrication conditions such
as solution concentration, calcinated temperature
on morphology and crystal structure are studied
by SEM and XRD analytic techniques. The
electrocatalytic properties for OER of as-
synthesized materials are also studied.

2. EXPERIMENTAL
2.1. Nickel foam substrate preparation

Nickel foam susbtrate with an area of 1.0
cm x 1.0 cm was ultrasonically cleaned for 5
minutes in a 0.5 m hydrochloric acid (HCI) and
for 30 minutes in ethanol (EtOH) and distilled
(DI) water to remove any contaminants and
amorphous surface oxides, and was dried in box
furnace at 60 °C for 12 h in air.

2.2. Synthesis of PS nanobeads

PS spheres were prepared by emulsion
polymerization using sodium dodecyl Sulfafe
(SDS, Sigma Aldrich), sotassium persulfafe
(PPS, Sigma Aldrich), and aqueous distilled
water as emulsifier, initiator, and dispersion
medium, respectively. A mixture of 8§ mg SDS
surfactants, 100 mg PPS initiators and 30 ml
deionized water was kept to 70 °C for 30 minutes
under N, flow in a three-necked reaction flask.
6 ml of styrene monomers, which had been
filtered with alumina, was quickly injected to
the solution. After polymerization at 70 °C for
4 h, the obtained PS dispersion was dialysated
filtered in deionized water for 3 days to remove
unreacted reagents. PS beads of 280 nm average
diameter were obtained.

2.3. C03O A 10 fabrication

The substrates (NF or glass subtrates) as
electrodes were vertically immersed into 50 mL
of PS solution which was prepared by diluting 1
ml as-prepared PS bead solution with 35 ml of
distilled water and 14 ml of anhydrous ethanol.
By keeping the sustrates in the PS solution at
65 °C for 48 h until the solution was completely
evaporated, PS beads were uniformly coated on
the electrodes. As a cobalt oxide source, cobalt
nitrate hexahydrate (Co(NO,),.6H,0, Sigma
Aldrich) was slowly added into anhydrous
ethanol, and stirred at ambient condition for
1 h. After stirring, Co(NO,),.6H,0 solution was
dropped on PS coated substrate (20 pl cm?)
by micropipette. The electrodes were dried
overnight in ambient conditions, followed by
thermal annealing at 90 °C for 1 h in air. Finally,

https://doi.org/10.52111/qnjs.2022.16102
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these Co(NO,),.6H,O-treated ~ PS/substrates
were transferred to box furnace, and annealed
at 450 °C for 2 h (ramping rate of 5 °C min")
in air to form Co,0, IO with a removal of PS
template. The synthesized process of Co,0, 10
is summarized in Figure 1.

In this paper, we studied different
samples by varying the synthetic parameters
with Co(NO,),.6H,O concentration of 0.1 M;
0.2 M and 0.4 M and calcinated temperatures
of 300 °C, 450 °C and 600 °C. The samples
with different fabricated conditions denoted as
MO01.450, M02.450, M04.450, M02.300, and
M02.600 respectively.

’
ColNOy ),
solution

I Evaporation F I)mppmg “

‘%\"_

PS solution

6“’(, 48h |
- —

Ming mang
chin PS Natural dryving

Powd,
SR Calcination ,;.“__..-“"'-

. detaching *
R | ‘—n L.,J._._?.":fw""'
450 °C, 2h ||'
—

Co;0, 10 powder Co0, 10 thin film PSi@ cobalt hydrate

an substrate

Figure 1. The fabrication process of Co,O, 10

2.4. Characterization and investigation of
electrochemical properties of Co,O, 10 electrode

Scanning  electron  microscopic  (SEM)
measurement was performed using a HITACHI
S—4800 microscope to observe the morphology
of Co,0, 10 samples. The crystal structure of
as-synthesized materials was characterized by
using X-ray diffraction (D8 Advance Bruker).
The crystallinity and chemical structure of the
Co,0, 10 were studied by a Raman spectroscopy

(XploRA—Horiba).

To evaluate the electrochemical
performance of the electrodes, experiments were
carried out in a three-electrode electrochemical
cell using potentiostat (DY2300). The as-
prepared Co,O, IO on substrate were used as
working electrode, electrode, Platinum (Pt) wire
and Ag/AgCl (saturated in KCI) were used as the

counter and reference electrode. The electrolyte

https://doi.org/10.52111/qnjs.2022.16102

was 1.0 M KOH. For OER performamce,
LSV polarization curves were recorded from
0.2 - 0.8 V versus saturated Ag/AgCl at a scan
rate of 10 mV s under N, medium.

3. RESULTS AND DISCUSSION

Figure 2. SEM image of PS beads deposited on
glass substrate (the inset is the enlarged image of
corresponding sample).

The SEM image was represented to
investigate the morphology of the nanostructures
involved in each step of the entire fabrication
process in Figure 1. Figure 2 shows the SEM
image of PS beads deposited on the glass
substrate, evidencing the relatively uniform
diameter, smooth surface, and well-ordered
arrangement. The average diameter of the PS
beads is about 270 nm.

SEM images of Co,O, IO at different
prepared  conditions with  Co(NO,),.6H,0
concentrations of 0.1 M; 0.2 M; 0.4 M (at the
calcination temperature of 450 °C) are shown in
Figure 3.

Figure 3. SEM images of Co,O, 10 with concentrations
of Co(NO,),.6H,0: 0.1 M (a, b, ¢); 0.2 M (d, e, 1);
0.4 M (g, h, i).
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At concentration of 0.1 M, the wall
between the pores of 10 structure is thin, the
average diameter of the pore is approximately
300 nm (Fig. 3 a, b, ¢). With this morphology, the
electrode has a large surface area, high porosity,
but weak inter-pore adhesion leading to a fragile
structure. When increasing the concentration
to 0.2 M, the obtained Co,0, 10 structure has
a fairly homogeneous and clear shape, with the
honeycomb-like morphology. The thickness
between the pores increases, the diameter of the
pores decreases with the average value of about
270 nm (Fig. 3d, e, f). Although the surface area
of material in this condition is slightly reduced,
the morphology is more uniform.

Continuing to increase the concentration
to 0.4 M, the thickness between the pores
increased, so the surface area dramatically
decreased, and the material morphology was
not uniform anymore. The diameter of the
pores is now greatly reduced, averaging only
170 nm (Fig. 3g, h, i). From the SEM images,
it can be seen that changing the concentration
of Co(NO,),.6H,0 has affected the morphology
as well as the texture of the Co,0, 10 material.
Based on the above analysis results, we found
that 0.2 M is the optimal condition for material
synthesis and research.

Calcination temperature is also an
important parameter that can affect the
morphology of the material. Figure 4 shows the
SEM image of the Co,0O, IO material calcined at
600 °C (at Co(NO,),.6H,0 concentration of 0.2
M). In comparison with the samples synthesized
at the calcination temperature of 450 °C (Fig. 3d,
e, 1), the thickness of the wall between the pores
is thinner, so the structure of material easily
gets colaped. We predict that if the temperature
continues to increase, it is very likely that
this structure will not be maintained, and the
honeycomb shape will be broken. If the sample
is calcinated at a temperature lower than 450 °C,
this temperature is not high enough to completely

ignite the PS® to form a porous nanostructure.
Combined with the above analysis results, the
limit calcination temperature for the 10 sample
can be selected as 600 °C or less, and the optimal

temperature of 450 °C was chosen in this study.

Figure 4. The SEM image of the Co,O, IO material
calcined at 600 °C at different magnifications.

— M02,300
i B-Co(OH), ——M02.450
- spinel Co,0, ——M02.600
)

Intensity (a.u.)

26 (°)

Figure 5. The XRD patterns of the Co,0, IO
samples at Co(NO,),.6H,O concentration of 0.2 M
and calcination temperature of 300 °C, 450 °C and
600 °C, respectively.

The XRD patterns of the Co,0, 10
structures at Co(NO,),.6H,O concentration of
0.2 M and calcination temperature of 300 °C,
450 °C and 600 °C are shown in Figure 5. XRD
results reveal that, at the 300 °C, the material
only exists phase a, B of Co(OH), (JCPDS
No. 30-443). At the 450 °C and 600 °C, XRD
patterns exhibit diffraction peaks at 31.2°
36.8°, 44.6°, 55.5° 59.3° and 65.2°, which are
assigned to (220), (311), (400), (422), (511)
and (440) faces of cubic crystallite Co,0,
(JCPDS No0.42-1467). No peaks ascribed to
other impurities can be found, revealing the
high purity of as-synthesized spinel oxides.
This result indicates that cobalt precursor has
been completely transformed into crystalline
Co,0, at the temperature higher 450°C.
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Figure 6. The XRD patterns of Co,0, IO at
calcination temperature of 450 °C and Co(NO,),.6H,0
concentrations of 0.1 M and 0.2 M.

Figure 6 shows the XRD profiles
of samples synthesized at Co(NO,),.6H,O
concentration of 0.1 M and 0.2 M and
calcination temperature of 450 °C (M01.450 and
M02.450). The XRD patterns of two samples at
different concentrations has exactly the same
peak positions and are confirmed to agree with
reported spinel cobalt oxide. This result indicates
that Co(NO,),.6H,O concentration does not
affect the crystal structure of the as-synthesized
material.

Intensity (a.u.)

400 500 600 700 800
Raman shift (cm-)

Figure 7. Raman spectra of samples synthesized

at different Co(NO,),.6H,0 concentrations and

calcination temperature of 450 °C (MO01.450,

M02.450, and M04.450).

Raman spectra of samples samples
different  Co(NO,),.6H,0
concentrations and calcination temperature of
450 °C (M01.450, M02.450, and M04.450) are

synthesized at

https://doi.org/10.52111/qnjs.2022.16102

presented in Figure 7. As revealed by these results,
there are four Raman-active modes at 482, 521,
618, and 690 cm! attributed to the E, F‘zg, Fzzg,
and A‘g vibration modes of the cubic structure of
Co,0,,” further confirms the formation of Co,O,
spinel, which is corroborated by the XRD. From
the XRD and raman results, it is clearly revealing
that cobalt salt concentration affects only the
morphology (SEM results) without changing the

crystal structure of Co,O, I10.

i L KRN

Figure 8. SEM image of the Co,0, nanoparticle was
synthesized by hydrothermal method.

To evaluate the electrochemical
property of Co,0, 10, we also synthesized Co,0O,
nanoparticle materials (denoted as Co,0, NP)
as the reference by hydrothermal method at
120 °C, 12 h. The cobalt precursor is also a
cobalt nitrate salt, but without the PS template.
The morphology of the Co,0, nanoparticles is

shown in Figure 8.

100
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20
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Figure 9. LSV characteristics of Co,0O, 10 (sample
M02.450) and Co,O, NP as the reference.
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Figure 9 compares LSV characteristics
of Co,0, IO and Co,0, NP materials fabricated
on NF substrates. The graphs show that the
overpotential values (1) of the NF substrate,
Co,0, IO, and Co,0, NP (at the current density
of 30 mA.cm?) is 1.71 (V), 1.65 (V), and 1.60
(V), respectively. Thus, compared with the
Co,0, NP, the Co,0, IO material needs a much
lower overpotential value. Moreover, the LSV
characteristic curve of the Co,0, 10 shows
higher slope, demonstrating the OER reaction
rate of the Co,0, 10 sample is much faster than
that of than that of Co,0, NP counterpart. The
above results confirm the outstanding catalytic
performance of the Co,0, IO sample.

This result can be explained as follows:
The NF substrate has a three-dimensional (3D)
porous structure with high surface area, whereas
the distribution of the catalyst on the entire
substrate is uniform, which greatly increases the
catalytic active sites of the material. Meanwhile,
the regular empty spaces, surrounded by
the mesoporous walls composes of tiny
nanoparticles (size 5 - 7 nm), are interconnected
by the pores/voids where the removed PS
spheres have resided in contact with each other.
The interconnected voids can act as diffusion
channels, and hence, facilitating the charge
exchange process, increasing the conductivity of
the Co,0, 10 catalyst. Thus, the high catalytic
performance of Co,0, IO is demonstrated to
be mainly attributed to both high surface area
and good electrical conductivity. These results
seem to hint at the interest in Co,0, IO as an
electrochemical catalyst for the OER process.

4. CONCLUSION

The Co,0, ordered porous architecture,
so-called inverse-opal structure has been
successfully fabricated by chemical method
using PS spheres as hard template, followed
by calcination process in air. The morphology
of the 10 structute changes in terms of pore
diameter and wall thickness of interconnected

voids with the concentration of Co(NO,),.6H,0

and the calcination temperature. XRD patterns
confirm the as-prepared IO material has a cubic
crystal structure of Co,0,. We believe this work
represents a valuable addition focusing on the
importance of the IO structure to improve the
electrocatalytic performance of Co,0,-based
electrodes in OER. This contribution is therefore
expected to further encourage studies of electrode
design in electrochemical water-splitting, and
metal-air batteries such as lithium-air batteries,
and zinc-air batteries.
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Xac dinh du lugng khang sinh amoxicillin trong nuéc thai
nudi trong thay san bang phuong phap dién héa st dung
dién cuc nano platin trén nén glassy cacbon

Nguyén Thi Liéu'*, Lé Thu Hwong', Vé Thi Hoa Trim', Pham Thi Hai Yén?

'Khoa Khoa hoc tw nhién, Truong Pai hoc Quy Nhon, Viét Nam
2Vién Hoa hoc, Vién Han lam Khoa hoc va Cong nghé Viét Nam, Cau Gidy, Ha Néi, Viét Nam
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TOM TAT

Platin nano hinh hoa (Platinum nanoflowers) dugc két tiia 1én bé mat dién cuc glassy cacbon (GC) dé hinh
thanh dién cuc mai (PtNFs/GCE). Pic tinh cua dién cuc PtNFs/GCE cho viéc xac dinh Amoxicillin (AMX) bz"mg
phuong phap Von - Ampe hoa tan anot séng vuéng (SWASV) da duoc nghién ctru. Sau khi ti uu hoa cac didu kién
thi nghiém, cuong d dong dinh hoa tan AMX cao nhat thu duoc trong dung dich dém photphat 0,2 M (pH = 7,5)
v6i thoi gian 1am giau 150 s, bién d6 xung 60 mV va toc d quét 13 0,25 V.s'. Gidi han phat hién va giéi han dinh
luong ctia phuong phéap phan tich dwoc xac dinh lan luot 12 0,113 pM va 0,372 uM. Trong diéu kién thich hop,
phuong phap dat dugc do téi lap cao: RSD = 9,65% (n=5). Anh huong ctia mot s6 khang sinh nhom B-lactam va
céc chit gay nhidu c6 thé c6 khac da dugc nghién ciru. Cudi ciing, dién cuc PINFs/GCE da dugc ap dung dé xac
dinh du lwong khang sinh trong nudc thai nudi trong thuy san véi két qua hoan toan phi hop vé mat théng ké vai
phuong phép séc ky 1ong hiéu nang cao (HPLC).

