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Abstract: In this paper, we discuss the question of finding an optimal control for the solutions of
the problem with dry friction quasistatic contact, in the case that the friction law is modeled by a
nonlocal version of Coulomb’s law. In order to get the necessary optimality conditions, we use some
regularization techniques, and this leads us to a problem of control for an inequality of the variational
type. The optimal control problem consists, in our case, of minimizing a sequence of optimal control
problems, where the control variable is given by a Neumann-type boundary condition. The state
system is represented by a limit of a sequence, whose terms are obtained from the discretization,
in time with finite difference and space with the finite element method of a regularized quasistatic
contact problem with Coulomb friction. The purpose of this optimal control problem is that the
traction force (the control variable) acting on one side of the boundary (the Neumann boundary
condition) of the elastic body produces a displacement field (the state system solution) close enough
to the imposed displacement field, and the traction force from the boundary remains small enough.

Keywords: unilateral quasistatic contact problem; finite element method; finite difference; Coulomb
law; boundary control; regularized optimal

1. Introduction

The quasistatic model of the contact problems implies ignoring the inertial effects.
In addition, we specify that the modeling of the boundary conditions must be given by
time-dependent functions. We assume that the hypotheses imposed by the theorems
of existence and uniqueness are fulfilled, including conditions of regularity and a small
enough friction coefficient [1,2]. Because of the great computational effort, a better choice of
the quasistatic formulation is to be used, instead of the dynamic formulation of the contact
problem; some similar useful results can be found in [3-5]. Using temporal discretization,
we obtain an incremental issue that is equivalent to a sequence of static contact problems,
and the sequence of solutions of these static contact problems converges to the solution
of the quasistatic problem. Another important feature of the quasistatic model is that it
allows the size of the contact area, generally unknown, to be approximated much better
than with other methods, and this is because after each incremental step, it is possible to
check the actual size of the contact area. It is obtained by checking the contact status, in
each time interval, of the nodes describing the presumed contact area. Of the main results
in this field, we recall one as [6-9]. The study of an optimal numerical control problem
involves the following steps: the existence of a solution; optimal conditions; the numerical
approximation of the problem and the numerical solving of the discrete control problem.
We intend to approach only the first three steps. In order to fulfill the necessary conditions
of optimality, in the control problem of a variational inequality with a non-differential
term, we use some regularity techniques. The authors of the article aim to: provide a
correct (well-posed) formulation of quasistatic contact problems with friction in elasticity,
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present the necessary and sufficient hypotheses for the existence and uniqueness of the
solution, perform the discretization in space and time of equilibrium equations, and use
regularization methods to avoid non-differentiable terms and convergent and numerically
stable minimization algorithms for solving boundary optimal control problems. The
novelty of the article is solving the problem of optimal control on the contact boundary,
since the regularized problem of quasistatic contact with friction in elasticity fulfills the
necessary conditions. This problem is of great importance in engineering applications (for
example, for mobile robots and manipulator robots), where the control of forces and the
control of displacements, as well as the control of sliding contact and/or fixed contact
play a major role. The outline of the article is as follows. The equilibrium equations of
the quasistatic frictional contact problem in classical and variational form are described in
Section 2. Section 3 contains the discretization, in time (with finite difference) and space
(with the finite element method), of the quasistatic problem with friction, and in Section 4,
we describe the problem of boundary optimal control. Section 5 presents the problem of
regularized boundary optimal control.

2. Presentation of Equilibrium Equations in Classical and Variational Form

We consider QO C R? (where d can be three or two), a region that is filled by an elastic
material having a Lipschitzian border denoted by dQ2. Consider 0Q)¢, 9€)1, and 0(, three
subsets of 0(2, which are assumed to be disjointed such that:

I51Q) :ml Umz Umc,

00, N0 =@

and mes(9Q2;) > 0. On the elastic body ), the following forces act: the density volume

force f € Q) x [0, T}; the traction force h acting on 9Q); x [0, T|; and on the 00); side of the

boundary, the body () is embedded on a rigid foundation. On the 0Q) side of the boundary,

the Coulomb friction law acts, and it is necessary to satisfy the unilateral contact conditions.
Letu(x,t) = (u1(x,t),...,uy(x, t)) be the vector field of displacement,

e = (g(u)) = (;(uj,i + ui,j))

the tensor field of strain, and:

T = (7j(w) = @ijmnemn(u))

the tensor field of stress, where i,j,m,n = 1,...,d. Denote by uy = u; - n;, the normal
components of the displacement vector, by ut = u — uy - n, the tangential components
of the displacement vector, and with Ty = T;ju;n;, the normal components of the stress
vector, where (T7); = Tjjnj — TN - 1;, tangential components of the stress vector, and by
n = (n;) the components of the unit normal, which is outward 0Q).

