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Abstract

In this paper, we discuss a finite element method for the laser surface hardening of steel, which
is a constrained optimal control problem governed by a system of differential equations, consisting
of an ordinary differential equation in austenite and a semi-linear parabolic differential equation in
temperature. The space discretization of the state variable is done using usual conforming finite
elements, whereas the time discretization and control discretization are based on a discontinuous
Galerkin method. A priori error estimates are developed and numerical experiments which justify
the theoretical estimates are presented.

Key words. Laser surface hardening of steel, semi-linear parabolic equation, constrained op-
timal control, regularised problem, a priori error estimates, finite element method, discontinuous
Galerkin in time, numerical experiments.

1 Introduction

In this paper, we develop a priori error estimates for the optimal control problem describing
the laser surface hardening of steel. The purpose of surface hardening is to increase the hardness of
the boundary layer of a workpiece by rapid heating and subsequent quenching (see Figure 1). The
desired hardening effect is achieved as the heat treatment leads to a change in micro-structure. A
few applications include cutting tools, wheels, driving axles, gears, etc.

The mathematical model for the laser surface hardening of steel has been studied in [2] and [3].
For an extensive survey on mathematical models for laser material treatments, we refer to [4]. In [3],
[5], the mathematical model for the laser hardening problem which gives rise to a system consisting
of a nonlinear parabolic equations and a set of ordinary differential equations with non-differentiable
right hand side is discussed. Then, the authors have first regularised the non-differentiable right
hand side functions and results on existence, regularity and stability are derived for the regularised
problem. This seems to be a common approach in all subsequent results not only on existence, but
also on numerical approximations. In [6], both laser and induction hardening have been used to
explain the model and then a finite volume method has been used for the spatial discretization and
finite difference scheme for temporal discretization of the regularised problem. In [7], the optimal
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Figure 1: Laser Hardening Process

control problem is analyzed and error estimates for a regularised problem are derived using proper
orthogonal decomposition (POD) Galerkin method. Moreover, some results on numerical simulations
are also presented. In [8], a finite element scheme combined with a nonlinear conjugate gradient
method is applied to approximate the solution of the regularised problem. Although, some of the
articles [3]-[6], [8], [9] mentioned above have discussed different numerical methods for approximating
the regularised laser surface hardening problem, a priori error estimates have not been developed. In
the present paper, a priori error estimates have been developed for both semi-discrete and complete
discrete problem of laser surface hardening of steel. The space discretization of the state variable is
achieved by using usual conforming finite elements, whereas discretizations of temporal and control
variables are based on a discontinuous Galerkin method. Initially, keeping control fixed, a priori
error bounds are developed for the state variables, for both semi-discrete and fully discrete schemes.
Finally, the convergence of the approximate control to exact control is established. A variant of
the non-linear conjugate method [8] is applied to the optimal control problem numerically. The
numerical results obtained are in good agreement with the findings of the theoretical results.

In literature, a substantial amount of work on the a priori error estimates for linear and non
linear parabolic problems are available, see for example [10], [11], [14], [15] to mention a few. For
optimal control problems governed by linear parabolic equations without control constraints, a prior:
error bounds are developed in [17]. Subsequently, using space-time finite element discretization,
optimal parabolic control problems with control constraints are discussed in [18].

The outline of this paper is as follows. Section 2 describes the mathematical model of the
problem of laser surface hardening of steel and its regularization using a regularized Heaviside func-
tion. In Section 3, a weak formulation is presented and results on existence and uniqueness of the
solution of the regularized problem are discussed. Section 4 contains space-time discrete formulation
of the laser surface hardening of steel with a priori error estimates at different levels of discretization.
Section 5 describes the complete discretization with results of convergence for the control. Finally,
numerical results are presented in Section 6.

2 Laser Surface Hardening of Steel

Let Q C R?, denoting the workpiece, be a convex, bounded domain with piecewise Lipschitz
continuous boundary 92, Q@ = Q x [ and ¥ = 9Q x I, where I = (0,7T), T' < co. Following Leblond
and Devaux [2], the evolution of volume fraction of austenite a(t) for a given temperature evolution
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0(t) is described by the following initial value problem:

da= fo(6,a) — %[aeq(ﬁ)—ah in Q, (2.1)
a0) = 0 inQ, (2.2)

where a¢q(6(t)), denoted as a.4(f) for notational convenience, is the equilibrium volume fraction of
austenite and 7 is a time constant. The term

[aeq(0) — al+ = (aeq(0) — a)H(aeq(0) — a),

where H is the Heaviside function

1 s>1
H(S):{o s<0

denotes the non-negative part of a.q(6) — a, that is,

(aeq(0) — a) + |acq(6) — a

laeg(6) — aly = -

Neglecting the mechanical effects and using the Fourier law of heat conduction, the temper-
ature evolution can be obtained by solving the non-linear energy balance equation given by

pcpOi) — K A9 = —pLa;+ou  inQ, (2.3)
0(0) = 6y inQ,
% = 0 on, (2.5)

where the density p, the heat capacity c,, the thermal conductivity K and the latent heat L are
assumed to be positive constants. The term u(t)a(x,t) describes the volumetric heat source due to
laser radiation, u(t) being the time dependent control variable. Since the main cooling effect is the
self cooling of the workpiece, homogeneous Neumann conditions are assumed on the boundary. Also,
0y denotes the initial temperature.