Tirkhéa: Glassy cacbon, platinum nanoflowers, két tia dién héa, Von—Ampe hoa tan anot séng vuong, Amoxicillin.

*Tac gia lién hé chinh.
Email: nguyenthilieu@qnu.edu.vn
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aquaculture wastewater by the electrochemical method
using platinum nanoflowers modified glassy carbonelectrode
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ABSTRACT

The glassy carbon electrode electrodeposited platinum nanoflowers on the surface to form a new electrode
(PtNFs/GCE). The behavior of PtNFs/GCE has been studied for Amoxicillin (AMX) determination by square wave
anodic stripping voltammetry (SWASV). After optimizing the experimental and voltammetric conditions, the best
stripping peak obtained current intensity in 0.2 M phosphate buffer solution (pH = 7.5) with 150 s accumulation
time, 60 mV pulse amplitude, and 0.25 V.s! scan rate. The limit of detection and quantity was observed as 0.113
puM and 0.372 puM, respectively. Under suitable conditions, the method gained high reproducibility: RSD =9.65%
(n=5). Interference effects of some B-lactam antibiotics and other possible interferent were studied. Finally,
the PtNFs/GCE was successfully applied to analyze Amoxicillin antibiotic residues in aquaculture wastewater,
resulting in satisfactory statistical agreement with high-performance liquid chromatography (HPLC).

Keywords: Glassy carbon, platinum nanoflowers, electrodeposition, square wave anodic stripping voltammetry,

Amoxicillin.

1. INTRODUCTION

Antibiotics are one of the most important drugs
used in medicine because they can inhibit or kill
bacteria that cause infectious diseases in humans
and animals."* Amoxicillin (AMX) is the most
used antibiotic from the B-lactam group to treat
bacterial infections that affect humans and other
animals. After its action mechanism, 60 - 70%
of the drug is excreted and unaltered through
urine and feces because of its low metabolism;**
thus, Amoxicillin is rapidly released into the
environment.® Because of its long persistence in
the environment, the drug is considered a severe

Corresponding author.

Email: nguyenthilieu@qnu.edu.vn
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contaminant is leading to adverse effects on
living organisms.

Accordingly, it is necessary to
design a quantitative detection approach for
AMX. Amoxicillin has been determined by
spectrophotometry,® capillary electrophoresis,’
and high-performance liquid chromatography.®
However, they still have some disadvantages
such as complicated procedures, time-
consuming, expensive instrument requirement,
and low detection sensitivity. Recently,
the electrochemical technique has become

a promising method wused in medicine

32 | Journal of Science - Quy Nhon University, 2022, 16(1), 31-37



SCIENCE

QUY NHON UNIVERSITY

determination because of its high sensitivity
and selectivity, fast measurement, low-cost
instrument, and simple operation.

In this paper, the authors used the
electrochemical technique to investigate the
electrochemical behavior of Amoxicillin which
is also the first use of the electrochemical
method in Vietnam. This research reported the
application of platinum nanoflowers modified
glassy carbon electrodes (PtNFs/GCE) to
detect AMX. It has numerous advantages in
electrochemical analysis such as stability, easy
fabrication, high conductivity, low background
current, and reproducibility.”!® By using the
electrodes, we obtained good electrochemical
signals of AMX.

2. MATERIALS AND METHODS
2.1. Reagents and Apparatus

Reagents:  Hexachloroplatinic  (IV) acid
hexahydrate (H,PtCl,.6H,0) used for fabrication
of PtNFs/GCE was of pure grade (KGaA,
64271 Darmstadt, Germany). The electrolyte
solution comprises 1.0 mM HPtCl, 0.1 M
H,SO, solution, and a [Fe(CN),J*" used redox
system in 0.2 M phosphate buffer solution pH
= 7 for the study of electrochemical properties.
Amoxicillin  trihydrate (C,.H,,N,O,S-3H,0,
AMX) was purchased from Merck (Germany).
AMX was prepared daily from a 1 mM stock
solution. Phosphate buffer solution (PBS) is
the supporting electrolyte of electrochemical
measurements.

Apparatus: Square wave anodic stripping
voltammetry (SWASV) using PtNFs/GCE were
performed on a system Autolab Electrochemical
CPA-HH5 (Hanoi, Vietnam), with a three-
electrode configuration (GCE and PtNFs/GCE
as a working electrode, Ag/AgCl reference
electrode, and platinum wire as an auxiliary
electrode).

2.2. Preparation of modified electrode

The glassy carbon (GC, d = 3.0 mm) electrode

was polished with a water slurry of 0.2 um ALO,,
rinsed with ethanol and water, and then dried.
The electrodeposition of platinum nanoparticles
on the bare glassy carbon electrode was carried
out in an H,SO, 0.1 M solution containing 1.0
mM H,PtCl, at a constant potential of -0.2 V
and deposition time of 150 s. Following that, the
Pt/GCE was gently cleaned with distilled water
before use.

2.3. Electrochemical measurements

The formation of PtNFs/GCE and their
properties were investigated by the cyclic
voltammetric method (CV). Measurements
performed in 5 mM [Fe(CN) ] from -0.3 V
to 0.7 V at a scan rate of 0.1 V.s' were used to
predict electrochemical features of electrodes
and compare their electrochemically active
surface areas. The analytical solution containing
AMX, 0.2 M phosphate buffer (PBS, pH = 7.5)
was put into a cell with the three electrodes. It
was determined by square wave voltammetry
(SWV) with (0.3, 1.1 V) of the potential range.

All experiments described in this section
were performed at room temperature (25 £ 1 °C).

3. RESULTS AND DISCUSSION

3.1. Morphological characterization of the
GCE, PtNFs/GCE by SEM

The surface morphology of the bare GCE,
PtNFs/GCE are investigated by SEM with
different scales. The SEM image shows that the
GCE surface has a smooth and homogeneous
morphology (Fig. 1a). However, the surface of
the electrode's appearance changed dramatically
after PtNFs/GCE (Fig. 1b). According to the
SEM images (Fig. 1b), the GCE surface is
densely developed with Pt nanoflowers. After
electrodeposition, many Pt nanoflowers are
produced on the GCE surface; the surface of
PtNFs/GCE was rougher with irregular cubic
nanoflowers shape whose size varies in the range
(50 — 400 nm). Electrochemical methods also
characterize the PtNFs/GCE.

https://doi.org/10.52111/qnjs.2022.16103
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Figure 1. SEM images of GCE (a), PtNFs/GCE(b)

3.2. Formation and characterization of PtNFs/
GCE

The PtNFs modified the GCE in 0.1 M H,SO,
containing 1.0 mM H,PtCl, solution by a cyclic
voltammetry sweep in the range between -0.3
and 1.4 V. Fig. 2 shows the cyclic voltammetric
responses of a PtNFs/GCE and bare GCE in
0.2 M phosphate buffer solution (PBS), pH, 7.0
containing 5 mM K Fe(CN), at a scan rate of
0.1 Vs,

0.2-
0.1
<
Eoo0|
-0.1-
- —BC
-0.2 —— PtNFs/GC
-02 00 02 04 06
E/N

Figure 2. Cyclic voltammograms obtained at a bare
GCE and PtNFs/GCE in 0.2 M phosphate buffer
solution (PBS), pH, 7.0 containing 5 mM K Fe(CN),
at a scan rate of 0.1 V.s™.

https://doi.org/10.52111/qnjs.2022.16103

It could be found that the electrochemical
peaks of the bare GCE in the PBS are low. Their
electrochemical peaks could also be observed
at the PINFs/GCE, with the intensity increasing
significantly. The SEM images that well-
dispersed nanoscale Pt particles were deposited
on the GCE.

We determined the electrochemically
active surface areas (AEAS) of GCE and the
PtNFs/GCE with cyclic voltammetry method
based on Randles — Sevcik equation'':

[,=2.69x10°xn"?x A, xD"*xv"*xC

According to the above equation, the
A, of the PINFs/GCE fabricated with the
electrodeposition time 150 s under stirring 50
rpm was calculated as 0.184 cm? larger than the

bare GCE (0.044 cm?).

The results clearly explain that the
modified electrode with platinum nanoflowers
is beneficial for improved sensitivity in analysis
thanks to the larger active surface area. Thus,
the intensity of the stripping peak is increased
by almost 4 times that of the bare GCE; AMX
could be detected sensitively at the PtNFs/GCE.
Therefore, the PtNFs/GC electrode allows for
improved selectivity and sensitivity.

3.3. Optimization of experimental parameters
3.3.1. Effect of solution pH

For the development of the analytical method, the
influence of the pH of the supporting electrolyte
(hydrogen ion concentration) on the oxidation
reaction of AMX (20 uM) was simultaneously
evaluated by the SWV technique using the
PtNFs/GC electrode.

20

04 0.6 08 1.0

EN
Figure 3. Effects of pH on the stripping peak current
of 20 uM AMX on PtNFs/GCE
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The pH was investigated in the range of
5.0 - 9.0 with 0.2 M phosphate buffer. The SW
potential plots obtained in this investigation are
shown in Fig 3. It can be seen that the oxidation
peak current for AMX increased until it peaked
at pH 7.5 when the pH increased. Therefore,
we chose pH 7.5 as the optimal pH value for
subsequent experiments.

3.3.2. Effect of accumulation time

There was a linear correlation between the AMX
peak current (Ip) and accumulation time (t dep)
in the range of 60 - 240 s. The result (Fig. 4)
shows that the peak current increased with an
increase in accumulation time from 60 to 150 s,
which can be attributed to the rapid adsorption of
AMX on the surface of the electrode. However,
the oxidation peak current was leveled off with
a further increase in accumulation time beyond
150 s. It can be ascribed to the saturation of AMX
on the surface of the electrode. Consequently,
the accumulation time of 150 s was suitable.

244

04 0.6 0.8 10
EN

Figure 4. Effects of accumulation time on the
stripping peak current of 20 uM AMX on PtNFs/GCE

3.3.3. Effect of scan rate

The Effect of scan rate on the AMX
electrochemical responses was investigated by
the SWASV technique, varying the potential
scan rate from 0.05 to 0.5 V/s. The obtained
results show that, as the scan rate increases,
the oxidation peak current for AMX increases
until it peaks at 0.25 V/s scan rate, the oxidation
peak current for AMX declines slightly. Hence,
recorded the best peak definition at when 0.25
V/s scan rate.

3.4. Reproducibility, linear range, and limit of
detection

Reproducibility: Under the suitable conditions
(0.2 M phosphate buffer (pH = 7.5); 20 uM
AMX; accumulation time = 150 s: AE = 60 mV;
v=0.25V/s; Erange =0.3Vtol.1V,the SWASV
with PtNFs/GCE gained high reproducibility
of AMX stripping responses. The RSD value
of reproducibility was calculated to be 9.65%
indicating that the fabrication procedure was
reliable (n = 5).

Linear range: The wide linearity range
was good in the range of 0.5 — 60.0 uM, with
a correlation coefficient of 0.996. The SWASVs
and linear regression lines/equations for the
AMX are shown in Fig. 5a and 5b, respectively.

Limit of detection (LOD): The limit of
detection (LOD) was calculated as 3c. The
detection limits of 0.113 uM were estimated.
With the low detection limit mentioned above,
the SWASV using PtNFs/GCE can directly
detect AMX in the local aquaculture wastewater
without a concentration step before analysis.

o4 |--=- base line

04 06 0.8 10

| Juh

oo
(e, f-Squae 0.5

°0 20 a0 60
Camox (uM)
Figure 5. SWVs of AMX samples ranging in

concentration from 0.5 to 60.0 uM (a) and relationship
between AMX concentrations with corresponding
peak current (b)

https://doi.org/10.52111/qnjs.2022.16103

Journal of Science - Quy Nhon University, 2022, 16(1), 31-37 | 35



SCIENCE

QUY NHON UNIVERSITY

3.5. Interference study

Some B-lactam antibiotics and another possible
interference in the local aquaculture wastewater
samples may be adsorbed onto the electrode
surface and then influence the stripping response
of AMX. We conducted experiments with the
presence of variable concentrations of some
B-lactam antibiotics and another possible
interferent in a solution containing 20 uM
AMX in 0.2 M phosphate buffer (pH 7.5). The
results show that the maximum concentration of
interfering species causes an error of less than +
12,6% to determine AMX. The results showed
that the concentration of ampicillin, penicillin G
exceeded 50 times, and the concentration of K*,
Na*, Ca*, Mg*", Fe*" exceeded 100 times did not
affect the determination of the 20 uM AMX. The
proposed sensor selectivity for AMX is based on
the fact that AMX is the only phenolic penicillin
and a medium-spectrum B-lactam antibiotic and
that electro-oxidation occurs at the p-hydroxy
substituent of AMX'>!#that is absent from other
members of the B-lactam group and also from all
other possible inhibitors.

3.6. Analysis of real samples

The SWASV procedure using PtNFs/GCE with
suitable conditions was applied to determine
AMX in the local aquaculture wastewater at
Binh Dinh province, Central Viet Nam.

Some organic compounds affecting the
determination of AMX in aquaculture wastewater
are removed by the extraction method. Then, all
water samples were added to 0.2 M phosphate
buffer (pH = 7.5) and determined optimal
conditions were. The results in experimental
values are shown in Table 1. We also compared
the results with the same samples determined
from high-performance liquid chromatography
(HPLC). As shown in Table 1, the comparative
results suggest that the concentrations of AMX
were in good agreement with the results found in
the HPLC measurement. The method reported in
this work is also highly sensitive, reproducible,
and accurate. Therefore, the PtNFs/GC electrode
is potentially helpful for the analysis of AMX in
real samples.

Table 1. Analytical results for the determination of AMX (n = 3) in real water samples

AMX (pM)
Sample :
Sample location SWASV HPLC  Error (%)
Samples of wastewater from Tuy Phuoc 13°50'15.9"N
+ +
shrimp farming 109°12'46.9"E 1322£0.33  1.21:ND 9.09
Samples of wastewater from Tuy Phuoc 13°50'17.9"N
.04=+0. d6 £ .
shrimp farming 109°12'50.3"E 1.04£0.36 116 +ND 10.34
Samples of wastewater from Phu My 14°21'51.4"N
+ +
shrimp farming 109°07'18.3"E 0.76:0.42 0.88+ND 13.64
Samples of wastewater from Phu My 14°23'12.2"N 0.034027  0.854ND 9.41

shrimp farming

109°06'45.6"E

SWASV: square wave anodic stripping voltammetry;, HPLC: high-performance liquid chromatography. ND: Not

determined.