Let us denote by ¢ > 0, g € C(d()¢), the initial interstice that appears between the
domain () and the foundation, which is rigid, and it is measured along the outward normal
direction on dQ)c. We assume that the material constants in Hooke’s law @;;,,, € L*(Q)),
I <i,j,m,n <d, fulfill the following conditions:

Bijmn = Ajimn = Amnij, 1 < 1,j,m,n < d,
and Jmy >0,V ¢=(pi) € R, gy =y, 1< j<d,

Aijmn Pij Pmn > m1|¢|2 .
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It follows that the tensor (@;;,,,) is invertible, and we denote by (bjj,,) its inverse,
resulting in that it can be written as:

&jj (‘0)) = EijmnTmﬂ (7}),

fori, j, m,n=1,..4d.

The classical form of the quasistatic problem of contact with friction, where the normal
stress Ty (v) and dQ)¢ are considered known, is:

Find u = u(x,t) with the initial condition #(0,-) = u°(-), in Q x [0, T] and for all
t €0, T], st

—divt(u(x,t)) = f(x,t), in Qx[0,T], 1)
T ((x,t)) = ajjmp - €mn (u(x,t)), in Q x[0,T], )
u(x,t) =0 on 9y x [0,T], (3)
T(x,t) -n =h(x,t) on 90, x [0,T], 4)
the contact condition:
un(x,t) < g(x, 1), Tn(u(x,t)) <0, @)

(un(x,t) — g(x, 1)) TN (u(x, 1)) =0, V(x,t) € 9Qc x [0, T},
and Coulomb’s law of friction on 9Q)¢:

e (@) < prln(o)], a-e.: ©6)
—if [lrr(0)|| < prltn(0)| = vr =0,
—if |ltr(v)|| = peltn(v)| = 3A >0, such that o7 = —Aty,

in which the coefficient of friction according to Coulomb’s law is considered known:
ir € L*(0Q¢), where pp > pp, almost everywhere on 9Q)¢.

For the variational form, it is necessary to introduce the following notions: the space
of admissible displacements:

V= {v € (HY(Q))*v =0on 801}
and we will also note the convex subset of kinematically admissible displacements:
K={oy € V]lopy=0v-n<gondQc}.

To model the Coulomb friction law, (6), and the contact conditions, (5), we proceed
as follows:

- We assume that it is possible to determine that the non-negative slip constrained
st € L®(0Q)c) is equal to the product between the friction coefficient #r and normal
stress A1, considered known, i.e., st = upAs;

- The normal reaction at the contact interface is approximated with the law of normal
compliance:

™(u) = —en(uny — )N
in which the constants cy and my are material parameters revolving around the
interface properties; notation (.) means: (b)=max (b,0); i is tangential velocity
on BQC

With these specifications, the variational formulation of the quasistatic contact problem
with friction (see [10,11]) becomes:
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Problem 1 (P;). Let us find the function u(x,t) € K x [0, T| so that:
a(u(t),o—u(t)) +j(u(t),o—u(t)) > (L(t),v —u(t))y YoeV,

forany t € [0,T], T > 0, which satisfies the initial condition u(x,0) = ug, where:

a(w,u) = /Qaijkle,-j(w)ekl(u)dx Yw,u eV,

(L(E),0)y = '/(.)f(t)vdx + /302 h(tyods Yo € V,

L (1,0) = ds+ [ — g)"onds Yu,0 € V.
j1(u,0) /BQCST\UﬂS aQCCN(“ g)""onds Vu,v

Additionally, vt € (L*(3Q¢))¥~ 1 is the tangent vector to boundary dQc. We also assume
that the initial condition satisfies the compatibility requirement:

a(up,v) + j1(ug,v) > (L(0),v)y, Yo € V.

Problem 1 (P;) is considered non-differentiable, as a result of the previously defined
term j; (more precisely because of the module function). Under the hypothesis that ur is
adequately small and mes(9Q)y) > 0, according to [9,12], the quasi-variational inequality,
mentioned above, has a unique solution.

3. A Discretization of the Problems of Contact with Coulomb-Type Friction

In this section, we present the algorithm for the time discretization of the quasistatic
contact problem, Problem 1 (P) .

Considering a division of the interval [0, T] by the points (19, ¢1, ..., tN), it results
in a new formulation of Problem (P;), one of an incremental type, in which we use an
approximation for the derivative of the function u with respect to time, with the help of the
backward finite difference.