To maintain the quality of the workpiece surface, it is important to avoid the melting of
surface. In the case of laser hardening, it is a quite delicate problem to obtain parameters that avoid
melting, but, nevertheless, lead to the right amount of hardening. Mathematically, this corresponds
to an optimal control problem in which we minimize the cost functional defined by:

J(0,a,u) = /\a ) — aq| dx—i—ﬁQ/ /9 Om)? drds +—/ lu — ug|*ds (2.6)

subject to the state equations (2.1) — (2.5) in the set of admissible controls Uy, (2.7)

where Uyg = {u € U : |lull2;y < M}, with M > 0, is the closed, bounded and convex subset
of U = L?(I), denoting the maximal intensity of the laser, 51, 32 and (3 being positive constants,
ug € L>®(I) being the desired laser intensity and ay being the given desired fraction of the austenite.
The second term in (2.6) is a penalizing term that penalizes the temperature below the melting
temperature 6,,

For theoretical, as well as computational reasons, the term [ac, — a4 in (2.1) is regularized
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(see Figure 2) and the regularized laser surface hardening problem is now given by:

min J(é,, a., u.) subject to (2.8)
UeeUad
1

Orac = fe(Oc,ae) = m(aeq(ae) - ae)He(aeq(‘gﬁ) — ac) in Q, (2.9)
a(0) = 0 inQ, (2.10)
pcpOlfe — K A0, = —pLdac+aue in Q, (2.11)
0,000 = 6y inQ, (2.12)

00,
o 0 onZX, (2.13)

where
J(He,ae,ue)—ﬂl/ lae(T) — aq |2dx+ﬁ2/ / d ds—l—&/ |u€—ud|2d5,
0

and ‘H, € CY1(R) is a monotone approximation of the Heaviside function satisfying H.(s) = 0 for
s <0.
We now make the following assumptions on the coefficients [7]:

(A1) aeq(z) € (0,1) for all z € R and [|aeqllcr(r) < ca;
(A2) 0<z<7(z) <7 foralxeRand |7|c1r) < cr;

(A3) 6y € HY(Q), 6 < 0,, a.e. in 2, where the constant 6, > 0 denotes the melting temperature of
steel;

(Ad) a e L=(Q);
(A5) ue L*();
(A6) ag € L>®(Q) with 0 <ag <1 ae. in .

For the sake of notational simplicity (fe,ac,u.) and fe will be replaced by (0,a,u) and f
respectively, throughout the paper.

3 Weak Formulation

Let X = {v € L*(I;V) :v; € LA (;V*)} and Y = HY(I; L*(Q)), where V = H'(Q). Together
with H = L?(Q), the Hilbert space V and its dual V* build a Gelfand triple V — H < V*.
The duality pairing between V' and V* is denoted by (-,-) = (-,-)v=xv. Let (:,-)(resp. (-,")r.0)
and || - [|(resp. || - [|1,0) denote the inner product and norm in L?(Q)(resp. L?(I, L*(2))). The inner
product and norm in L?(I) are denoted by (-, ) r2(r) and ||-{[z2(z), respectively. The weak formulation
corresponding to (2.9)-(2.13) takes the following form:

m(ljn J(0,a,u) subject to (3.1)
u€Uqqd

(Ora,w) = (f(f,a),w) Ywe H, ae. inl, (3.2)

a(0) = 0, (3.3)

pcp(0i0,v) + K(70,57v) = —pL(da,v) + (au,v) Yo eV, ae. in I, (3.4)

(O) = 0. (3.5)
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Figure 2: Heaviside (H(s)) and Regularized Heaviside (H(s)) functions

The following theorem [[8], Theorem 2.1] ensures the existence of a unique solution of the system
(3.2)-(3.5).
Theorem 3.1. Suppose that (A1)-(A6) are satisfied. Then, the system (3.2)-(3.5) has a unique

solution
(6,a) € HH(Q) x WH>(I; L™ (%)),

where HY' = L2(I; HY(Q)) N HY(I; L*(Q)). Moreover, a satisfies
0<a<1ae inQ.

Remark 3.1. /8] Due to (A1)-(A2) and the definition of the reqularized Heaviside function H., there
exists a constant cy > 0 independent of 0 and a such that

max([|f (0, a)l| oo (@): (0, @)l Lo (@), 1 f0(0, @)l o= (@) < ¢f

for all (0,a) € L*(Q) x L=(Q).

The existence of the optimal control is guaranteed by the following theorem [[8], Theorem
2.3].
Theorem 3.2. Suppose that (A1)-(A6) hold true. Then the optimal control problem (3.1)-(3.5) has
at least one (global) solution.

Let u* € U,q be a solution of (3.1)-(3.5) and (6*, a*) be the solution of the corresponding state
system. In the following lemma, we state the existence and uniqueness result of the corresponding

adjoint system.
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Lemma 3.1. [7] Let (A1)-(A6) hold true and (6*,a*,u*) € X xY x Uyq be a solution to (3.1)-(3.5).
Then there exists a unique solution (z*, \*) € HY x HY(I, L?(2)) of the corresponding adjoint system
defined by:

— (1, N") + (U, fo(0F,a™)(pLz* — X*)) = 0 VY€ H, ae inl, (3.6)

N(T) = pi(a™(T) - aa), (3.7)

—pep(¢,027) + K(V,V2") + (¢, fo(07,a")(pL2" = A7) = [2(o, [0 — On]) (3.8)
VopeV, ae. inl,

2X(T) = 0. (3.9)

Moreover, z* satisfies the following variational inequality

<63(u* —ug) + / az*dx, p— u*) >0 VpeUyy. (3.10)
Q L2(I)

The existence of a unique solution to the state equation (3.2)-(3.5) ensures the existence of a
control-to-state mapping u —— (0,a) = (6(u),a(u)) through (3.2)-(3.5). By means of this mapping,
we introduce the reduced cost functional j : U,y — R as

j(u) = J(0(u), a(u),w). (3.11)
Then the optimal control problem can be equivalently reformulated as

in j(u). 3.12
Jélzlffdj(u) (3.12)

The first order necessary optimality condition for (3.12) reads as

7' (W) (p—u) =0 Vp € Usa, (3.13)
where j'(u)(p —u) = (Bg(u —ug) + /Q az(u)dx, p— u> L2(1)'

Remark 3.2. The constant C' will be used to denote different values at different steps of the proof
throughout the paper in all results and is a generic one.

We now discuss a regularity result for 6.