4. CONCLUSIONS

In this study, a new electrochemical sensor for
the determination of AMX antibiotic residues
was fabricated simply by the electrochemical
method. Traditional electrochemistry and

https://doi.org/10.52111/qnjs.2022.16103

microscopic analysis methods have been
applied to characterize platinum nanoflowers
electrodeposited on GCE. The electrochemical
signals of AMX increased by using PtNFs/GCE.
It helps produce the electrochemical Sensor for
the determination of AMX at trace concentration.
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A simple, sensitive, and inexpensive method
for the determination of AMX is proposed.
The PtNFs/GCE demonstrated better detection
sensitivity and higher SWASV signals than
the bare GCE, with a detection limit of about
0.113 uM.
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TOM TAT

Céc loai may phat dién khong dong bo ngudn kép khong chdi than (BDFIG) da dugc ching minh 13 giam

thiéu dugc chi phi bao dudng va chi phi van hanh, trong khi lai tang do tin cdy so v6i may phat dién khong dong

bd ngudn kép diung trong dién gi6. Bai bao nay di dé xuit phuong phéap diéu khién cac b dién tir cong sut cua

may phat dién khong dong bd ngudn kép khong chéi than sir dung may bién ap quay (BDFIG-RT) trong vai trd 1am

may phét cho tuabin dién gi6 loai toc do thay d6i. Bo diéu khién duoc dé xuat dya trén hé truc dq gin trén roto,

va dugc mo phong trén phan mém Matlab Simulink. Cac két qua mo phong cho thiy rang dép ing dong hoc hoan

toan tot trong trudong hop toe do gié thay ddi, ké ca co xay ra sy ¢b ngin mach trén ludi. Nho phuong phép didu

khién nay ma trong qua trinh xay ra ngin mach trén lu6i thi may phat van két ndi voi ludi va hoat dong 6n dinh.

Tir khéa: Mdy phdt dién khéng dong bé nguon kép khong chéi than siv dung mdy bién dp quay, bo bién doi phia

lwGi, bo bién doi phia réto, bé dién tir cong sudt, may bién dp quay.

*Tdc gid lién hé chinh.
Email: lethaihiep @ gnu.edu.vn
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ABSTRACT

Brushless doubly fed induction generators (BDFIGs) show commercial promise for wind-power generation

due to their lower capital and operational costs and higher reliability as compared with doubly fed induction

generators. This paper proposed a control method of power converters in the brushless doubly fed induction

generator with rotary transformer (BDFIG-RT), which operate as a variable-speed generator. The proposed

controller is designed on the rotating dq reference frame, and simulated in Matlab Simulink. The simulation results

show that the proposed controller has good dynamic performance when changes in wind speed and short circuit

fault on grid. Thanks to this control system, the generator is still connected to the grid, and operates stably during

a short circuit fault.

Keywords: Brushless doubly fed induction generator with rotary transformer, grid-side converter, rotor-side

converter, power converter, rotary transformer.

1. INTRODUCTION

Currently, there are many types of wind
generators, but the type of doubly fed induction
generator (DFIG) is being used commonly. This
type of generator is more popularly used due to
the advantages of installation cost and wide wind
energy exploitation range from 4 m/s to 24 m/s.
This range is from less than 30% to over 30% of
the synchronous speed, respectively. However,
every DFIG needs to use carbon brushes to make
electrical connections between the rotor windings
and power supply from the power electronics.
Using carbon brushes will cause sparks, contact
resistance, wear of brushes and slip rings, heat
generation at the point of contact, etc. These
problems reduce the reliability of a DFIG. There
are many methods of manufacturing Brushless

* Corresponding author.

Email: lethaihiep @ gnu.edu.vn
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Doubly Fed Induction Generators (BDFIGs).
Particularly, they are divided into main groups:

- Unified BDFIG is in just one machine.
This BDFIG type has two stators (the electrical
parts and also the magnetic parts are separated)
and a common rotor (the electrical parts are
connected together, but the magnetic parts are
separated).”* Similar to this type is a brushless
doubly-fed reluctance generator.’ In these
types, windings of a stator generating power are
directly connected to the grid, but the windings
of the other stator for control are connected to
the grid through power electronics.'®

- Another type of BDFIG is Brushless
Doubly Fed Induction Generator with Rotary
Transformer (BDFIG-RT). The main part of
this type is DFIG. But instead of the three-phase
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windings of the generator rotor are connected
to the slip rings and carbon brushes, they are
connected to the rotor windings of a three -phase
rotating transformer. The stator windings of this
transformer are powered by a power electronics
unit.'*12

- A handful of BDFIGs are combinations
of two blocks from two machines. This BDFIG
type, stator windings of main generator are
directly connected to the grid, and rotor windings
of this generator are supplied by an auxiliary
generator via a rotated inverter."»'* This auxiliary
generator can be a wound rotor induction
generator, the rotor windings connected to a
rotated inverter."* Or the BDFIG type is formed
from two wound rotor induction generators with
their rotor parts connected both mechanically
and electrically."'*

Among the BDFIG types, the BDFIG-RT
type has the simplest structure, very similar to
the traditional DFIG type. Therefore, BDFIG-
RT has the prospect of commercialization and
application to replace DFIG in the near future.

There have been many studies on BDFIG-
RT, but no detailed study focused on the control
of this machine. Therefore, the purpose of this
study is to analyze and propose control loops for
the power converters of BDFIG-RT.

2. THE PROPOSED CONTROL STRUCTURES

2.1. Operational characteristics of the
BDFIG-RT

The BDFIG type that uses a rotary transformer
to supply electric power to the rotor windings
(as shown in Figure 1). The generator stator
windings in the BDFIG-RT are connected
directly to the grid, but the generator rotor
windings are connected to the rotor windings of
a rotary transformer. Besides, the stator windings
of this transformer are powered by a rotor-side
converter (RSC) combined with a grid-side
converter (GSC) connected to the grid (as shown
in Figure 2). The rotary transformer is designed
to be suitable for generators in the form (a) or the
form (b) as shown in Figure 1.2

Figure 1. Sectional view of the BDFIG-RT structure,
with either a rotary transformer of type (a) or type (b).”'?

Rotary transformer

/__‘\__ _______\_._\‘ N J_ —
OB
' E RSC GSC

BDFIG-RT RSC GSC
controller | | controller

Figure 2. Electrical connection diagram in BDFIG-RT

The main part of BDFIG-RT is
composed from DFIG, so it has the same power
characteristics as DFIG. So BDFIG-RT can
operate in sub- and super-synchronous modes,
and there is also a synchronous mode in the short-
term. Specifically, during operation, BDFIG-RT
usually operates in two modes:

- When the rotor rotational speed is
less than the synchronous speed of the stator
magnetic field, the generator works in sub-
synchronous mode. In this case, the rotation of
the rotor magnetic field generated by the rotor

currents is the same direction as the rotation of

https://doi.org/10.52111/qnjs.2022.16104
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the mechanical torque. So in this mode, rotor
receives energy from the grid (Figure 3.a).
With that, the GSC works as a rectifier and
the RSC works as an inverter to generate rotor
currents with an appropriate frequency. This
frequency is suitable for the speed that needs
to be supplemented with the rotational speed
of magnetic poles of the rotor to equal the
synchronous speed. In this mode, the generator
rotor receives energy from the grid, only the
generator stator generates power (Figure 4.a).

- Conversely, when the rotor rotates at a
speed more than the synchronous speed of the
stator magnetic field, the generator operates
in super-synchronous mode. In this case, the
rotation of the rotor magnetic field is opposite to
the rotation of mechanical torque. So electricity
is generated from the rotor to the grid (Figure
3.b). Then the RSC works as a rectifier and the
GSC works as an inverter to generate currents
with the same frequency as the grid frequency.
In this mode, both stator and rotor sides of the
generator supply active power to grid (Figure
4.c).

In the special case, when the rotor
rotational speed is equal to the synchronous
speed of the stator magnetic field, the generator
works in synchronous mode. In which case,
the rotor neither generates nor receives active
power (Figure 4. b). But this mode only exists
temporarily and is an intermediate mode in the
above two modes, because the wind speed is
always variable.

Stator magnetic
field rotates
N Rotor rotates

Stator magnetic
field rotates

Rotor rotates
Rotor magnetic
field rotates

(a) (b)

Rotor magnetic
field rotates

Figure 3. Direction and rotational speed of component
magnetic fields and rotor speed in BDFIG-RT.

The active power generated in the stator
(P) is calculated according to (1). The active
power generated or received in the rotor (P) is
calculated according to (2).

https://doi.org/10.52111/qnjs.2022.16104

1)
» (
P ==
1-s
s
P =—1~F, =sF, )
1-s

The sub-
synchronous
mode

@

The
synchronous
mode

(b)

The super-
synchronous
mode

(C) A AC/DCIAC

Figure 4. Power flows in BDFIG-RT.

With: s =1--2
(0]

Where: s is the slip ratio; @_is the speed
of rotating magnetic field in the stator; o is the
rotational speed of the rotor.

2.2. Modeling BDFIG-RT

With a DFIG, the current and voltage can be
measured in both stator and rotor sides. But the
similar parameters can be only measured in the
stator of the BDFIG-RT. The value of current
and voltage in the rotor of this generator must be
measured indirectly through the stator windings
of the rotating transformer (Figure 5).

DFIG Rotary transformer

Jsape . Irabg—izabe . izabe
R, d¥sabe A¥rave R R, d¥2ane dPrabe Ry
lvs,bc dt dt Vrabe lvzm dt dt vi hcl

O O
Stator Rotor Stator

Figure 5. Single-phase equivalent circuit diagram of
BDFIG-RT.
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The equations describe the relationship
between voltage and other parameters in a DFIG:

ﬂm=RAm+é%ﬁ (4)
Vi = R+t (5)
Vaane = —Roigupe +% (6)

Where, the parameters of generator part:
R_and R_are the stator and rotor resistance; Vb
and v_, are the three-phase stator and rotor
voltage matrix; i, and i_, are the three-phase
stator and rotor current matrix; y_, andy_ are
the three-phase stator and rotor flux matrix. The
parameters of rotary transformer part: R, and
R, are the stator and rotor resistance; v, , and
V,he are the three-phase stator and rotor voltage
matrix; i, and i, are the three-phase stator
and rotor current matrix; y, —and v,  are the

three-phase stator and rotor flux matrix.

The rotary transformer rotor and the
generator rotor are connected in the same phase
with each other. Therefore, the current and
voltage of the same phase of them are equal (as
shown in Figure 5).

VZabc = vrabc (7)
= irabc (8)
The flux in the stator of generator part is

created by the inductance in the phases of the
stator itself, plus the mutual inductance of the

llabc

phases in the rotor to the stator. The same goes
for the rotor of generator part. The phenomenon
is similar for rotary transformer.

‘I’sabc = \I’sabc(s) + \I’sabc(r) (9)
‘I’rabc = ‘Ilrabc(s) + \Ilrabc(r) (10)
Wiabe = Wiabeay T Wiabe) (11)
Waabe = Waabey T Waabe2) (12)
Where’ \I’sabc(s)’ ‘I’rabc(r)’ \Vlabc(l)’ \VZabc(Z)

are inductive flux components, and mutual
inductance flux components include

sabe(r)’?

\I’rabc(s)’ ‘Illabc(Z)’ ‘IIZabc(l)'

In order to analyze the control process, it
is necessary to convert the three-phase voltage,
current, and magnetic flux parameters in the
abc reference frame to the dg reference frame
attached to the rotor. These parameters are
converted according to the Park transition. The
voltage equations (3)-(6) are rewritten in the dg
reference frame:

Ay, 13
l}sdq = Rslsdq + ; ¢ - + J a)sl/_/sdq ( )
. dl//rd .
l)rdq = errdq + ;l‘ . +stll/_/rdq (14)
ay

l}.qu = _RZL.qu + Tq + ja)slgdeq (1 5)

dl/lldq

Zqu = RIL.qu + ;t + ja)sl‘gldq

(16)

With i,y =i Vidg = Voug-

Besides, o, = o - o is the slip speed,
which is also the rotational speed of the rotor
magnetic field.

The stator and rotor fluxes of generator
and rotary transformer can be written in the dg
reference frame as follows:

Wiy = LiLigy + L, 1y, (17)
Wiy = Loy Loty + Lo 1rg, (18)
Wiag =LiLigy + Lynlog, (19)
Woag = Lin iy + Lol (20)
Where

L=L,+L, (21)
L=L,+L, (22)
L=L +L, (23)
L,=L +L,, (24)

Where L is mutual inductance, L, L  are
stator inductance and stator leakage inductance,
L, L are rotor inductance and rotor leakage
inductance of generator part. Similarly, L is
mutual inductance, L, L, are stator inductance
and stator leakage inductance, L,, L, are rotor
inductance and rotor leakage inductance of
rotary transformer part.
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The active and reactive power in the stator
of the generator P, O are calculated according
to (25), (26). Likewise, the active and reactive
power in the stator of the rotary transformer
P, Q, are calculated by equations (27), (28),
respectively.

P = —Re{gqu;q} = ;( Vol + vsqzéq) (25)
0, =3 tm{u L =5 (v —vha) 20
=2 tvid,) @)

Q= %lm{bdqiqu} = %(quiu - Vldilq) (28)

Where i, and i, are complex conjugate

Iy and i,

2.3. Model and propose control loops of GSC
connected to an inductive filter

In the circuit shown in Figure 6, R, is the
resistance of the filter reactor Lg.

GSC
+
Ve me Lg ARg-i K7
/ Vasca
vor | oLk Re [ L, ==l
Vee ozNY\_E Vgsce
l Le Re
KK
[- Y-

Figure 6. The GSC connected to an three-phase
inductive filter.

On the basis of the circuit shown in Figure
6, the voltage matrix on the grid is calculated:

di

_ gscabce .
Vgabc - Lg dt + Rglgscabc + Vgscabc (29)

Convert (29) to the dg reference frame
with the d axis coincident with the grid voltage
vector, and this reference frame rotates at
synchronous speed.

(30)

di
_gscdq
Yeaq _L dr +Rg—gvcdq

+jo,Li +v

—gscdg —gscdq

The power that is received from the grid
into the GSC is determined as follows:

3

Pgsc = 2 S Re {—gdq—;cdq} _%(ng igscd + ngigscq) (3 1)

QéAL - glm{—gdq—':udq} ;(lewd v&digSCQ) (32)

Where i is complex conjugate of i

—gscdq —gscdq

From equation (29), a control loop for the
GSC set in the Laplace is determined as follows:

‘—}gscdq = l}gdq —gscdq (3 3)

—joLi

_gscdq

*
V gabe

—»PWM

Figure 7. Control diagram of GSC.
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With v, . = (LS +R,) i,

_grcdq
Where ngcdq 1s determined from the current

control loop i, with the PL regulator.

*

l)gscdq = Lkplg

k) oo
+ %J (Lgscdq - Lg.&'qu) (34)

Where i, is determined from the DC

voltage control loop v, with the P, controller.

1

K kl lc re
gsed = [kadc + ;d ]( 4 _vdc) (35)

With v/ is the DC voltage setting value in

the GSC and RSC.