Considering:

uk = u(x, %), Auk =M1 — ok,

u(F) = Auk /At
k=11 X fork=0,1,...,N—1

where:
T
N/

we attain, for any time #¥, the succeeding discreet quasi-variational inequality:

At =

Problem 2 (P!). Find Au* € V so that:

a(Auk, v — Auk /AR + 1 (Auk, v — AUk /A >
> ALF(v — Auk/AF) — F(uF, v — Auk /A, Yo € K,
where:
F(uF, v — Auk/AfF) =
=a(uf, v — Ak /AR — LR (v — AUk /AFF), YO <k <n—1.

For spatial discretization with the finite element method (see [13]), we consider a
family of finite element subspaces generated by a basis of a piecewise linear function, which
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correspond to a regular family of partitions of body (), compatible with the boundary
decomposition of:
0Q) = 9 U9 U

With the two discretizations, in time and space, obtained, one can write a form similar
to the temporal discretization where one is looking for Au’,; € V,, for each th e [0, T}. We
use a much more numerically appropriate formulation, namely one obtained with the use
of a sequential quadratic programming technique:

Problem 3 (P*). Find u € Ky, for each time t* € [0, T] so that:

Jn(u) = min Jx(v),

veKy
where
u= Au’fl, vV =10y,
Jn(v) = %"’TKnv — 9" fo + pm" | Tol,
and:

Ky, ={v€" [Nv <g}.

We consider Ky € R"*" to be the stiffness matrix. fn € R" is the load force vector, and
Pm € R™ is a constrained vector for the nodal slip for the nodes of contact. The matrices
N,T € R"™*" represent the rows of the tangential and normal vectors corresponding to the
nodes of contact, respectively, and g € R" is the vector defined by distances between the
the solid foundation and nodes of contact.

The main characteristic features of the approximation of the problem of elastic fric-
tional contact using the finite element method are the following. In the two-dimensional
case, the finite contact element has three nodes, and in the three-dimensional case, it has
four nodes. The third node, respectively the fourth node, aims to detect the interstice
(space) in the respective contact area, which can change during loading.

Figures 1 and 2 show the finite contact elements.

1 ‘ 2
8
3
Figure 1. The finite contact element in the 2D case.
3
n
T /
1 > 2
9
4

Figure 2. The finite contact element in the 3D case.
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In this way, for each change in load force corresponding to the time interval, the
contact can be treated as open, closed, or sliding (stick-slip). In addition, the finite contact
element will require compliance with the contact condition by penalizing non-compliance.

In Figure 3, the chosen example is presented, which has the advantage that it is
simple and the contact area contains all three states (fixed-stick, sliding, and open). In
addition, due to the symmetry, we modeled only half, the part drawn with a continuous
line. The contact area between the flat plate and the foundation was modeled with the finite
contact element with three nodes, and the area in its vicinity was more finely discretized
in order to better approximate the three types of contact states. In Table 1, we present
the results for different loads and different coefficients of friction (the case u =1 is only
of theoretical interest). For each of the five calculated variants, we proceed as follows: at
each load increment, the program performs a number of iterations until the error condition
is satisfied (the difference between two consecutive iterations should be small enough).
The incremental loading method approximates the loading history well and implicitly
those three types of contact areas, and the iterative algorithm models the Newton-Raphson
method used in the approximation of nonlinearities. By means of the third node in the
2D case, respectively the fourth node in the 3D case, the gap between the contact areas is
determined and implicitly the type of contact node (fixed-stick, sliding, or open), and the
friction law is introduced in the case of sliding contact and makes the application of the
penalty method that prevents the interpenetration of the two bodies in contact possible.
This third, respectively the fourth, node belongs to the foundation, respectively to the
contact boundary of the one of the second elastic body in contact with the first, in the case
of two elastic bodies in contact.

2h

R | h

B C D
AT

Figure 3. The geometry (1 = 40 mm) and the loading of the contact example between a plane plate
and a rigid foundation.

Table 1. The results for different loads and different coefficients of friction for the example presented.

F f Open Contact Sliding Contact Stick Contact
1 daN/ daN/ Zone AB Zone BC Zone CD
mm? mm? mm mm mm

1 10 -5 3.75 20 16.25

1 15 -5 5 20.75 75
0.2 10 -5 0 40 0
0.2 10 —15 0 225 17.5
0.2 10 -25 0 5 35

4. A General Formulation for the Problem of Boundary Optimal Control

Boundary optimal control of Problem 1 (P;) consists of finding a control variable,
represented by the traction force acting on the boundary d(); of the elastic body. The
solution (the displacement field) of the state system requires being an approximation as
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good as possible for the sought result (the vector field of displacement), as well as the
traction force being small enough and minimizing a cost function.