Lemma 3.2. Under the assumptions (A1)-(A5), the solution (8,a) of (3.2)-(3.5) satisfies:

A0 10 < C,
where C' > 0 is a constant.
Proof. From (3.4), we have
pcp(0i0,v) — K(AB,v) = —pL(da,v) + (au,v).

Putting v = —A6 and using Cauchy Schwarz inequality, we obtain

K[lAg] < c(uatau Tl + uateu),
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where C' = max{pc,, pL, maxg |a(z,t)|}.
Squaring and integrating from 0 to 7', we find that

18013 < CIDralle + ull3 ) + [0:6]30)-

Using (0,a) € HY' x Whee(I, L>(2)) ([7], Theorem 2.1) we obtain the required result and this
completes the rest of the proof. O

4 Semidiscrete Scheme

In this section, we discuss a semi-discrete Galerkin method with piece-wise linear polynomials
for the problem (3.1)-(3.5) and establish a priori error estimates for the semi-discrete solution with
a fixed control variable v € U,y. Moreover, similar analysis is also developed for the semi-discrete
approximation of the adjoint problem (3.6)-(3.9).

Let 75, be an admissible regular triangulation of  into simplexes R. Let the discretization

parameter h be defined as h = gl%g( hgr, where hg is the diameter of R. Further, let V;, C V be a
S

finite element space defined by V;, = {v € C°(Q) : v|gr € P(R) VR € T} and X}, = L*(I1,V},).
Here Pj(R) denotes the set of all polynomials of degree < 1. Then the semi-discrete formulation
corresponding to the continuous problem (3.1)-(3.5) reads as

mlljn J(On,apn,u) subject to (4.1)
u€Uqq

(8tah, ) (f(@h,ah),w) Yw eV, a.e. in I, (4 2)

() = 0, (43)

pcp(atah’ ) + K(vah’ VU) = _pL(atah’ U) + (au, ’U) Vv € Vha a.e. in I’ (4 4)

( ) = 9/1,0, (4 5)

where 6}, ¢ is a suitable approximation of 6y to be chosen later. Corresponding to the solution
0" € Uyq of (4.1)-(4.5), let (0} ,a}) be the solution to the state system (4.2)-(4.4). The first order
optimality conditions yield the adjoint problem: Find (2} (t), A (¢)) € Vi x Vi, t € I such that

— (0, 0eNy) + (U, fal05,a3)(pLz;, — Ap)) = 0 Yy €V, ae. in I, (4.6)

M(T) = Bu(ay(T) — aa), (4.7)

—pcp(®, Opzy,) + K(V 0, 725) + (0, fo(0h, ai)(pLzy, — AR)) = B2(o, [0, — Om]+) (4.8)
Vo € V,, a.e. in I,

z(T) = 0. (4.9)

Moreover, z; satisfies the following variational inequality
(63(21* — Uq) +/ azpdx, p— ﬂ*) >0 VpeUyy. (4.10)
{ L2(I)

Now we consider the reduced cost functional jj, : Uyg — R:

Jn(u) = J(0p(u), ap(u),u). (4.11)
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Then the semi-discrete optimal control problem can be equivalently formulated as

in jn(w). 4.12
Jin i (u) (4.12)

The first order necessary optimality condition for (4.12) reads as

Jp(@)(p =) >0 Yp € Usa, (4.13)

where jj, (u)(p —u) = (ﬁg(u —ug) + / azp(u)dz,p — u) .
& L2(I)
Now define the elliptic projection Ry, : V — V}, by
K(v(v—Rpv), Vo) +v(v —Rpv, ) = 0 VYoV, (4.14)
where v is a positive constant.

Lemma 4.1 ([20], p. 737). For v € H?(Q), there exists a positive constant C' such that:

lo—Raoll < CHollgq) O

We also define the L2-projection P, : L2(Q) x H%(Q)) — V}, such that
(Pv—v,w) =0 Yw e V.
Note that P, satisfies the following error estimates:
|lv— Ppo|| < Ch2HUHH2(Q) Vo € H3(Q). (4.15)
Theorem 4.1. Let (0,a) and (0y,an) be the solutions of (3.2)-(3.5) and (4.2)-(4.5), respectively.
Then, under the extra regularity assumptions that, (6,a) € L>®(I,H?*(Q)) x L>®(I, H*(Q)), 0,0 €

L2(I,H*(Q)) and 0y € H?(Q); for fizred u € U,g, there exists a positive constant C independent of h
such that

10(8) = Or ()]l + [la(t) = an ()] < Ch2<|l90l|H2(Q)+||9\|Loo(1,H2(Q))+||a\|Loo(1,H2(Q))
+Hat6”L2(I,H2(Q))> vt e I.

Proof. Let ¢! =0 — R0 and ° = Rp,0 — 6. Subtract (4.4) from (3.4), use (3.2), (4.2) and (4.14)
to obtain

pcp(atn97 U) + K(VW€7 VU) = _pL(f(67 a’) - f(0h7 ah)7 U) - pcp(atC97 U) + V(Cea U)a

where v € Vj,.Choose v = 7’. Then integrate from 0 to ¢, apply Cauchy Schwarz and Young’s
inequality to obtain

PP < C<||779(0)||2+ / (uf(e,a)—f<eh,ah>||2+||n9u2+u<9||2+||at<9u2>ds).<4.16>
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By choosing 6y, ¢ as the L? approximation of the function §y € H?(f2), we obtain

I’ @)1 < [Rnbo — oll* + 1160 — Onoll* < Ch |60l 72 (4.17)

Since f is Lipschitz in both the arguments (see Remark 3.1), we find using (4.17) in (4.16)
that

t
PO < C(nl6ullaey + [ (16001 + = anl?+ 11+ 16712 + 10’} s

IN

t
0

t
c(h‘*neouﬁm + / (IS + 171 + 19:¢° 12)ds + /0 (]2 + \|nau2>ds), (4.18)

where (* = a — Pra, n® = Pya — ap. Now subtracting (4.2) from (3.2) for fixed t € I, integrating
from 0 to t, using Cauchy Schwarz, Young’s inequality and the fact that (9,(%, 1) = 0, we obtain

Hn“(t)|!2§0< [ +iepas + [ (|!779H2+Hna|!2)d8>- (4.19)

Adding (4.18) and (4.19), we arrive at
0112 2 410112 o2 2 02
I @I + " O < C<h |!90HH2(Q)+/0 ST+ U™ + 1107 )d3>

t
e /0 (12 + 7)) ds.