And i, is determined through reactive

power setting value (O.7) at the GSC:

.20 (36)

ferea = 3 Vea

From equations (33)-(36), this study has

established the control diagram for the GSC as
shown in Figure 7.

2.4. Propose RSC control loops
From equation (18),,, can be determined:

o L
lrdq = L_%sdq - L_‘Lqu (37)

m m

Substitute (37) into the equation (19) to get:

Ltm erl’s .
l//ldq _qu L_ l/jsdq - L Lsdq (3 8)

Then, substitute (38) into the equation
(16) to get:
L L L .
deq RI—.qu LLI ! ldg L;::.)stq - Lvqu
L,L . ) (39)

L
Y g iy,
L T_sdq L ‘iJ

m m

o
+Jjog Llﬁlqu

Convert equation (39) into the Laplace:

l)ldq lldq + vl//qu vjsdq
) L. L ) (40)
+Ja).vl LLlildq—i_#lK‘dq 2” slsqu
L L

the o . * o _ TmTs
With: Yiag = (R, +L1S)£1dq s Vidg = I si Lsdg >

L
_
Xl//sdq - L sVisdq .

m

Where: v}, is determined from the current

control loop_i;4, with the PI;; regulator; yqu 1S

determined from current control loop i, with the

Pl; regulator; g:” 4 18 determined from the

magnetic flux control loop_wy,,, with the regulator
PIs.

k Lk .
Vqu [kp[] + luj (lqu' L1dq) 41)

k s
Isdq [k + . ] (lm’q sdq) (42)

*

‘—"wdq = Lkpu/o

ktw J (!//_sdq sdq) (43)

From equations (25), (26), they are

combined with vi¥ = 0, vi¢ = /% (because
the dq reference frame is attached to the rotor,
with the d-axis is the same direction as the stator

voltage vector, and this reference frame rotates

at synchronous speed w ), leading to l':d and l':q
and are determined:

. 2P

i == 44
ST ()
s __ 20 (45)

I8
sy

Transient fluctuations of stator flux in
the dg reference frame can be ignored when
determining a reference value, so the equation
(13) is rewritten:

_sr;; ~ Rs lsdq + ja)sl/_/s*dq (46)

From (46), l//: d> l//:q are determined:

R,
R @)
a)S
* ref
i e L (48)
a)S a)S

To determine according to the torque
control method (corresponding to the active
power), it can be based on the electromagnetic
torque of the DFIG:

3 . : 3.
e E(l//sdl.s‘q - l//sqlsd) ~ _El//sql.s‘d (49)
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With w , =Li

s" sd

+L,i.,=0

Therefore i , ~ ——=i ,

s

Thanks to that, from (49) can determine i,
2 LT,

lrd

If the power losses on the windings and
steel cores of the rotary transformer are neglected,
the power transmitted through the windings of
the rotating transformer can be considered to be
approximately equal.

%(vldihi + quizq) ~ %(vzdizd * v2qi2q) D

Thus, v, i,, = v,,i,,, Vighta R Vaghag -

Thereby, i,, can be determined based on

combination with the equation (50) and i, 0 i i

(52)

Where k = V/Vz is the voltage variation
ratio of rotary transformer; the torque 77 is
determined by looking up the wind turbine
characteristics corresponding to the rotor rotation

speed.
From equation (17), i, is determined:
1 L, .
:L_W‘Vq _L_qu (53)

s s

Equation (48) and equation (53) are
combined together, and if the stator resistance is
ignored, then i, is determined as follows:

isq ~ _Va L_ml'rq (54)
a)SLS LS

https://doi.org/10.52111/qnjs.2022.16104

From (26) is combined with (54), vs";f =0,
V:Zf = VA , . it is rewritten as below:

3 30

~— m ’ef (55)
~ U
o 2 e =y oL, 2LS
Thanks to (55) combined with i, gy i i
i;, can be determined as follows:
o b, 2 LO v
R—r— -— 56
"~k T3k ker, Y

On the basis of equation (40) combined
with other mathematical expressions presented
above, the RSC control diagram is proposed as
shown in Figure 8.

3. SIMULATION
3.1. The simulated system

In order to check the operation of the control
system proposed above, an application of
BDFIG-RT in the power grid with the structure
shown in Figure 9 is simulated in this study. Due
to the generator is an asynchronous generator, it
is usually consumed a large amount of reactive
power. Therefore, the generator is usually
connected with a three-phase compensator
capacitor to directly supply a basic amount of
reactive power to it (Figure 9.a). In addition,
for the purpose of converting the characteristics
of generator from a DFIG to a wound-rotor
asynchronous generator connected the auxiliary
resistor, an auxiliary resistor (R crowbar) is
connected to the stator of the rotating transformer
(Figure 9.a)."" As a result, the generator can be
still connected to the grid in a certain time when
there is a short circuit fault on the grid. '*
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ﬁ' _ l// B ok
ref 2F & —Ri / o
3V sy 1 Osle— g
l//*s (_l.*sd
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Figure 8. Control diagram of RSC
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Figure 9. The structure of BDFIG-RT (a), and it is connected to the grid (b) in Matlab Simulink
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The output voltage of each generator in
the wind power plant is 690 V. This output is
connected to a transformer to boost voltage from
690 V to 22 kV at each wind turbine. Next, the
output of all transformers are connected together
at a busbar in the 22kV/110kV power station
(Figure 9.b). At this power station, the wind
power plant is connected to the 110 kV power
grid of the area.

3.2. Parameters of simulated system

The parameters of components of the wind power
system using BDFIG-RT are presented in Table
1 —Table 3. In which, the wind turbine part (with
parameters as Table 1) provides mechanical
energy to the generator (with parameters as
Table 2). The BDFIG-RT has the stator windings
of the rotary transformer connected to the back-
to-back power converter (with parameters as
Table 3). This converter is connected to the grid
via a three-phase filter inductor (with parameters
as Table 3).

Table 1. Wind turbine parameters

Parameter Value Unit
Rated wind speed 12 m/s
Wind turbine inertia constant 3.32 S
Shaft mutual damping 0.75 pu
Shaft spring constant refer to 1.11 pu

high-speed shaft

Table 2. BDFIG-RT parameters in the simulation

Parameter Value Unit
Generator data
Rated power 3.465 MW
Rated stator voltage 690 \Y
Rated rotor voltage 1975 \%
R (stator resistance) 0.023 pu
L (stator leakage inductance) 0.18 pu
R_(rotor resistance) 0.016 pu
L, (rotor leakage inductance)  0.16 pu
L (mutual inductance) 2.9 pu
Inertia constant 0.685 S
Pairs of poles 3
Rotary transformer data
Rated stator voltage 690 \Y
Rated rotor voltage 1975 \4
R, (stator resistance) 0.1005 pu
L, (stator leakage inductance) 0.0022 pu
R, (rotor resistance) 0.0899 pu
L, (rotor leakage inductance)  0.0023 pu
L, (mutual inductance) 0.0545 pu

https://doi.org/10.52111/qnjs.2022.16104

Table 3. Parameters of back-to-back power converter
and filter inductor

Parameter Value Unit
v, (DC voltage) 1150 A"
L _ (inductance of filter inductor) 0.3 pu

R (resistance of filter inductor)  0.003 pu

4. RESULTS AND DISCUSSION

Some different cases are simulated in this paper in
order to check the suitability of the control system
proposed above. First, it is the case of variable
wind speed, the dynamic response of this system
is examined. Second, this system is surveyed
when there is a short circuit fault on the grid.

4.1. Case of variable wind speed

In this section, the operation of the system is
simulated and considered when wind speed varies
(as shown in Figure 10). The results of simulation
shown that the generator speed varies within the
appropriate range. This range is from less to over
than 30% of the synchronous speed (Fig. 11.a).
As a result, the variation of active power that is
generated or received in the generator rotor via
the rotary transformer is suitable for the control
law presented (Figure 11.b). The active power
that is generated in stator of the generator also
varies dependently wind speed (Figure 11.b).

16 Wind spged (m/s) ‘

|
| ! PP e | |

0 P ™= 08 0 3 3 g = e o #

L e

| | |
_ ! | |
1 2 3 4 8
(b) Time (s)

Figure 11. Chart of speed (a) and active power (b) of
BDFIG-RT.
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4.2. Case of short circuit fault on the grid

The 1% case study: there was a three-phase
short circuit fault on the 110 kV transmission
grid and near the wind power plant. This fault
has happened at 1.3 s, and it has been cleared at
1.45 s. The fault duration time was 150 ms, and
the voltage has dropped to about 17.33% of the
rated voltage during the this fault (as shown in
Figure 12). The simulation results are shown in
Figure 13 and Figure 14. According to the results
in Figure 13, the control system has taken less
than a current cycle to regulate the short-circuit
current value to the permissible value (Figure
13.d). This control method has been based on
the principle of converting the generator from a
DFIG to a wound-rotor asynchronous generator
connected the auxiliary resistors. According
to this method, the active power that has been
generated in the generator stator has been
reduced to a minimum throughout the time of
short circuit fault (as shown in Figure 13.a).
Thereby, the overall power flow transfer to the
grid has been reduced during the short circuit as
shown in Figure 14.a. In the time of short circuit
fault, the RSC has been controlled to neither
transmit nor receive active power, this has been
shown by the currents shown in Figure 13.b. For
the purpose of stabilizing the voltage, the GSC
has supplied reactive power into the grid (Figure
13.c). In addition, in order to recover the voltage
after the fault, a large amount of reactive power
has been supplied into the grid immediately after
the short circuit fault has been cleared (Figure
14.b). Thanks to good control, the generator
speed has been only slightly increased (as shown
in Figure 14.c).

|
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 lA.9 2
Time (s)

Figure 12. The grid voltage with 1% case study.

4 1.5 1.6 1.7 1.8 1.9 2
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| |
05F——+-——4—-—~1—--~
|
|

1.1 1.2 1.3 1.4 L5 .6 1.7 1.8

1.9 2
Time (s)
Figure 13. Currents in abc reference frame with 1%

1
(d)

case study.

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

IS
n
N

. . . 7 1.8 1.9 2
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Figure 14. Power and speed of BDFIG-RT with 1%
case study.
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The 2" case study: there was a single
phase-to-ground fault (C phase to ground)
on the 110 kV transmission grid and near the
wind power plant. This fault has happened at
1.3 s and has been cleared at 1.45 s. During the
fault, the phase C voltage has dropped to about
19.55% of the rated value (Figure 15). At the
same time, an overvoltage has occurred in the
remaining 2 phases to about 1.33 pu (Figure 15).
This value is smaller than the limited ground
fault of 1.4 in the Circular No. 25/2016/TT-
BCT of the Ministry of Industry and Trade.
The simulation results of this case are shown
in Figure 16 and Figure 17. According to the
results in Figure 16, the control system has
regulated the short-circuit currents within the
normal operating range (Figure 16.d). In this
case, the control method has not changed, even
though the short circuit has been asymmetrical.
In the time of short circuit fault, according to
this method, the currents in the generator stator
have been reduced (Figure 16.a). Therefore,
the active power that has been generated by
the generator has been reduced during the
short circuit fault (Figure 17.a). In order to
support voltage stability, the GSC (with a small
contribution) together with the generator stator
have consumed the reactive power of the grid
(Figure 16.c and Figure 17.b). After that, the
voltage of the grid has been reduced as soon as
the fault has been cleared (Figure 15). Then, a
large amount reactive power has been supplied
by generator into the grid to support voltage
stabilization at this time (Figure 17.b). During
the short circuit fault, the RSC has been disabled
(Figure 16.b). Thanks to the appropriate control,
the generator speed has been increased only
slightly (as shown in Figure 17.c).
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Figure 16. Currents in abc reference frame with 2™
case study.
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Figure 17. Power and speed of BDFIG-RT with 2
case study.

Thus, through checking the dynamic
process in the above cases, the control system
proposed above has operated stably. The
response time of the system was very short.
Current and voltage parameters have conformed
to the required values.

4. CONCLUSION

BDFIG-RTs solve the restrictions of DFIGs,
which must be done maintenance of carbon
brushes and slip rings, in wind power. This
paper analyzed and proposed control loops
for the power converters of a BDFIG-RT. This
paper analyzed and proposed control loops for
the power converters of BDFIG-RT. Through
simulation in MatLab software, this research
tested the proposed control loops. The simulation
results of the system with a wind power station
using BDFIG-RT showed that the operation of
this system was stable with varying wind speed
or a short circuit fault on the grid.

The results of this study serve as a
premise for experimental studies and practical
applications of BDFIG-RT in wind power.
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TRUONG DAI HOC QUY NHON

Khao sat chu ky sinh san va theo doi
mot sd chi sé thanh thuc cta s6 mia (Tapes dorsatus)
G vung dam Thi Nai, tinh Binh Pinh

Ping Thi Ngoc Ha*, Pang Thi Ngoc Dung’

'Khoa Khoa hoc tw nhién, Truong Pai hoc Quy Nhon, Viét Nam
’Truong Pai hoc Su pham Ky thudt Thanh ph(f Hé Chi Minh, Viét Nam

Ngay nhédn bai: 08/11/2021; Ngay nhdn dang: 02/12/2021

TOM TAT

So mia (Tapes dorsatus) dugc thu tir ty nhién & khu vyc ven bo dam Thi Nai, tinh Binh Pinh nhdm khéao
sat chu ky sinh san va bd tri thi nghiém nudi vd thanh thuc. Két qua khao sat chu ky sinh san tu nhién cho thay so
mia dat dinh cao vé thé trang va thanh thuc sinh duc vao thang 10 dén thang 2 trong nam. Thuc nghiém theo d&i
mot s chi tiéu thanh thuc sinh duc so mia duoc thuc hién trong 7 dot, voi céc loai hinh thirc nuoi khac nhau: nuoi
vd trong cac ro nhyua khong c6 cat day, nudi truc tiép trén nén day cat & bii triéu ty nhién, co ludi bao quanh; nudi
vd trong cac r6 nhua c6 day cat day 10 - 15 cm. Két qua thuc nghiém cho thdy, so dugc nudi vo trong cac rd nhya
6 day cat day 10 - 15 cm cho sinh truéng khéi luong, chiéu dai va ty 18 sdng cao nhit (cac gia tri nay dat 1an luot
51,6g, 49,2 mm va 96,5% sau 60 ngay nudi). Tuong tu nhu vy, cac chi sd thanh thuc CI va GI ciing dat gia tri cao
nhét khi so dugc nudi & nghiém thirc nay. Stic sinh san cta so dat cao nhat, voi 3.537+1.102 trimg/g thit tuoi va
28.339+10.556 trimg/khdi lwong téng khi sd duge nuéi trong céc rd nhua co day cat 10 - 15 cm.

Tir khéa: Tapes dorsatus, so, sinh san, nudi vé thanh thuc, 1y 16 song.