Using Gronwall’s lemma, Lemma 4.1 and (4.15), we obtain

I’ O + I @I < Ch4<”90”§{2(9) + ”‘9\‘%2(1,1{2(9)) + ”aH%ﬂ(I,H?(Q)) + Hata”%%l,H?(Q)))'

A use of triangle inequality with Lemma 4.1 and (4.15) yields the required result and this
completes the rest of the proof. O

Remark 4.1. Although, the finite element space used in this article to discretize the variables 0
and a is Xy, where approrimation is done using continuous functions, the variable a can also be
approzimated using piecewise constants with appropriate changes in the proof.

Below, we discuss error estimates for the adjoint problem.

Theorem 4.2. Let (2*,\*) and (2}, \};) be the solutions of (3.6)-(3.9) and (4.6)-(4.9) corresponding
to the state solutions (0*,a*) and (0}, ay), respectively. Then, under the extra regqularity assumptions
made in Theorem 4.1 and (z*,\*) € L>®(I,H?*(Q)) x L>(I, H*(Q)), diz* € L*(I,H*(Q)), aq €
H?(Q); for t € I, there exists a positive constant C independent of h such that

1) =z @I+ A1) = A (@)l

< Ch2<”90HH2(Q) F 10" oo (1,12(0)) + @™ | oo (1, 52(00)) + 1007 | 21,122

Hlaall g2 ) + 12" | oo (1, m2(0)) + 1A Lo (1, 52(02)) + Hatz*”L2(I,H2(Q))>-
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Proof. Write \* —\f = (A\*— P A)+ (P A = 5) = (M4t and 2" — 2} = (2" —Rp2*) +(Rpz*—2}) =
¢* + n?. Subtract (4.8) from (3.8) and use (4.14) to obtain

—pcp(#,0im°) + K(V,n*) = pey(h, 0:¢7) + (6, (%) (4.20)
— (9, fo(07,a")(pLz" — X*) — fo(Or, ap)(pLzy, — AL)) + (6, [0 — O] — [0, — Om]+)

Choose ¢ = n* in (4.20), integrate from ¢ to T', apply Cauchy Schwarz inequality, Young’s inequality
and use Theorem 4.1, to obtain

I @®IF < C<h4(\|90\|12g2(9) F 10 oo (7 262y + 1 oo (7, 12062y + 100* 121 1r22y))
T
+/t U1+ I 1P+ NI+ IS + HatCsz)dS)- (4.21)

Subtract (4.6) from (3.6) and choose ¥ = n*. Then integrate from ¢ to 7' and apply Cauchy Schwarz
with Young’s inequality, to arrive at

[l C<||Phad — ag® + | Poa*(T) — aj (T)||* + /:(WH2 + [P+ 112 + HCAHQ)dS)-
Using Lemma 4.1 and Theorem 4.1, we obtain
I @)1° < C<h4(\|90”%{2(9) 10N T oo (1, 200y F 10" oo (1, 112002)) + 10007121, 11202)) + Nl )
+ /tT(H??ZHQ + I P+ IS+ 11 + H@CZHZ)CLS)- (4.22)
Adding (4.21) and (4.22), we find that
I @I+ @) < Ch4<”90”§{2(9) + ”9*”%00(1,1{2(9)) + ”a*H%OO(I,HQ(Q)) + Hate*”%m,m(ﬂ))
T T
HladlEey ) + € [UCIE+ IR + 106712 ds+ € [P+ 1) .
Using Gronwall’s lemma, we obtain
I @1 + I @)1 < Ch4<‘|90”?{2(9) 0% oo (1 11202y + 10 oo 2,120y + 10:0* 1721 1202y
Hlaalley ) + [ LI + IR + 18I ds. (1.23)

A use of Lemma 4.1, (4.15) and (4.23) yields the required result and this completes the rest of the
proof. O

5 Completely Discrete Scheme

In this section, a temporal discretization is done using a discontinuous Galerkin finite element
method with piecewise constant approximation and a priori error estimates are proved in Theorem
5.1 and 5.2. The control is being discretized using piecewise constants in each time interval I,,,n =
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1,2,- -+, N. In Theorem 5.3, the convergence of discrete optimal control to an optimal control of
(3.1)-(3.5) is established. In order to discretize (4.1)-(4.5) in time, we consider the following partition
of I:

O=tp<ti <. <ty=T.

Set Iy = [to,t1] and I, = (tp—1,tn], kn =tn —tp—1, forn =2,3,..., N and k = ax ky,,. We define
<n<

q—1

X ={0: 1> Vi; ¢lr, =D ¥it) 0 €V}, g€ N (5.1)
i=0

For a function v in ng, we use the following notations:

v = v(ty), vl = t_l)itmwv(t) and [v], = v} — v, .

Then the dG(q)cG(1) discretization of (3.1)-(3.5) reads as:

min J(Opk, apk, u) subject to (5.2)
u€Ugyq
N N-1
Z(atahk7w)ln,ﬂ + ([anklns wit) + (a0 wg ) = (F(Onks ant), w)r.a, (5.3)
n=1 n=1
ahk(O) = O, (5.4)
N-1
pCp Z(atehk7 Vo + K0 V)10 + pcp Z ([On)ms v,) + pep(038, 050 )
n=1 n=1
= —pL(f(Ohks ank,v))1r,0 + (ou,v)r.0 + pep(fo, vy ), (5.5)
Onk(0) = Ono (5.6)

for all (v,w) € X}, x X},

Corresponding to the solution @* € Ugq of (5.2)-(5.6), let (0},,as,) be the solution to the state
system (5.3)-(5.6). The first order optimality conditions yield the adjoint problem:

Find (25, Afp) € X/ x X}, such that

N N-1
= (W, 010 Z s kln) = (s Aiw)
n=1 n=1
+(@, fa(Oh ane) (PLzh — Mg ))re = —( Uy, Ai(1)), (5.7)
Mi(T) = Bi(ap(T) — aq), (5.8)
N -
—pcp Y (6, 0z )0+ K(Vo, Vaidra — pep Y (s [2inlm) — pep(dn. 20y)
n=1 n=1
+(9, fo(Onr app) (PLzp — MNp))re = B2(d, [Ohr — Oml )10 (5.9)
zoe(T) = 0, (5.10)

for all (¢, ¢) € X}, x X],. Moreover, z;, satisfies the following variational inequality

<ﬁ3(ﬁ* —ug) + / azprdr, p— ﬁ*) >0 VpeUy. (5.11)
Q L2(I)
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We introduce the following space-time discrete reduced cost functional ju : Usg — R:
jhk (u) = J(ahk (u), Qapk (u), u) (5.12)
Then the space-time discrete optimal control problem can be equivalently reformulated as

in j . 5.13
Jé%fdjh’“(“) (5.13)

The first order necessary optimality condition for (5.13) reads as
(W) (p = 0@*) >0 Vp € Uyg. (5.14)

We consider the case of piecewise constant approximation in time for both the state and adjoint
formulation. For the case where ¢ = 1 in the definition of X}, (5.3)-(5.6) can be rewritten as: for
n=1,2,--- N, find (0},a}) € Vi, x V}, such that

(aZk ;naﬁ,;l,w> _ k_1n< | f(egk,azk)d&w>, (5.15)

a0 = 0, (5.16)
pcp<%;7f’?’f_l,v>+lf(v92k,vv) = _’OL<$/1 f(%g,aﬁk)d&v)

—i—(kin /In auds,v), (5.17)

0k(0) = Oho, (5.18)

V(w,v) € Vi X V.

Before estimating the a priori error estimates for space-time discretization, we define the interpolant
T s O(I, V) — X}, as:
mpo(tn) =v(t,) VYn=1,2,--- N, (5.19)

where C(I,V},) is the space of all continuous functions defined from I to Vj,. Note that
lv — mpv|| 1.0 < Ck||0w]|. (5.20)

Theorem 5.1. Let (0},a}}) Ym =1,2,--- N and (6,a) be the solutions of the problems (5.15)-
(5.18) and (3.2)-(3.5), respectively. Then, under the extra reqularity assumptions made in Theorem
4.1 and (040, Opa) € L*(I, L2()) x L>®(I, L*(Q)), dyu € L*(I); there exists a positive constant C
independent of h and k such that

10Ctm) = Ohill -+ lla(tm) — ahill

< Ch2<||9HL°°(I,H2(Q)) + llallpoe (1, 72()) + 1100 21, 12(02)) + H90HH2(§2)>
+C/<?<H5tUHL2(1) + 11060|| oo (1,22()) + Hatta”Loo(I,LQ(Q))>a tm € Im.

n o _ n—1
Proof. Write 0(t,) — 07, = (0(t,) — Ru(tn)) + (Ru0(tn) — 0%.) = (%" + 1" and denote O kfh’“ by
1

001, . Also, write a(t,) —al, = (a(tn) — Pra(ty)) + (Pra(ty,) —ally) = (¥ +n»" and denote %
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by da},. Subtracting (5.17) from (3.4), we obtain at t = t,,

pepl010(t2) = 0013, 0) + K((0002) ~ 05, 70) = ~pL(FO(ta)altn)) = - [ 0 ahids. o)

1
—i—(a(w,tn)u(tn) - k_/ auds,v),
n JIn

where v € V3. Using (5.19) and (4.14), we find that
pep(On”",0) + K (0", 70) = —peyp(9¢°T, 0) + pey(06(tn) — 8:8(tn), v) (5.21)
b (6" 0) = oL (1O 0ltn) — B0

1
+ <—/ (mg(a(z, ty)u(ty)) — au) ds,v).
kn J1,
Choose v = %" in (5.21) and Cauchy-Schwarz inequality to obtain

pea (O™ 1Py KHWWSp(Luf(ezk,azk)—f<e<tn>,a<tn>>u+cpuae<tn>—atev(tn)u)unﬁv”u

_ 1
+ (pCpHan’"ll +Al¢O™ + WHM(OM) - QU\|In,Q) In*"- (5.22)
n
Observe that
_ 1 1
9 On  On - On2 O,n—12 = i _ 0n—1)2 593
@i = g (WP = )+ gl =) (5.2
1 0 _
> N2 1.0n—1)2 )
o e (i

Using (5.23) in (5.22), we find that
I 12 = " HPP < Ck‘n(\lf(@;?ka ap) = f(O(tn), altn))|| + 100(tn) — 0:0(ta)l|
+H1O¢" | + HCG’"H> 1"\l + Chy/?||mi () — aullr, 0 I
Using Young’s inequality and the Remark 3.1, we obtain
™12 = "= HPP < Ckn<|!779’"|!2 S (e (e e T

T 180(t) — B0t 2 + 18P + ki — muu%n,@

Ck‘n<||779’"||2 + ™™ 2+ ¢ + Ri>, (5.24)

where R} = [[¢%"]|2 + [100(tn) — 0:0(tn)|I” + 1012 + &y, Hlaw — m(aw) ||, - Summing up (5.24)
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from n = 1 to m, we find that

m
I < 0 3 Ckn(unW R 4 e + R;). (5.25)

n=1

Similarly, we now consider

(577%”7 w) = (f(@(tn), a(tn)) - f(elrmllw agk)v w) - (8a(tn) - ata(tn)7 w) - (5Ca,n7 w)?