*Tac gia lién hé chinh.
Email: dangthingocha@gqnu.edu.vn
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Investigating the reproductive cycle
and some maturation indexes of clams (Tapes dorsatus)
collected from Thi Nai lagoon, Binh Dinh province
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ABSTRACT

Clams Tapes dorsatus were collected from the coastal areas of Thi Nai lagoon to examine some reproductive
parameters and conduct the maturation culture experiment. The results of examining the reproductive cycle showed
that clams get the highest value of condition index and gonad index from October to February of years. The
gonado index GI the trial test of maturing mangrove clam was carried out in 7 periods with different treatments:
the clams reared in the plastic baskets without sandy bottom; the clams directly reared on the sandy bottom of
sandbank covered by net; the clams reared in the plastic baskets with sandy bottom of 10 - 15 cm. The results of
the experiment indicated that clams reared in the plastic baskets with sandy bottom of 10 - 15 cm obtained the
highest weight, length and survival rate (these values were 51.6g, 49.2mm and 96,5% respectively after 60 days
of rearing). Similarly, CI and GI were also highest for clams cultured in this treatment. The fecundity of the clams
was highest, with 3,537+1,102 eggs/g fresh muscle and number of eggs/g total weight of clams 28,339+10,556

when they were reared in the plastic baskets with sandy bottom of 10 - 15 cm.

Keywords: Tapes dorsatus, clam, reproduction, maturation culture, survival rate.

1. INTRODUCTION

Binh Dinh has a coastline of 134 km, a water
surface area of more than 7,600 hectares, 33
large and small islands, 3 coastal lagoons. The
coastal area has many typical ecosystems, such
as estuaries and rivers lagoons, mangroves, coral
reefs, seagrass beds. Considering such favorable
natural conditions, it is very suitable to develop
aquaculture and seafood.'?> However, for many
years, outside of the planned shrimp farming
area, other aquatic and seafood products have
not been paid enough attention, especially with
molluscs in mangrove areas, coastal areas such
as oysters, snails, abalone, clam. Especially,

*Corresponding author.

Email: dangthingocha@gqnu.edu.vn

https://doi.org/10.52111/qnjs.2022.16105

mangrove clam is a new farming species being
collected and sold. At present, some households
are doing experiments for commercial farming
(with seeds imported from Nha Trang City,
Khanh Hoa Province) which is bringing very
high economic benefits.

Clam (Tapes dorsatus) is also known as
two-headed clam, two-pronged clams, sweet
clams, sweet silk scallops. The clam is a bivalve
mollusk. This filter-eating species is widely
distributed, but there are very few studies on
mangrove clam in the world as well as in Vietnam.
The scientific studies on this species are too
small, and do not meet the development of the
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mangrove clam rearing industry. Moreover, due
to the lack of strict management of resources in
the localities, fishermen have over-exploited this
resource, making the exploitation yield decreases
and the seed source is gradually scarce.?

Currently, at some tidal areas in the
coastal area of Binh Dinh province, some
households have recruited seed produced in Nha
Trang for rearing testing. Initially, some rearing
households said that the seed breed rearing in the
trial condition had a fast growth rate and high
survival rate. The product is sold with a high
price ranging from 90 to 150 thousand VND per
kilogram. Moreover, the market is more stable in
comparison with some local aquaculture species.

Facing to those challenges, however,
there are not many studies on clam’s biological
characteristics and reproduction. The mangrove
clam seed used as a brood clam to produce
breeding stock is now mainly applied similar
to the production process of oysters, clams, and
clams. Therefore, in this study, we conducted
a survey on the reproductive cycle within 24
months, and then we tested the maturation of
mangrove clam collected from experimental
location in the coastal tidal area of Binh Dinh
province within 2 months. The initial results
of successful examining the reproductive cycle
and some maturation indexes of clams will

contribute to the expansion of the commercial
mangrove clam rearing model to many mangrove
clam rearing households in Binh Dinh province
with the different conditions of type sandy
bottom. Furthermore, the goal of this study may
contribute to improving the efficiency of using
water surface area, diversifying cultured objects,
transferring scientific and technical advances in
rearing process, timely responding to current
production requirements.*3

2. OBJECT AND METHODS
2.1. Object and study sites

The object of this study was clam individuals
Tapes dorsatus collected from the wild along
the coastal areas of Thi Nai lagoon to examine
some reproductive parameters and conduct the
maturation culture experiment.

The sites to do the experiment were the
Thi Nai’s tidal zone (Cua Bien: Seagate in Hoi
Son village, Nhon Hoi commune, Quy Nhon city)
and mangrove intertidal zone (Diem Van village,
Phuoc Thuan commune, Tuy Phuoc district,
Binh Dinh province: 1528928.000, 605218.000
(Vietnam coordinates, 2000)) Binh Dinh province
in Thi Nai lagoon. These areas are from a half to
three kilometers far from the seagate, that have
high daily tidal fluctuation of 0.8 - 1.5 m. The
salinity in this area is in range of 25%o.

Figure 1. The wild clams collecting sites and the experiment conducting sites in Thi Nai lagoon (Diem Van village,
Phuoc Thuan commune, Tuy Phuoc district, Binh Dinh province:1528928.000; 605218.000 (Vietnam coordinates,
2000) and Cua Bien: Seagate in Hoi Son village, Nhon Hoi commune, Quy Nhon city).
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2.2. Research methods
2.2.1. Sample collection

A total of 700 clam individuals of Tapes
dorsatus (100 individuals for every 4 months)
were randomly collected from the coastal areas
of Thi Nai lagoon to examine some reproductive
parameters as gender, condition index (CI)
and gonad index (GI). In addition, a total 2100
healthy individuals were selected to conduct the
maturation culture experiment.

2.2.2. The experiment of maturation culture

The experiment included 3 treatments, with 100
individuals for each treatment. The experiment
was carried out in 7 periods as 7 replicates, with
2 months/period. There were 3 plastic baskets
with size of 60 x 80cm used to rear clams for
each period in Treatment 1 and Treatment 3.

NT1: The clams reared in the plastic

baskets without sandy bottom sandy bed

Figure 2. The illustration of the experimental treatments

2.2.3. Determination of the biological and
environmental parameters

The environmental parameters as salinity,
temperature, pH were measured twice a day (at
7:30 and 14:00) by handness environment meter
Horiba U-52, while NO, and kH (mg CaCO,)
were tested every 7 days by Sera test kit —
Germany. "%’

The biological parameters of length,
width, total weight, muscle weight, gonad index
(GI), condition index (CI) and survival rate of
clam were determined at the beginning and end
of the experiment.

- The biological parameters of length and
width were determined by length ruler, precision
Imm.

https://doi.org/10.52111/qnjs.2022.16105

NT2: The clams was irectly on

Therefore, there were a total of 2100 clam
individuals used for this experiment. The details
of the experimental treatments were described as
the followings:

- Treatment 1 (NT1): The clams were
reared in the plastic baskets without sandy
bottom, that were suspended in the wild water;

- Treatment 2 (NT2): The clams were
directly reared on the sandy bottom of sandbank
covered by net;

- Treatment 3 (NT3): The clams were
reared in the plastic baskets with sandy bottom
of 10-15 cm, that were suspended in the wild
water

The clams were reared in natural
environment so they only used natural food.

NT3: The clams reared in the
plastic baskets with sandy bottom

- The biological parameters of total weight
and muscle weight were determined by digital
scale, 0.01 accuracy.

- The gonad indiex (GI) is an indicator
to assess the maturity of the gonads in clams.
The GI genital index was determined as per the
method of Walker RL, Heffernar PB.® The GI
varies from 0 to 4 (with 0: Resting phase; 1: Early
development phase; 2: Complete development
phase; 3: Maturity phase; 4: Spawn phase).>%!2

- Condition index (CI) is determined as:
CI (mg/g) = (W, /W )*1000

Where: W _: Weight of fresh muscle of
clam (g); W, Total weight of clam (g).

- Survival rate (SR) of clam was
determined as:
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SR = (Ne/Ns)*100

Where: Ns - number of clam individual at
the beginning of the experiment; Ne - number
of clam individual at the end of the experiment.

At the end of the experiment, we selected
100 matured clam individuals to determine
their fecundity. The fecundity was presented
as number of eggs/g fresh muscle of clams and
number of eggs/g total weight of clams.

To examine the reproductive biology of
the wild clams, we dissected these individuals
to get the gonads, then observed the gonads to
determine gender of clams as well as CI and GI.

2.2.4. Data analysis

The data were presented as mean plus/minus
standard deviation (MEAN #= SD) based on
Microsoft Office Excel 2010. One-way ANOVA
was used to test the difference of mean values
between treatments using SPSS 17.0. Evaluation

of the difference of mean values was conducted
after analysis of variance (Post Hoc Test) by
Duncan test method. The difference between the
values was determined at the significance level
of p <0.05.

3. RESULTS AND DISCUSSION
3.1. Experimental results
3.1.1. Environmental parameters in the experiment

The environmental factors in the treatments are
shown in Table 1. It can be seen that the NO,
content was from 1.0 to 2.0 mg/L of NT1, NT2
and NT3. The alkalinity (mg CaCO,) of water in
the treatments ranged from 89.5 to 107.4 mg/L,
of NT1, NT2 and NT3. The other parameters
such as temperature, pH and salinity did not
largely differ between treatments.

In general, the water environmental
parameters are within the suitable range for the
growth and development of the clams.

Table 1. Variation of environmental factors, hydration during rearing in conditions

Parameter NT1 NT2 NT3

NO, (mg/L) 1.0-2.0 1.0-2.0 1.0-2.0
kH (mg CaCO,) 89.5-107.4 89.5-107.4 89.5-107.4

Morning 25.6£3.4 25.443.5 25.4+3.4
Salinity (%o)

Afternoon 26.3£3.3 25.543.6 26.6+3.3

Morning 27.5+£2.7 27.542.6 27.942.5
Temperature (°C)

Afternoon 28.9+2.3 28.842.2 28.6%2.5

Morning 7.9+0.3 7.9+0.2 7.9+0.3
pH

Afternoon 7.8+0.2 7.840.2 7.8+0.3

3.1.2. Size, weight and survival rate of the clams

The growth parameters and survival rate
of the clams in the treatments are presented in
Table 2. Generally, growth values such as weight,

length and width of the clams increased after 60
days of raising. The survival rate of the clams
decreased but still reached the high values, from
86.7 - 96.5%.

https://doi.org/10.52111/qnjs.2022.16105
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Table 2. Size, weight and survival rate of the clam in the different treatments

Parameter Total(;v)eight lei[;;:l(eg) Length (mm) | Width (mm) Surv(iov/:; rate
Initial 43.6+2.3 6.7£1.21 42.2+0.3 33.8+0.2 100.0
N Finish 44.6+4.2¢ 6.8+1.16° 46.8+0.7¢ 37.8+0.3% 86.7+1.5¢
Initial 43.6+£2.3 6.7+1.21 42.240.3 33.8+0.2 100.0
N2 Finish 49.6+5.5° 7.6+£1.23° 47.9+0.5° 36.840.4° 90.4+1.2°
Initial 43.6+2.3 6.7+1.21 42.2+0.3 33.8+0.2 100.0
NT3 Finish 51.6+4.32 9.3£1.26* 49.2+1.1° 37.8+0.42 96.5+1.8*

Remark: For each parameter, the different letters indicate the significant difference (p < 0.05)

In comparison, it was found that clams
reared in NT3 (reared in plastic baskets with
bottom sand of 10 - 15 cm) had the highest values
of weight and length while clams raised in NT1
(reared in plastic baskets without bottom sand)
obtained the lowest values. Specifically, after 60
days of rearing, clams raised in treatment NT3
had the weight of 51.6 g and the length of 49.2
mm while these values in NT1 were 44.6g and
46.8 mm, respectively. The width of clams in
treatment NT1 and NT3 was not different and
higher than this in NT2. The survival rate of
clams in NT3 was highest (96.5%) while this
value in NT1 was lowest (86.7%). NT2 has the
survival rate of clams reaching 90.4%.

It can be said that Tapes dorsatus is
species that usually bury themselves in the sand,
so rearing them in the suspended baskets without
bottom sand affects the natural behaviors of
this species. This make them obtain the lowest
values of size, weight and survival rate. In
contrast, reared in the baskets with bottom
sand (NT3) with the water circulation, the
growth and survival rate of clams are higher
because such condition is suitable for both the
biological behaviors of the species and creates a
good environment for them. In treatment NT2,
although clams were raised in the natural bottom,
the water circulation was worse than in NT3.
Consequently, the growth and survival values
of clams in NT2 were lower than these in NT3.
Therefore, in fact, such raising method in NT3
is currently the popular commercializing rearing

https://doi.org/10.52111/qnjs.2022.16105

method in Khanh Hoa, Phu Yen, Ben Tre, Hai
Phong, Quang Ninh.!-7-13-15

3.1.3. Condition index (CI) and gonad index
(GI) of the wild clams

The results of examining the condition index
(CI) and gonad index (GI) of clams after 60 days
of rearing are shown in Table 3.

Table 3. Condition index and gonad index in the
different treatments

Parameter CI (mg/g) GI
Initial 156.2+17.7 2.6+£0.5
NT1
Finish 154.2+4.1¢ 2.7+0.6°
Initial 156.2+17.7 2.6+£0.5
NT 2
Finish 156.3+5.2° 2.7+1.2°
Initial 156.2+17.7 2.6+0.5
NT3
Finish 183.7+4.9 3.2+0.5°

Remark: For each parameter, the different letters
indicate the significant difference (p < 0.05)

The initial condition index of the clams
was 156.2+17.7 mg/g. After 60 days of raising,
this index in NT1 decreased to 154.2 mg/g while
this index in NT2 did not almost change (156.3 =
5.2 mg/g). In contrast, the CI in NT3 increased.
In comparison, it can be seen that the CI in NT3
was highest (183.7+4.9 mg/g), and the lowest
value was in NT1 (154.2+4,1). This indicates
that the raising condition in Treatment NT3 was
suitable. Hua Thai Nhan et al’® did study on
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Ben Tre clams M. [yrata and suggested that the
condition index of clams is related to maturity
and changes in water salinity during the rearing
process.’