where w € Vj,. Putting w = n®™ and proceeding as in (5.22)-(5.23) we find using Remark 3.1 that
I 1 = [l S<7kn<Hﬁa"H24—HW”"H24—HCa"H2+-Ri>, (5.26)

where R2 = ||¢%"||? + ||0a(t,) — Ora(t,)||?. Summing up (5.26) from n = 1 to m, we arrive at

m
I < 02 + 3 Ckn(ungvnuz R 4 o2 + R) (5.27)

n=1

Now adding (5.25) and (5.27) we obtain

m
(Hn(”mHz n Hn“’m|!2> < PO+ 02 S Challl 1 + )

n=1
m

+ O kn(R) +R2). (5.28)

n=1

In order to estimate the terms in R}, we use Lemma 4.1 to obtain

tn
o = k[ auctds)?
tn—1
tn tn
< & / 10,C°|? ds < Chiy 't / 100(5) |2 63 s, (5.20)
n—1 n—1

Using interpolation error, we find that

tn
o = mufare) B2 1,y < OB [ (100l + el ) . (5.30)
n—1

A use of Taylor’s expansion yields

tn tn 2
j00(e) a0l = k! | <s—tn1>attedsu2skn2( / <s—tn1>uatt0||ds>
tn—1 tn—1
I
< the /t 106 ds. (5.31)
n—1
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A use of Lemma 4.1 with (5.20),(5.29)-(5.31) implies that
> kaR), < Ch4<‘|9||%°°(I,H2(Q)) + HatHH%?(I;H?(Q))) (5.32)
n=1

i czk3(|atu|i2(,n) ol ey + uatteu%gan,m)))-

n=1
Similarly, we estimate R2 and write is as
> kaRy < C<h4||a”%0°(l,H2(Q)) +> k?LHatta”%?(ln,LQ(Q))>' (5.33)
n=1 n=1

Note that ||n?0|| < Ch?||6o| gr2()- On substituting (5.32)-(5.33) in (5.28), we obtain

"™+ ™™ < Ch4<H6”%°°(I,H2(Q)) + lallZoe 7,120 + Hate”%m;m(sz))) (5.34)
+ 0> k121<|3tu|%2(1n) + el Zaz.no ) + 10601 72r, L2y + HattaH%Q(In,L?(Q)))'
n=1
m—1
+ ) Bl + )
n=1

Using discrete Gronwall’s lemma and k£ = maxj<,<n ky,, we arrive at the required result and this
completes the rest of the proof. O

Similar to the error estimates for (6, a), the following theorem yields error estimates for the
adjoint variables (z, A). The proof of the following theorem is on the same lines as Theorem 5.1 and
hence is omitted.

Theorem 5.2. Let (27", A7) Yn=1,2,---,N and (z*, \*) be the solutions of the adjoint problems
(5.7)-(5.10) and (3.6)-(3.9) corresponding to the solutions (6,7 ,ap,) Vn=1,2,--- N and (8*,a*)
of (5.15)-(5.17) and (3.2)-(3.4), respectively, with optimal control u* € Uyq. Then, under the extra
regularity assumptions in Theorem 5.1 with (2*,\*) € L>(I, H?(Q)) x L=(I, H?*()), (Oyz,0ya) €
LI, L2()) x L>®(I,L*(2)), 0;z € L*(I,H*(Q)), ag € H?(Q); there exists a positive constant C
independent of h and k, such that

lzpn = 25 (t)ll + X — A ()]l < Ch? <”‘9*”L°°(I,H2(Q)) + [|a*|| oo (1, m2(02)) + 10407 | L2 (1, 122 (02))
2" oo (1, m200)) + 1IN Nlpoe (1, m2(02)) + 19027 121, 52(02)) + 100l 52() + HadHH2(§2)>
+C/<?<HatU*HL2(1) + 100" | oo (1,2 (02)) + 10kl oo (1,12(2))
H0u 2" | oo (1,2 (02)) + H@tt)\*HLoo(I,L?(Q)))-

In order to completely discretize the problem (3.1)-(3.5), we choose discontinuous Galerkin piecewise
constant approximation of the control variable. Let Ug be the finite dimensional subspace of U
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defined by
Ug={vg € LQ(I) . vq|r, = constant} Vn=1,2,--- N.

Let Ugqqa = UgNUqq and o = o(h, k,d) be the discretization parameter. The completely discretized
problem reads as:

min  J(0y,ag, us) subject to (5.35)
UJEUdad
N N-1
S O1to )0+ 3 (ol wd) + (g wd) = (0 a0), w10, (5.36)
n=1 n=1
a,(0) = 0, (5.37)
N
pcpZ(ataU’v)In,Q+K(V90’VU)I,Q + IOCPZ m’ m +Pcp(9;r,o’var)
n=1

- —pL(f(HJ,ag), v)ra + (aus, v)re,
‘|‘pcp(90, U(;r), (538)
0,000 = 0o (5.39)

for all (v,w) € X}, x X},
We consider the case of piecewise constant approximation in time for the state equation (5.36)-(5.39),
which can be rewritten as: for n =1,2,---, N, find (67,a2) € V}, x V}, such that

n n—1
(%UO - kln< F(67, s, w> (5.40)
a,(0) = 0, (5.41)
o — 6n!
pep () (ot = o [ sonaaso)
—i—(é /In augds,v>, (5.42)
0,(0) = 0Ono, (5.43)

V(w,v) € Vi, X V.