The gonad index (GI) at the beginning of
the experiment was 2.6+0.5. After 60 days of
rearing, this index in NT3 obtained the higher
value (3.2) than this value in NT1 and NT2 (2.7)
(p < 0.05). Chu Chi Thiet and Martin S Kumar '°
found that when food was scarce (0.25 mg
organic matter/g fresh weight/day), the gonads
of Ruditapes decussates developed very slowly
(taking about 70 days for females to reach the
stage 4 of gonad). The CI and GI reaching the
highest value in NT3 implicate the suitable
rearing condition for the clams.'®

3.1.4. The fecundity of clams in the experiment

After 60 days of rearing, 100 matured clam
individuals in each treatment were selected to
determine the fecundity. The results showed
that the number of eggs/g fresh muscle of clams
were highest in NT3 (28,339 + 10,556) followed
by NT2 (21,378 + 12,981) and lowest in NT1
(20,221 £+ 12,34) (p < 0,05). The number of
eggs/g total weight in NT3 (3,537 + 1,102) was
higher than this in NT1 (2,256 + 1,573) and NT2
(2,221 +1,012) but there was no difference of this
between NT1 and NT2 (p > 0,05). The fecundity
of the clams in this study was different from
M. lyrrata with (19,322 + 1,884) eggs/g total
weight and (91,743 = 7,769) eggs/g fresh muscle
(Chu Chi Thiet and Martin S Kumar).'s

Table 4. Percentage of female mangrove clam spawning and actual fecundity in rearing conditions

Parameter

NT1 (n=100)

NT2 (n=100)

NT3 (n=100)

Number of eggs/g total weight

2,256 +1,573°

2,221 +1,012°

3,537+ 1,102

Number of eggs/g fresh muscle

20,221 £ 12,34¢

21,378 +£12,981°

28,339 + 10,556

Remark: In the same row, the different letters indicate the significant difference (p < 0.05)

3.2. The results of examining the reproductive
cycle of the wild clams

3.2.1. Biological parameters of the clams

It can be seen that number of female is always
higher than that of male in most of the studied

The percentage of female clams varied from
67%, males 29%, and 5% are non-sexual
(hermaphrodite). The average percentage of
females to 56% with an average value of 39%.
This indicates that female clams are predominant
in the wild population of this species in Thi Nai

month, excepting February 2021 (Table 5). lagoon.
Table 5. Biological parameters of the wild clams
. Gender (%)
Number of | Length Width Total Muscle
Month |, . . . Hermaph-
individuals (mm) (mm) weight (g) | weight (g) | Male Female
rodite
06/2019 100 521+03 | 452402 |573+1.28| 49+1.26 32 65 3
10/2019 100 512+04 | 443+03 |594+134| 46122 38 53 9
02/2020 100 56.1+03 | 472403 [592+£1.50| 5.1+1.31 56 44 0
06/2020 100 524+04 | 443+05 |55.1+1.16| 46124 44 49 7
10/2020 100 59.6+0.5 | 484+04 |593+1.28] 6.5+1.32 36 59 5
02/2021 100 53.8+0.2 | 422403 |553+1.28| 6.6+1.27 29 67 4
06/2021 100 544+02 | 433+04 |553+£1.28| 42+1.21 39 55 6
Average 700 544+03 | 453+03 | 573+1.3 | 52+1.30 39 56 5

Remark, L: lenght; R: width;, H: height;, W-total: meat total, W-meat: meat. There are 3 sexes of sugarcane

scallops: male, female and hermaphrodite.
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The results in Table 5 showed that in the
same year (2020), the clams obtained the highest
length and width, total weight, muscle weight
with the values of 59.6 mm, 48.4 mm, 59.3 g,
6.5 g, respectively in October 2020, and the
clams collected in February also obtained the
high values of these parameters while these were
lowest in June. The pooled data of 700 clam
individuals showed that average length, width,
total weight, muscle weight were 54.4 mm,
45.3 mm, 57.3 g and 5.2 g respectively.

3.2.2. Spawning season identification of the wild
clam

The spawning season identification of the clams
is based on GI and CI. The results of the study
showed that GI was from 2.1 to 3.7. The clams in
Stages 3 and 4 (genital and reproductive stages)
fluctuated from 2.9 to 3.7 mg/g.

Table 6. Gonad index (GI) and condition index (CI)

of the wild clams

Month CI (mg/g) GI
06/2019 68.9 2.1
10/2019 76.4 2.8
02/2020 80.3 2.9
06/2020 98.4 2.8
10/2020 110.4 3.7
02/2021 120.7 3.5
06/2021 70.4 2.7
Average 89.4 2.9

This percentage reached the highest value
from October to February yearly (highest peak
in October at 3.7 mg/g), the lowest in June is
only 2.1 —2.7 - 2.8 mg/g.

Similarly, CI of the wild clams also varied
from 68.9 — 120.7 mg/g in the same tendency
with GI (Table 6), that reached the high values
in October and February of the year compared
to June. Based on such variation of GI and
CI of the clams, it can be identified that the
spawning season of clams in Thi Nai lagoon -
Binh Dinh is from October to February.

https://doi.org/10.52111/qnjs.2022.16105

Therefore, to preserve the resource of this
species, it is necessary to avoid exploiting wild
clams in this period of year.

4. CONCLUSIONS

- The environmental parameters in
the experiment are suitable for growth and
development of the clams Tapes dorsatus.

- The clams reared in the plastic baskets
with sandy bottom of 10 - 15 cm obtain the
highest weight, length, survival rate, CI, GI and
fecundity.

- The spawning season of the wild clams
is from October to February of years.
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TOM TAT

Muc tiéu ctia nghién ciru ndy 1a danh gi4 6 nhiém vi nhwa & ngao Bop sinh séng & ddm Cu Méng, tinh
Pht Yén. Ngao Bop thu duoc o dam duoc xur ly béng KOH 10% dé xéac dinh cac loai vi nhya ton tai trong 6ng tiéu
hoa. Két qua cho thdy c6 hai dang vi nhua trong dng tiéu héa ciia ngao Bop 1a vi nhya dang soi va vi nhua dang
manh, v6i tdng mat do trung binh 1a 1,53 vi nhua/ca thé & mua ning va 8,93 vi nhua/ca thé & mia mua. Chiéu dai
céc soi vi nhya chii yéu nam trong khoang 300 — 2500 wm trong khi dién tich cac manh vi nhwa nam trong khoang
45.000 - 600.000 um?2. Mau sic vi nhya dang soi da dang hon so v6i dang manh, tuy nhién nhin chung mau tring
va mau vang la hai mau chiém vu thé cua cac mau vi nhya, ngoai ra con ¢ mau xanh I4, tim va xanh bién.

Tir khéa: Ngao Bdp, ong tiéu héa, vi nhwa, dam Cii Mong, 6 nhiém.

*Tac gia lién hé chinh.
Email: vovanchi@qnu.edu.vn

https://doi.org/10.52111/qnjs.2022.16106
Tap chi Khoa hoc - Truong Dai hoc Quy Nhon, 2022, 16(1), 63-70 | 63



SCIENCE

QUY NHON UNIVERSITY

Concentration and charateristics of microplastic
in Big brown mactra clam (Mactra grandis) distributed
in Cu Mong lagoon, Phu Yen province

Le Quoc Hoi'?, Vo Van Chi'*

! Faculty of Natural Sciences, Quy Nhon University, Vietnam
2 Cu Chinh Lan junior and secondary school, Song Cau, Phu Yen, Vietnam

Received: 24/08/2021; Accepted: 11/11/2021

ABSTRACT

The objective of this study is to assess microplastic contamination in Big brown mactra clam inhabiting in

Cu Mong lagoon, Phu Yen province. The individuals of this clam collected from the lagoon were treated in KOH 10%

to determine microplastic particles in their digestive system. The results disclosed two shapes of microplastic in the

digestive system of Big brown mactra clam called fibers and fragments with average microplastic concentration of

1.53 particles per individual in sunny season and 8.93 ones per individual in rainy season. The length of the fibers

was mostly from 300 to 2500 um while the area of the fragments was dominant in the range of 45.000 to 600.000

pum?. The colour of fibers was more diverse than that of fragments; however, in general, white and yellow were the

predominant colours of the microplastic particles, followed by green, purple and blue.

Keywords: Big brown mactra clam, digestive tract, microplastic, Cu Mong lagoon, contamination.

1. INTRODUCTION

Microplastic pollution is a globally concerned
problem. Microplastics, especially synthetic
fibers and artificial fibers, have been found in
many water bodies such as lakes, rivers, estuaries,
seas, etc. These microplastics can be transported
through food webs in freshwater, saltwater
environments and can affect human health.!”
Because of such hazards from microplastics,
a lot of researches on microplastics have been
done in many different areas in the world. Lot of
researchers have conducted many researches on
microplastic in the environments. For example,
Free et al.* did the microplastic research in
Hovsgol lake — Mongolia; Cabernard et al.’
compared Raman and Fourier transform infrared

*Corresponding author.

Email: vovanchi@qnu.edu.vn

https://doi.org/10.52111/qnjs.2022.16106

spectroscopy to quantify microplastics in the
aquatic environment; Wenfeng aet al.® carried
out the research of microplastic in the domestic
freshwater in China; Zhao et al.” studied on
microplastic in surface water in Yangtze
river system — China. In addition, studies on
microplastic accumulation in molluscs have
been considered and done by lots of researchers
such as Li et al.® for Mytilus edulis in coastal
areas — China, with a density of 1.5 — 7.6
particles/individual; Abolfazl et al.’ for Amiantis
umbonella, Amiantis purpuratus, Pinctada
radiate, Cerithidea cingulata, Thais mutabilis in
coastal areas of Persia bay — Iran, with density
of 3.9 — 6.9 particles/individual; Li et al.'’ for 9
bivalve species as Sc. subcrenata, T. granosa,
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My. Galloprovincialis, P. yessoensis, A. plicatula,
Si. Constricta, R. philippinarum, Me. lusoria,
C. sinensis collected from seafood markets in
China, with 4.3 — 57.2 particles/individual; Sami
et al.!' for 6 species as Mytilus galloprovincialis,
Ruditapes  decussatus, Crassostrea  gigas,
Hexaplex trunculus, Bolinus brandaris, Sepia
officinalis in Bizerte lagoon —Tunisia, with a
density of 703.95 + 109.80 to 1482.82 = 19.20
particles’kg fresh body weight. However,
although Vietnam is the fourth largest plastic
emitting country in the world,'” so far, researches
on microplastic has been rare. It is noted that
there are a few studies on the accumulation of
microplastics in organisms carried out by some
researchers such as the study of Nam et al.'* on
green mussels in Tinh Gia - Thanh Hoa.

Phu Yen as well as many other provinces
in Vietnam is being seriously affected by plastic
waste. In particular, this is one of the provinces
with a border adjacent to the sea, a long coastline,
and terrain sloping from West to East, so most of
plastic wastes discharged eventually drift to the
coastal areas such as bays, lagoons and then flow
to seas and oceans. However, there has been no
study on microplastic carried out in Phu Yen to
assess the pollution level of this waste.

Cu Mong, the habitats of many valuable
seafood species as seahorse, oyster, Big brown
mactra clam, is one of two important lagoons
of Phu Yen, that brings to benefits for local
residents. Big brown mactra clam is one of the
molluscs widely distributed in this lagoon and is
a favorite seafood species of local residents well
as widely consumed in other provinces. Based on
the field surveys, it can be seen that Big brown
mactra clam is a benthic species and often bury
itself in the bottom. Like many other bivalve
molluscs, Big brown mactra clam is the filter
feeder with feeding mainly on algae and organic
detritus. With such feeding habits, this species
can eat microplastic particles together with their
natural food. However, Arapov et al.'* suggested
that although bivalve species are filter feeders,

they are able to select food basing on size,
shape, nutritional value or chemical composition
on the surface of food particles. Therefore, in
this study, we chose Big brown mactra clam to
study to see whether this species is contaminated
microplastics in the digestive tract.

2. METHODS

2.1. Sample collection

The clams were collected from fishermen fishing
in the range of V1 (13°35'59”N - 109°13'54°E)
and V2 (13°32'52”N - 109°1626”E (Figure 1),
then were put into the zip bags, frozen and
brought to the lab for later analysis.

acarn

Figure 1. The sampling sites in Cu Mong lagoon

Samples were collected every three
months during 3 months of wet season (October
to December) and 3 months of dry season (March
to May). A total of 60 individuals of clams were
collected (10 clams/month) to examine.

2.2. Sample treatment and analysis

Each individual of clam was separately treated
and analysed. At the lab, clams were rinsed
by water filtered through the glass fiber filters
(GF/A, pore sizes of 1.6 um), then weighed
(weight of shell and muscle).

Next, the clams were put on petri disk to
dissect and got the digestive tracts.

The digestive tracts were contained in
glass beakers and treated in KOH 10% at 60 °C
within 24 hours according to Alexandre.'

https://doi.org/10.52111/qnjs.2022.16106
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The samples after treated in KOH were
filtered through 1 mm mesh size sieve to discharge
extraneous matters and collect microplastic
particles from 1- 5 mm.

The samples filtered through the 1 mm
sieve were filtered through 250 pm mesh size
sieve, then the samples on the sieve were rinsed
into a beaker to do the overflow technique using
saturated NaCl solution. Finally, sample solution
was filtered through a 1.6 pm GF/A filters
according to the method of Emilie et al.'®

The filters were observed under the Leica
S9i stereomicroscope to determine the shape
of microplastics based on the classification
of Free et al.,* that includes 5 shapes such as
fibers, fragments), pellet, film and foam. The
LASX software of stereomicroscope was used
to take pictures, measure the size and determine
color of each microplastic. Then, all details of
analysis were saved as Excel format for later
data analysis.

2.3. Data analysis

Data for analysis include shape, concentration,
size (length of fibers and area of fragments)
and color of microplastic. Because of lack of
facilities to determine the chemical origin of
microplastics, we only considered fibers from
300 — 5000 um in length and fragments from
45,000 — 25,000,000 um?in area according to
suggestion of GESAMP."”

Microsoft Excel 2013 was used to calculate
the necessary parameters and make diagrams.
Anova single factor in Microsoft Excel 2013 was
applied to check the concentration difference of
microplastic.

2.4. Microplastic contamination control

To control microplastic contamination from
the surrounding environment during sample
treatment and analysis, we followed suggestions
of GESAMP'7 such as cleaning the working
area with alcohol before analysing and treating
samples, wearing cotton clothes and rubber
gloves, rinsing equipment with water filtered

https://doi.org/10.52111/qnjs.2022.16106

through GF/A glass fiber filter (pore size 1.6 um)
before use. In addition, at each period of sample
analysis and treatment, we placed a new filter
paper in a petri dish nearby places we were
working to check microplastic contamination.
After finishing each process, we observed this
filter paper under the Leica S9i stereo microscope
to check microplastic contamination from the
surrounding environment.

During sample analysis and processing,
we did not detect any microplastics on the
control filter papers.

3. RESULTS AND DISCUSSION
3.1. Microplastic concentration

Two shapes of microplastic found in the digestive
tracts of Big brown mactra clams were fibers and
fragments. The results in Table 1 showed that in
the same season, concentration of fibers was
higher than that of gragments. The study results
of Li et al.® on Mytilus edulis, Li et al.'® on 8
mollusc species (Sc. subcrenata, T. granosa, My.
galloprovincialis, P. yessoensis, Si. constricta,
R. philippinarum, Me. lusoria, C. sinensis)
and Sami et al."' on 6 mollusc species (Mytilus
galloprovincialis, Ruditapes decussatus,
Crassostrea gigas, Hexaplex trunculus, Bolinus
brandaris, Sepia officinalis) also indicated the

dominance of fibers compared to fragments.