Lemma 5.1. For a fized control uy € Ugqq, the solution (0,,a,) € X}, x X], of (5.36)-(5.39),
satisfies the following a priori bounds:

N N
> (1001, + 1800 s, ) <€ 3 Wtelfas, < (5.44)
n=1 n=1
Further for piecewise constant approximation, we have
n
1071 + > IIveL|? < ¢, lag|* < C (5.45)

=1

where Ay, : Vi, X V}, is the discrete Laplacian defined by

—(Apv,w) = (Vou,Vw), Yv,w € Vj,. (5.46)
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Proof. Using (5.46) in (5.38), we have

N
3 (,ocp@teo,v)g,zn — (Anbasv)r, + pcp<[9(,]n1,v:_1)>
n=1

Z < f(0s,a0),v)0.1, + (aug,v)g,fn) (5.47)
Put v = —Apb, in (5.47) to obtain
N
3 <pcp<atea, A )en, — (Bnor —AnBo ) + pep((Bolr, —AnBE, 1))
n=1

= Z< f(65,a0), =Anbs)a,r, (aum_Aheo)QJn)- (5.48)

Again using (5.46) in first and third terms on the left hand side of (5.48), we obtain

N
3 <pcp / (V000 V0,)dt + | b o, + pep(V00Tn1, VO, 1>>

n=1

Z( [0, a0), =Anbs)a.r, (auo,—AhHJ)g,zn) (5.49)

Now we find estimates for the terms in (5.49) one by one. Consider

1
[ a5 = [ 18056, = (u ol = | v e:n_nr?) (5.50)
I, I, 2 dt 2 ’ ?
Now consider the 3¢ on the left side of (5.49)
(V8]0 VO, 1) = (Hvem 2 4 1900]ncs 2 — Hvea,n_nP), (5.51)

Using (5.50), (5.51) in (5.49), Cauchy-Schwarz and Young’s inequalities, we have

V0o N7 = IV6l* + D 12wl 1,
n=1

N
<oy (waa,aa)u%z,fn T loug |3, + uAheauaIn).
n=1

Choosing Young’s constant appropriately and using Remark 3.1, we obtain

N
Apb, % ; is bounded. 5.52
KI,

n=1
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Put v = (t — t,-1)00, in (5.38), use ((t — t,—1)00,);" ; = 0 and (5.46) to obtain

N N
pep > (00, (t —tn1)0ib0)ar, — . /1 (Anbo, (t = ta—1)0e05 )01,
n=1 n=1""n

N

= Z < - pL(f(GU, a’0')7 (t - tn—l)atea)ﬂ,ln
n=1
+(aug, (t — tn1)3t90)9,1n>- (5.53)

Use Cauchy-Schwarz inequality and Young’s inequality to obtain

N N
Z/j (t—tn0)|0bo|7dt < C <||f(9mao)\l?z,fn +llauellfy r, + 1410613, 1,
n=1""'n n=1

+/ (t—tn1)||8t90\|2dt>
In

Choosing Young’s constant appropriately, using (5.52) and Remark 3.1, we obtain

N
Z/ (t — tn_1)||0:0,||*dt is bounded.
n=1"1In

From inverse estimate, we have

N N
3 / 046, |2t < O3 k! / (t— tue1) 940, Pt
n=1 In n=1 In,

Therefore,

N
> (10nlss, + 18801, ) < €.

n=1

Similarly putting w = (¢t — t,,—1)0ia, in (5.36) and using Inverse estimate, we obtain

N
> losaclid,r, < C.
n=1

Put v =67 in (5.17) and consider

1

pey (003, 0) + K (02, V02) = —pL(~

n

1
FOR. 2.0 + (- [ avadrsp) (550
I kn J1,
Using (5.23), Cauchy Schwarts and Young’s inequality, we obtain

Ll I N (5.59
1 1
< (I [ HOmanit 4 [ avdr? ) 650)



Laser Surface Hardening of Steel 19

Choosing Young’s constant appropriately, Using Remark 3.1 and summing from 1 to n, we obtain
n
16717 + > IVeL 1> < C. (5.57)
=1

Similarly by putting w = a, in (5.15), using Cauchy Schwartz inequality, Young’s inequality and
summing from 1 to n we obtain

lag]® < C. (5.58)
|

Corresponding to the solution u} € U,q of (5.35)-(5.39), let (6%,a’) be the solution to the

state system (5.36)-(5.39). The first order optimality conditions yield the following adjoint problem:
Find (2, \5) € X, x X}/, such that

N-—1
—Z 0N e — Y (W Maln) = (W AN
n=1
+(@, fa(07,a5)(pLzg = A5)) 1o = —(¥,,A5(T)), (5.59)
on = Bi(ay(T) — aq), (5.60)
N
_Pcp2(¢a8t2';)ln,ﬂ+K(V¢7VZ;)LQ - Pcpz no 25ln) = pep(Py, 2 :N)
n=1
+(o, fo(05,a,)(pLzy — A1 = B2 (qb, [9* Oml+)1,0, (5.61)
Zgn = 0, (5.62)

for all (¢, ¢) € ng X ng. Moreover, z satisfies the variational inequality,

<63(u; —ug) + / azydx,p — u;> >0 Vpe€Ujaa- (5.63)
Q LA(I)

Theorem 5.3. Let u}. be the optimal control of (5.35)-(5.39). Then, there exists a subsequence (still
denoted as {u}}s~0) lir% ut = u* ewists in L*(I) and u* is an optimal control of (3.1)-(3.5).
g—

Proof: Since v} is an optimal control, we obtain
lugllr2(ry < C,

that is, {u’},0 is uniformly bounded in L?(I). Thus, it is possible to extract a subsequence say
{u%}os0 in L2(I) such that

ut — u* weakly in L?(I). (5.64)
Since U,q C L?(I) is a closed and convex set, we have u* € U,g. Now corresponding to each u) there
exists solution (6%, a’) to (5.36)-(5.39). Thus from Lemma ??, we have

0F — 6% weakly in L°(I, H(Q)),
¥ — 0* strongly in C(I, L*(2)),
— a* weak® in Wh(I, L>®(Q)),

— a* strongly in L®(I, L*(Q)).

a

*
g
*
aO’
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Now passing limit as ¢ — 0, using (5.65)-(5.68) and Remark 3.1 in (5.36)-(5.39), we obtain that
(u*, 0%, a*) is an admissible solution for the optimal control problem (3.1)-(3.5). It now remains to
show that (u*,6*, a*) is an optimal solution.