For different
concentration (fibers, fragments and total) in

seasons, microplastic
wet season was higher than that in dry season
(p < 0,05). It can be seen that weight of clams
was not significantly different between two
seasons. The results also indicated that the
correlation between weight of clams and number
of microplastic in wet season was very low
(r = 0.03) while that in dry season was negative
(r = -0.55). Therefore, it can be speculated that
the difference of microplastic concentration in
the digestive tract of clams in two seasons may be
due to other factors instead of clam size. Clearly,
there is no river going to Cu Mong lagoon and
water in the lagoon is exchanged with the sea
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through an unique gate. Thus, in rainy season,
wastes including plastic waste are washed away
from the surrounding areas into the lagoon, but
because there is no strong flows from the river,
microplastics are easily deposited in the lagoon
instead of being washed into the sea. In contrast,
in the dry season, the rainfall is low, so there may

be a small amount of waste around the lagoon
going into the lagoon and hence the amount of
microplastics in the dry season will be less than
that in rainy season. Therefore, with bottom
living habit and filter feeding, Big brown mactra
clams can ingest a higher number of microplastic
in rainy season compared to dry season.

Table 1. Microplastic concentration in the digestive tracts of Big brown mactra clams

Number of Number of Total Co‘rrelatlon
Average . . . . coefficient between
. microplastic microplastic number of .
Season weight of . . clam weight
fibers per fragments per microplastic
clams (g) S R o and number of
individual individual per individual . .
microplastic (r)
Dry
season 14.97 £1.28 0.87 £0.53% 0.67 £0.27% 1.53 +£0.64° -0.55
(n=30)
Wet
season 12.80 +4.77¢ 7.30+3.28° 1.63 +£1.54* 8.93 +£3.72¢ 0.03
(n=30)

Remark: For each parameters (each column), the different letters indicate the significant difference (p < 0.05)

Someresearchers also present microplastic
contamination level as number of microplastic
particles per individual such as Li et al.,®
Abolfazl et al.” Although these authors examined
the microplastic with size much smaller than this
in our study, microplastic concentration in those

studies just fluctuated from 1.5 to 7.6 particles/
individual while this number in our study was
from 1.53 to 8.93 particles/individual (Table 2).
This indicates that microplastic contamination
level in Cu Mong lagoon is pretty high, which
is a bad sign of environment for this ecosystem.

Table 2. Microplastic contamination in some mollusc species

) . . . Microplastic Microplastic
Authors Study sites/regions Studied species ) .
concentration size (um)
. 1.5-17.6
Lietal., 2016% . . . . .
Coastal areas in China | Mytilus edulis (particles per 5-5000
individual)
Amiantis umbonella,
Amianti tus, 39-69
Abolfazl et al., 2018° | Coastal areas in Persia r.man IS pur;?ura s .
bav. I Pinctada radiate, (particles per 10 - 5000
ay, Iran o ) .
Y Cerithidea cingulata individual)
Thais mutabilis
1.53 -8.93
. Cu Mong lagoon, . .
This study ! Mactra grandis (particles per 300 - 5000
Phu Yen, Vietnam .
individual)

https://doi.org/10.52111/qnjs.2022.16106
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3.2. Microplastic size

Microplastic fibers found in this study had the
different ranges of size but there was difference
between wet season and dry season. In the wet
season, microplastics almost existed in all size
groups of 300 - 5000 um (except the size group
of 4500 - 4700 um) while in the dry season,
microplastics were only in the size group of
500 - 3100 um (Figure 2).

In general, the microplastic fibers were
mainly from 300 - 2500 pm in length, but there
was different distribution between dry season
and wet season. Specifically, in wet season, the
size classes of 1300 - 1500, 1500 - 1700 um
and 1700 - 1900 um had the largest number,
accounting for 10.68%, 9.26% and 10.19%
of the total, respectively while the size classes
of 1500 - 1700, 1700 - 1900, 1900 - 2100 and
2100 - 2300 um accounted for the highest
proportion in the dry season, with 11.54%, 19.23%,
15.38% and 11,54% of the total respectively.

B Wet season BDry season

015

Percentage in total

010

005

000

The length of fibers (um)

Figure 2. The length of fibers (um) according to

occurrence rate (%)

The size distribution of microplastic
fragments also differed between the two seasons.
In the dry season, fragments were mostly in the
size classes 0f'200,000 - 400,000 um? and 400,000
- 600,000 pm? (accounting for 45.00% and
25.00% of the total, respectively) and there was no
fragments in the size group 800,000 — 1,000,000
um?. In wet season, there was no microplastic in
the size group of 1,000,000 - 1,200,000 um? and
mainly in the size group of 45,000 - 200,000 m?
and 200,000 - 400,000 um?, with 47.92% and
27.08% of the total, respectively (Figure 3).
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Figure 3. The area of fragments (um?) according to
occurrence rate (%)

In general, our study results show that the
small size class is dominant in total number of
microplastic found. Specifically, most of fibers
have the length of 300 - 2500 wm, accounting
for 88.46% in total in dry season and 83.59% in
total in wet season; fragments are predominant
in area class of 45,000 — 600,000 um?, with
80% in total in dry season and 86.5% in total
in dry season (Figure 4). Cabernard et al.,’
Wenfeng et al.,* Zhao et al.” also indicated the
dominance of small size microplastics. Tayler et
al. reported that water currents and UV radiation
are responsible for producing a large number of
small size microplastics.'®

100%
90%
80%
70%
60%
50%
40%
30%
20%

el 10%

0% e e 0%

Dry season Wet season

Dry season Wet season

B300-2500  @2500 - 5000 [45.000 - 600.000  @600.000 - 1.200.000

Figure 4. The pooled percentage of microplastic
according to length (um) of fibers (a) and area (um?)
of fragments (b)

3.3. Colors of microplastics

The colors of microplastics found in the digestive
tracts of Big brown mactra clams were quite
diverse. Of which, the colors of microplastic
fibers were more diverse than this of microplastic
fragments. Specifically, the fibers had 10 colors
(blue, black, brown, green, orange, pink, purple,
white, yellow, gray) while the fragments only
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comprised 5 colors (white, purple, yellow,
orange, green) (Figure 5 and Figure 6).

B Wet season ODry season

Percentage in total

§

.- u
s o -
0 H H dl ol H %

Blue Black Brown Green Orange Pink Purple White Yellow Grey

s
I

Frrrrr
IS

Colors of fibers

Figure 5. The colors of microplastic fibers according

to occurrence rate (%)

The color of fibers changed between the
seasons. In dry season, yellow predominated
(26.92%)), followed by green (23.08%), white
(19.23%), and purple (15.38%) while white
dominated (29.63%), followed by blue (16.20%),
purple (15.28%) and green (12.50%) in rainy
season.

B Wet season ODry season

Percentage in total

|
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White Purple Yellow Orange Green

Colors of fragments

Figure 6. The colors of microplastic fragments
according to occurrence rate (%)

For fragments, white and yellow were
the main colors, and purple also contributed
a large proportion in total. However, there is a
difference between two seasons. In wet season,
the fragments had 4 colors, of which yellow
accounted for the highest percentage (68.75%),
followed by white (22.92%) while there were
only 3 colors, that are yellow, purple and white
with the approximately equal proportions
(Figure 6).

In general, in this study, white and yellow
are the predominant colors, in addition to green,
blue and purple. Ayu et al.'” reported that white

is also the dominant color found in the digestive
tracts of fish (accounting for 79.2%) but followed
by blue (7.03%) instead of yellow as in our study.
In another study on six mollusc species (Mytilus
galloprovincialis, Ruditapes decussatus,
Crassostrea gigas, Hexaplex trunculus, Bolinus
brandaris and Sepia officinalis), black, blue, and
white are the dominant colors for microplastic
fibers and blue, red and black are the main colors
of fragments."" Thus, the colors of microplastics
found in aquatic animals are quite different,
which might be due to the different sources of
microplastics in the study locations. This is also

reported by Gallagher et al.?
4. CONCLUSION

Microplastics accumulate in the digestive tracts of
Big brown mactra clams distributed in Cu Mong
lagoon, Phu Yen province with the concentration
of 1.53 to 8.93 particles/individual. The clams
collected in the wet season are contaminated
with higher number of microplastics than those
collected in dry season.

Microplastic fibers as well as microplastic
fragments found in the digestive tracts of this
clam species are mostly in the small size class
(300 - 2500 um for fibers and 45,000 - 600,000
um? for fragments).

The color of microplastics in the digestive
tracts of the clams is quite diverse, in which
the color of fibers is more diverse than this of
fragments. In addition, the color of microplastics
also changes in two seasons.
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ABSTRACT

This paper proposes an inexact regularized Newton method for solving unconstrained optimization

problems. The proposed algorithm belongs to the class of outer-inner iteration scheme. Instead of solving

exactly linear systems, iterative linear solver will be applied to find approximate search directions. We will

show that the inexact algorithm preserved the fast local convergence property of exact algorithms. Some

numerical experiments are also conducted to show the benefits of our proposed algorithm.

Keywords: Unconstrained optimization, inexact Newton method, regularization, local error bound.

1. INTRODUCTION

Let us consider the following unconstrained
minimization problem

win f(z), (1)
where f : R" — R is a twice differentiable
function. This type of problem has many ap-
plications in machine learning, engineering,
economics,. ..."? Let S be the solution set
of the problem (1). We may assume that
the minimization problem (1) has a local
solution z* € S. A conventional assump-
tion which is used when solving this prob-
lem is the second order sufficient condition
(SOSC), i.e., the Hessian matrix V2 f(z*) is
positive definite, see, e.g. Theorem 2.4 in?.
This assumption is very important because
it implies that z* is the unique local solu-
tion of (1). This is crucial for the fast lo-
cal convergence of Newton algorithm, see,
e.g. Theorem 3.5 in?. However, in practice,

this assumption is somewhat strict and it

* Corresponding author.
Email: tranngocnguyen@qnu.edu.vn

https://doi.org/10.52111/qnjs.2022.16107

limits the applicability of numerical algo-
rithm. With the lack of this assumption, be-
havior of numerical methods can be very
bad and sometimes algorithms cannot work.
Recently, regularized optimization methods
emerge as good alternatives for resolving
problems of type (1), in both contexts of con-
vex optimization®?® and of nonconvex opti-
mization.%” The main idea of these regular-
ized methods is tend to solve a sequence of
regularized problem of the form

min () o= f() + Llle — ol (2)
where x;, is the iterate at iteration k, 6, > 0
is a regularization parameter. Instead of the
SOSC, in these papers, the authors assume
that the gradient of objective provides a lo-
cal error bound condition at some z* € S.
Such a condition means that the distance
from a point to the solution set of the prob-
lem S can be upper bounded by some term
related to the gradient at that point (see (10)
below).
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8 proposed a

Very recently, authors in
Newton method applied to the first order
optimality conditions of (2). This algorithm
belongs to the class of outer-inner iteration
scheme. The main role of outer iterations is

to compute a trial iterate x; such that

where Hj is an approximation of the Hes-
sian matrix V2f(x), x), is the current iter-
ate and 0 is updated at the beginning of
each iteration. If the trial iterate makes a
sufficient reduction on the objective function
Fy.(z}) and its gradient VFy(z;), it will be
set as the starting point of the next itera-
tion, i.e., xx11 = x; . If this is not the case,
a sequence of inner iterations for minimiz-
ing Fj, will be applied for obtaining a suffi-
cient reduction on Fj,(xy,1) and VEy(xpy1).
This outer-inner iterations are also applied
in the framework of constrained optimiza-
tion, see®!® for further reading. In both
outer and inner iterations, the main compu-
tational cost lies in solving exactly the linear
system (3). In practical applications where
the size of problems are very enormous, fac-
torizing a large matrix to solve such a lin-
ear system may take a long time to execute
the algorithm. To deal with this problem,
inxact Newton method has been proposed
for solving nonlinear equation' and uncon-
strained optimization.!” This method is also
applied in the framework of constrained op-
timization, e.g..'*1%19 However, in these pa-
pers, one still resorts to the second order suf-
ficient conditions for the fast local conver-
gence of their algorithms. In?’, the authors
proposed a regularized trust-region Newton
method for solving (1). In numerical experi-
ments, authors considered the possibility of
applying an inexact solver for solving sub-
problem which is somewhat similar to (3).
However, convergence analysis for their al-

gorithm in this inexact case has not been

studied.

In this paper, we will propose an inexact
regularied Newton method for solving prob-
lem (1). Our algorithm has the same vain of
outer-inner algorithm scheme as.® However,
instead of solving exactly linear systems at
each iteration which maybe too expensive,
we will introduce an application of inexact
method to their algorithm. In this case, the
tolerance of the inexactness will be consid-
ered carefully so that the fast convergence
of the algorithm is still preserved. In partic-
ular, at each iteration k, an inexact linear
solver, e.g. conjugate gradient, will be ap-
plied to solve the “inexact” solution z; that
satisfies

[(Hy, + 0 D) ()] — ax) + V f(a)]] < e, (4)

where {7} is a sequence of positive number
which must be chosen. Many iterative linear
solvers can be applied for solving (4), e.g.,
conjugate gradient method,?* MINRES,?*
LSQR,?* GMRES,* LSMR.? Since the co-
efficient matrix Hj + 6,1 is positive defi-
nite, we will choose the conjugate gradient
method for solving (4). We will prove that
this inexactness does not affect to the fast lo-

8 even for

cal convergence of the algorithm in
degenerate cases. More specifically, our pro-
posed algorithm attains a superlinear con-
vergence under a local error bound condi-
tion which is milder than the usual SOSC.
These good theoretical results will be veri-
fied by some numerical experiments. In addi-
tion, numerical results also show us that the
proposed inexact algorithm can help to re-
duce the computational time compared with
exact algorithms.

The paper is organized as follows. Some
notations and description of algorithm will
be introduced in Section 2. Section 3 is de-
voted to the convergence analysis of the
proposed algorithm. Some numerical exper-

iments are reported in Section 4 to verify
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theoretical results and to demonstrate the
effectiveness of our proposed algorithm. The

paper ends with some conclusion.

2. NOTATION AND ALGORITHM DE-
SCRIPTION

Algorithm 1: (kth iteration)

Input: m e N, v > 0,0 € (0,1),
0>0,k>0,€e>0n_1>0
and zo € R"
Output: an optimal solution
If ||V f(z1)| < e, then terminate the
algorithm.
2 Choose 0;, > 0,9, > 0 such that
Hy, = V?*f(x;) + 6,1 = 0 and set
0, = min{||V £ (wx)|I°, 8},
e = kmind[|V £ (z) |77, mr-1 }
3 Compute an trial iterate z;" which

g

satisfies the condition (4).

4 Choose ¢ > 0 such that {¢,} — 0. If
IV f(zH)| < ¢, then set
Tr+1 = x) . Otherwise, apply a
sequence of inner iterations to find

Zry1 such that

IV (@)l < G- ()

5 Set k < k+ 1 and go to Step 1.

Notation For two real vectors = =

L] and y = [y, 40, ..., 0] in
the vector space R", x'y is used to de-

[1'1,3727 ..

note the Euclidean scalar product. The as-
sociated norm is the fy-norm, i.e., ||z| =
(xT2)Y/2. The notation < y (z > y) in-
dicates that z; < y; (resp. z; > y;) for all
i = 1,n. For a vector € R", the notation
diag(x) stands for the diagonal matrix whose
diagonal entries are components of vector x.
The induced norm of a rectangular matrix
M is defined by | M| = max{||Mz| : ||z| <
1}. Let M be a square symmetric matrix,
i.e. M = MT". The smallest eigenvalue of

https://doi.org/10.52111/qnjs.2022.16107

the matrix M is denoted by Apin(M). The
notation M > 0 means that M is a posi-
tive semi-definite matrix, i.e. Ayin(M) > 0.
The open ball of radius r and center z is de-
noted by B(z,r) = {yl|lly — z| < r}. The
solution set of the problem (1) will be de-
noted by S§. For every x € R”, the notation

d(z) = ing |z—y|| denotes the distance from
ye

x to the solution set S. In this case, if the
solution set is nonempty, the notation x will
be used to denote the projection of x onto
S, ie., ||z — x| = d(x).

We now introduce our proposed algo-
rithm in this paper. Let m be a natural num-
ber and v > 0,0 € (0,1), kK > 0, n_; > 0,
6 > 0 and € > 0. At the beginning of the
algorithm, a starting point zy € R" should
be defined. The details of our algorithm is
given in Algorithm 1.

The first step introduces the stopping
condition of the algorithm. In Step 2, the
regularization parameter d; will be chosen
such that the approximation of the Hessian
matrix is positive semi-definite. In particu-
lar, this parameter is chosen such that

S < B max{0, —Aumin(V2f(z))}, VEk € N,
(6)
for some B; > 1. This choice means that
0r 1s mnot less than the absolute value
of the minimum eigenvalue of VZ2f(zy).
This implies that the matrix H, :=
V2f(x) + Ol is positive semi-definite.

In® and ,%° authors proposed to choose

O = Prmax{0, —Apnn(V2f(x1))}. Appar-
ently, this choice validates the require-
ment (6). In our algorithm, we adopt the
same strategy to choose dy. It worths to note
that recently, authors in?® propose a sim-
ple search algorithm based on the indefinite
factorization method MASH7? to find an Jj
satisfying (6). The regularization parameter
0, and the “forced” parameter will be de-

fined based on the norm of the gradient of
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the current iteration x. Step 3 is devoted to
calculate an approximation solution z; with
the tolerance n; defined in Step 2. In Step 4,
we choose a tolerance for the condition to
trigger the inner iteration algorithm. If the
trial iterate ;" creates a sufficient reduction
on the first order optimality condition, we
set it as the starting point of the next itera-
tion. Otherwise, we will apply a sequence of
inner iteration to find an iterate xy,; such
that the condition (5) holds true.

Because our main concern in this paper is
the local behavior of an inexact regularized
Newton method, the globalization scheme is
not mentionned here. Nevertheless, we in-
troduce Step 4 to show the possibility of ap-
plying globalization strategies. It should be
of interest to develop our local scheme to
global one by using globalization techniques

as in. 826

3. ASYMPTOTIC ANALYSIS OF THE
ALGORITHM

Asymptotic analysis of Algorithm 1 is

conducted under the following assumptions.

Assumption 1. The function f is twice dif-
ferentiable, V2f is locally Lipschitz contin-
uous and the set S of minimizers to (1) is
nonempty.

From the closeness of S and the coercive-
ness of the norm, for every x € R", there
exists T € S such that

d(z) = |z — x| (7)

Assumption 2. The gradient provides a lo-
cal error bound condition at some z* € S.

From the two above assumptions, there
exist postive numbers ¢, L, r, 7 such that for

all z,y € B(x*,r),

IVf(@) =Vl <tz—yll, (3
IV2f (@) = V2 Wl < Lllz —yll, (9
d(z) < 7V f(2)ll,  (10)

V@) <0. (11)

From the definition of 8, and 7 in Step 2 of
Algorithm 1 and inequalities (8), (10) and
(11) for all k£ € N such that z € B(z*, 1),

O = IV f(zp)lI” = 7b7d ()7, (12)
e = £V (@) < wH7d ()7, (13)
where b =1/7.

Firstly, we recall a result about the up-
per bound of the regularization parameter
Jr, satisfying (6) via the distance function.

Lemma 1 (Lemma 2 in®). For all k € N
such that x, € B(x*,r/2), we then have
Op < frLd(xy).

Next lemma to demonstrate that the

search direction of the inexact Newton

method, i.e. ;7 — x, obtained from (4) will

be upper bounded by the distance function
evaluated at the current iterate xy.

Lemma 2. Let

1 1
Cl = <I{€1+U + (— + 51) LT10> — 4+ 2
2 b
For all k € N such that x), € B(x*,r/2),
oy = il < Crd(an). (14)

Proof. Let k € N such that =, € B(z*,r/2).
Firstly, let us select z;, € S with d(zx) =
|z, — Zg||. We then have V f(z)) = 0. This
fact and the Lipschitz continuity of f imply
that

Vf(xy)
=V f(zr) — Vf(Tk)

:/0 V2 f (@ + t(x, — Tn)) (xr — Tp)dt

:/0 [V F @+t — 7)) — V2 ()] %

X (g — Tp)dt + V° f(zx) (x), — T1,). (15)
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By noting that V2f(z;,) =
0i)I, one gets

(Hp+0,1)— (0. +

(Hk + 9k1)71v2f(xk)($k — ka)
=X, — T — (5k -+ Hk)(Hk + 9k1)71<$k — fk)
(16)
From (4), (15), (16) and using (9), we get

kaJr_ka
+Vf($k ||+H (Hy. + 01 ) 1Vf(33k)}
< H(Hk-f—ek 1H <77k+—||$k—$kH2>
+ e — Tl + (O + 0x) || (Hy + 1) 7| x
X ||z — @ (17)
Since H;, = 0 and 0, > 0, we have
[(He + 0,17 < 52

Lemma 1, (12) and notlng that ||zx — Tkl =
d(xy) < r, we then deduce from (17) that

. Using this inequality,

i — i

1 L
S_ Hll+gd(£€k)1+a + —d(l’k)Q
Oy, 2

from which completes the proof. Ol

We now show that the sequence of dis-
tances from iterates generated by Algo-
rithm 1 to the solution set & will decrease
with a superlinear rate.

Lemma 3. Let

Co=r </<;€1+” + ((BlL + gcl) rt=e —I—'yl”) Cl) .

For all k € N such that x), € B(x*
we have

> 50ty )
d(z) < Cod(zp)' .

https://doi.org/10.52111/qnjs.2022.16107

Proof. Let k € N be such that z, €
B($*7M). Since €y > 2, by virtue of
Lemma 2, one gets

g — 2| <l — 2wl + [lo — 2"
< Cid(zy) + [Jog — 27|

<

N3

This means that z;” € B(z
error bound condition (10) holds at z;, i.e.,

* T
, 5)- Hence, local

d(zy) < 7V ()] (18)

With the notation uz = azz
from (4) that

— x;, we deduce

IV f (i) + V2 f ()il |

< ||(Hi + 0c) (ul) + V f () |
+{[ (O + o) uf |

< M + (Or + 0k |y |- (19)

The differentiability of f gives us
Vi)
=V f(zx) + /1 V2 f (2 + tuy) Juf dt
9 f(e) +
+ /01 [V fap + tuf) — V2 fap)] uf dt.

Taking the norm on both sides, using (9),
(19) and Lemma 2, we obtain

IV f(z)
< M + (O + k) ||z — x|

+ Sl —
L
< i+ (G + 00) Cad () + 5 CTd ().
(20)

Combining (18) with (20) and using (8), (13)
Lemma 1, we then get

d(zy)

ST(/{Z”"d(xk)H“ + (B Ld(z) +~17d(z)7)
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x Cyd(zy) + ngd(xk)z)

L
S’T <I‘€£1+U + ((61[/ + 501) 7"170 + 710) X

X C1> d($k>1+g,

which completes the proof. O

By following the same argument as in

f .26 we can prove that if the se-

Section 2 o
quence of iterates is close enough to the re-
gion of the solution set S, the inner iteration
algorithm will never be triggered. Moreover,
Algorithm 1 will converge to some solution
of the problem (1) with a superlinear rate of
converence. The main result of this paper is

summarized in the theorem below.

Theorem 4. Let Assumptions 1 and 2 hold
at v* € S. Assume that Algorithm 1 gen-
erates an infinite sequence of iterates {xy}.
There exists R > 0 such that if at an iter-
ation ky € N, x, € B(z*, R), then for all
k> ko, xp41 =z, {x} converges to T € S
and

|2x = 2]

lim =0.

4. NUMERICAL EXPERIMENTS

In this section, we will make some numer-
ical experiments to show the advantages of
the our proposed algorithm. Algorithm 1 is
implemented in MATLAB R2012a. Parame-
ters of this algorithm are chosen as below:
e =10% 0 = 05,60 = 0.1, v = 1072,
k =0.99, n_y = 0.1 gy = 2. The conjugate
gradient method? will be applied to solve
system (4). Because we are only interested
in the local behavior of Algorithm 1, the
globalization strategy is not implemented.
In particular, we do not invoke Steps 4 in
Algorithm 1. Instead, we will choose start-
ing points which are sufficiently close to the
optimal solution of the problem for which

Theorem 4 can be applied. The investigation
related to global behavior of this algorithm
is out of the current work and should be the
topic of another research in the future.

4.1. Superlinear convergence of Al-
gorthm 1

This section is devoted to verify the the-
oretical research developed in this paper. In
particular, we will show that Algorithm 1 at-
tains the superlinear rate of convergence in
some neighborhood of an optimal solution in
which the local error bound condition holds
true.

Let us consider the problem (1) in R?

where
1(:UQ —1)? if z; € [1,11]
f(z) = z(xl —1)*(zy — 11)*
+3(z2 — 1)? otherwise.
(21)

The first and second derivatives of f are

( 0 .
if 2y € [1,11]
To — 1
Vf($) = (.Z’l — 1)3><
X (zy — 11)*(xy — 6) | otherwise.
\ To — 1
and
diag([0,1]7)  if 2, € [1,11]
diag([(z; — 1)*(z1 — 11)2x
V(@) = . -
% (Ta? — 84z1 +227),1]T),

otherwise.

The function f is twice continuously dif-
ferentiable and the second derivative V2 f
is Lipschitz continuous on R%. The solution
set is & = [1,10] x {1}. The local error
bound condition (10) holds at any z* =
(37,1) € S such that 1 < 2z} < 10. Indeed,
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let » = min{x] — 1,10 — z7} > 0. For all
x = (x1,29) € B(x*,r), we have

d(x,8)? = (x5 — 1)
= |V f(2)[

which implies that the error bound condi-
tion (10) is validated at z* with 7 = 1. We
note that, however, the matrix V2 is singu-
lar for all x = (21, 22) such that z; € [1, 10]
which means that the SOSC does not holds
in this example. From the starting point
zo = (9.0, —50), our algorithm converges to
solution ¥ = (9.0,1.0) after 4 iterates. The
behavior of Algorithm 1 in this example is
showed in Figure 1. In this figure, we plot
norms of zy — x*, where z* = [9,1] is the
optimal solution. From this figure, we can
see that the slope of the graph after each
iteration will be more negative. This means
that the sequence {%
In other word, Algorithm 1 attains the su-

} tends to zero.

perlinear convergence in this case.

2

107 ¢ ' ' .
‘ '+ |-e-Algorithm 1
o
10° o
.
= 2 N\
107 |
|
=107 .
107 \
-8 ‘ ‘ ‘ )
105 1 2 3 4
k

Figure 1: Behavior of Algorithm 1 when solv-
ing (1) with f is given by (21).

4.2. Execution time on large-scale
problems

As we have mentioned in Section 1, when
solving large-scale problems, an exact algo-
rithm may take a long time to solve the lin-
ear system (3) which is the main burden in

https://doi.org/10.52111/qnjs.2022.16107

Newton method. Our aim in this section is
to show the advantage of our inexact scheme
when solving large-scale optimization prob-
lems. In particular, we will implement an ex-
act version of Algorithm 1 in which the lin-
ear system 3 will be solved (exactly) instead
of Step 3 of Algorithm 1. To solve the lin-
ear sytem (3), the coefficient matrix Hy+60;/
will be factorized by an LDL decomposition,
see, e.g.,.?8 Because there is no computation
of the square roots of the diagonal elements
is needed, this decomposition is more stable
and more efficient than Gaussian eliminiza-

tion or Cholesky decomposition.

. Inexact Exact
Size

Problem (n) algo- algo-
" rithm rithm
Arwhead 5000 58.02 70.99
bdgrtic 5000 2.43 2.54
broydn7d | 1000 19.91 19.95
brybnd 5000 87.30 94.86

dgdrtic 5000 52.08 44.12
edensch 5000 6.48 6.83

engvall 5000 88.27 87.85
freuroth 5000 | 165.98 169.00
noncvxun 1000 4.20 3.44
penaltyl 1000 7.65 8.86

sensors 1000 | 116.56 122.10

Table 1: Ezecution times (in second) of the
inexact and the exact algorithms on
large-scale problem in CUTEst collec-
tion (n is the number of variables)

In this section, we will consider some
large-scale unconstrained problems under
form (1) in the CUTESst collection.* We will
compare CPU times to solve each problem
by the inexact and the exact algorithms. Ta-
ble 1 shows us the numerical results when
applying these two algorithms in solving
some problems in CUTEst. We will collect
problems which satisfy two requirements:
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the size of a problem (the number of vari-
ables) is greater than 1000, and both algo-
rithms are succeed in solving the problem
within 200s. We compare only the problems
with n > 1000 because these two algorithms
solve the others very fast. This makes the
comparisons unfair. From this table, we can
see that in most of problems, the inexact al-
gorithm take less time to solve than the ex-
act one. This demonstrates the benefit when
using an inxact algorithm instead of the ex-
act algorithm to solve unconstrained opti-

mization problem.

5. CONCLUSION

In this paper, we propose an inexact reg-
ularized Newton method for unconstrained
optimization. The algorithm is a variant of
the algorithm in® where linear systems for
finding search direction are solved approxi-
mately with a suitable tolerance. Assymp-
totic convergence analysis is performed to
show that under some local error bound con-
dition, the algorithm attains a superlinear
rate of convergence. Some numerical exper-
iments are conducted to verify theoretical
results and to show the advantage of our
proposed algorithm. In the future, some re-
searches for globalizing our proposed algo-

rithm should be interested.
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