If possible, let (a*,0*,a@*) be another optimal solution of (3.1)-(3.5). Consider the auxiliary problem

N N
> ((@aa,w)g,mr([ao]n1,w21)> = D (f(0s,00),w), (5.69)
n=1 n=1

as(0) = 0, (5.70)

N N
Z <P0p ataoa U Q. I, + K(veo, VU)Q I, + ([ao]nfla 'U:Lrl)> = Z ( - PL(f(Qo, ao)a U)Q,In

n=1 n=1
+(amu®, v), (5.71)
0,(0) = 6o, (5.72)

for all (w,v) € X}, x X]. Then, there exists a solution to (5.69)-(5.72), say (6,,a,) € H"! x
Wheo(I, L°°(8)). Similar to (5.65)-(5.68), we arrive at

s — 0 weakly in L>(I, H(Q)), (5.73)
)y — B strongly in C(I, L*()), (5.74)
i, — a weakly in W°(I, L®(Q)), (5.75)
a, — a strongly in L>°(I,L*(Q)). (5.76)

Now letting o — 0 in (5.69)—(5.72) we obtain that (f,a) is a unique solution of (3.2)-(3.5) with
respect to the control @*. Since the solution to (3.2)-(3.5) for a fixed control is unique, we find that
0 =6* and a = a*

Since u} is the optlmal control for (5.35)-(5.39), we have

3 (ug) < j(mpa”). (5.77)
Now letting o — 0 in (5.77) and using (5.64), we obtain
j(u") < 3@, (5.78)

Note from (5.78) that if u* is another optimal control, then j(u*) will be greater than or equal to
j(u*) and hence, u* is the optimal control.
Next we need to show that lim |ugy — ullp2) = 0. Since u — u* weakly in L*(Q), it is

enough to show that lir% w2y = Hu [ z2(1)- Using Lemma 7?7 and (5.64), we find that
g—
. P . . b1 fa
lim =g |2y = L J(05, a5, u5) = T ag(T) = aall® = 105 = 0n] 170
o—0 o—0 2
= J(0" 0" u") = 0" (T) — aal® = O~ bl [0
= Bty
that is , lin%] lugllz2(ry = llw*[|L2(ry and hence, lirr%] |luy — uw*|| = 0. This completes the rest of the

proof. O
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Remark 5.1. In this paper, we have first fully discretized the laser surface hardening of steel problem
using continuous Galerkin finite element method with piecewise linear polynomials in space, discon-
tinuous Galerkin finite element method with constant approximation in time and control, and then
nonlinear conjugate method has been used for the optimization. One can also use the strategy of
optimizing the control problem first and then discretizing in space, time and control later on.

Remark 5.2. Since the workpiece used for the laser surface hardening is a thin sheet of steel,
height of the workpiece has been ignored for the analysis and numerical implementation. By making
appropriate changes in the formulation and the analysis, one can extend this to the case of a system
in R3.

6 Numerical Experiment

For the purpose of numerical experiment, we use ¢G(1) for the state and adjoint variables
and dg(0) for time and control variables. We have used non-linear conjugate method [8] to evaluate
the optimal control for the complete discretized problem (5.35)-(5.39).

Physical Data [8]: The parameters in the heat equation used are given by pc, = 4.91—— k =

cm3 K
0.64ﬁ and pL = 627.9%. The regularized monotone function H, is chosen as
1 s> €
He(s) =< 10(2)6 —24(2)° +15(5)*  0<s<e
0 s<0

where € = 0.15. The initial temperature 8y and the melting temperature 6, are chosen as 20 and
1800, respectively. Pointwise data for aeq(f) and 7(0) are given by

0 730 | 830 | 840 | 930
aeq(d) | 0 | 091 | 1 1
7(0) | 1 | 02 |0.18|0.05

The shape function a(z, y, t) is given by a(x, y,t) = ?—E)‘éexp(—%mlgig%)exp(kly), where D = 0.47c¢m, ki =
60/cm, A = 0.3cm and v = lem/s. In the nonlinear conjugate gradient method tolerance is chosen

as 1077,

Example: In the following numerical experiment we choose 31 = 7500, 3> = 1000 and 3 = 1073.
The main aim of this experiment is to achieve a constant hardening depth of 1mm , see Figure
3, with expected order of convergence O(h? + k) for the approximation of (6,a) and u. To apply
non-linear conjugate method for the optimal control problem, we take wy (initial control) and ug4
(desired control) as 1404.

When the finite element method is applied, the mesh used for space discretization is more
refined near the area, where hardness is desired. With the initial control as ug, we find that ||a2(T) —
aq| = 0.239547, where al corresponds to the austenite value for initial control ug, which is being
reduced to || (T) — a4 = 0.073632 after applying non-linear conjugate method. Comparison
of Figure 3 and Figure 4(a) shows that the goal of uniform hardening depth is nearly acheived. Also,
the state constraint that [|f]|z(q) < 1800 is satisfied, since |||z (g) < 1200, see Figure 4(b).
Figure 5 shows the evolution of control variable (laser energy) in time. At first the laser energy has
increased and then during the long term it can be kept a constant. Towards the end of the process it
has to be reduced to cope the accumulation of the heat at the end of the plate. The numerical results
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Figure 3: Goal a4 to be achieved for the volume fraction of austenite
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Figure 4: (a)The volume fraction of the austenite at time t = T' (b)The temperature at time t =T

confirm with those obtained in [8], though error estimates have not been developed in [8]. Figure 6
represents |E1l|| = ||0 — Oni|| and ||E2|| = |ja — ap|| as a function of the discretization step k in the
log-log scale when T' = 5.25. It is shown that the slope is approximately 2 confirming the theoretical
order of convergence. Figure 7, shows ||E1|| and || E2|| as a function of discretization step h in the
log-log scale when T' = 5.25. The slope is approximately 2, which justifies the theoretical order of
convergence. Figure 8 represents the graph of ||e(u)|| = ||u — uq|| as a function of the discretization
parameter k in the log-log scale. It is shown that the slope is approximately equal to 2.
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Figure 7: Refinement of spatial triangulation for 200 time steps.
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