For solving the boundary optimal control problem, we begin with defining the
state problem:

Problem 4 (SP;). Assume that h € Lz(aﬂz)d_l, which is called optimal control, is a given
function. Let us determine the function u € V, which satisfies the following inequality:

i(v,w—v)+ j1(v,w) — j1(v,0) > (L,v —w) Yw € V.

In light of Problem 1 (Py) , for any given value for the function h € L?(3Q);)9~, the
above Problem 4 (SP;) admits a singular acceptable solution for any v € V, where v = v(h).
Now, we introduce the next functional:

T:L2(00)" ' xV — R,

defined by:

1 o
J(h,0) = 5llo—vallv + 5 [ Bl 1250, @)

where « is a positive constant and vy is the goal function (the desired deformation). We
designate:

Vo = { I0,]|[h,0] € L2(902)"~" x V, 5.t.(SP)issatisfied },

Considering that our aim is to study a control present on the boundary 02, this determines
that the sought-after stress tensor T be as viable as possible for the imposed target:

T = (Tj(va)) = (@juen(va))-

Let Problem (OC1) be the following problem of optimal control:

Problem 5 (OC;). Determine [h,v] € V,4 such that:

h,0) = in J(h,v);
J(h,) [h,rzﬁ‘ér\‘/ﬂd]( ,0)

thus, the solution of the problem (OCy) is named an optimal pair, and the second part of this pair is
called an optimal control.

With the above results, the following theorem can be enunciated:

Theorem 1. Problem 5 has at worst one solution [h, u].

5. The Optimal Control Problem for the Regularized Contact State

To attain the optimal control algorithm, we begin by regularizing the non-differentiable
friction functional j;. For this purpose, the functional j; is approximated by using a convex
and differentiable family of functionals j,, with respect to the second variable.

Jr:VxV = R, j(o,w)= / st (wr)ds + /ao cn (v — g)™wyds
c
a0

where we denote by:
1 (L2(90¢))" ! — L2(00)c)
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an approximation for the function modulus:
[+ 1+ (E2(90e)" " = L2(9Qc).

This can be exemplified in numerous ways, i.e., for r > 0, & € (L2(3Q¢))?! and

x € 0Q)¢:
2
(1—;|ﬂ) if [2(x)] < 7

¢

r

¢

r

lpr(é) =

(

The most frequent example for a regularization function is:

Pr(&) =/ NIEIIZ+7, or (&) =+\/IEN>+72—r.

In this instance, we substitute the state Problem 4 (SP;) with the succeeding regular-
ized state problem:

1
—3>, if [§(x)| >r.

Problem 6 (RSPy). Assume that h € L2(90))*~ 1 is a known function, and it is called reqular-
ized control.
Let us determine the functionv € V, s.t.:

a(v,w—v) +j(v,w) — jr(v,) > (L,v—w) Yw e V.

The state problem of regularization Problem 6 (RSP;) has one solution #, € V, which
is continuously contingent on the functional L, which is linear; see [14].

In these hypotheses, for any b € L2(3Q);)?~1, the above Problem 6 (RSP;) admits only
one solution Vw € V,v = v(h).

Considering the following set:

T :{[h,v”[h,v] €L2(30)*! x V,s.t.(RSP1) z’ssatz’sfied},

we have all the necessary data for successfully defining the regularized optimal
Problem 7 (ROC):

Problem 7 (ROC). Find [h*,u*| € V!, such that:

}’h*/ * - i Th/ .
Jr(h*,0%) [hfi]‘éré;d” )

Thus, we can define the next theorem:

Theorem 2. The above Problem 7 (ROC) admits at worst one solution [h*,v*].

A solution of the above Problem 7 (ROC) is named an optimal pair of regularization. The
second element of this pair is called a regularized optimal control.

This is an infinite optimal control problem where we use variational methods, and
to avoid the term non-differentiable in the equilibrium equation, we use regularization
methods. The finite element method for spatial discretization and finite differences for
temporal discretization lead to a finite optimal control problem.

It is known that the finite-dimensional optimal control problem has a solution. The
generalized penalty method can be used to transform the restriction optimization problem
into a sequence of unrestricted optimization problems (see [15]). The generalized penalty
method uses two important properties (methods): the so-called barrier methods (uses the
barrier logarithmic functions) and the penalty methods for which the penalty is designed as



Mathematics 2021, 9, 904

90f 10

a regularization of the handling of multiplier values. Problems without restrictions are built
with an additional term for the cost function, which consists of a penalty parameter that is
a measure of the violation of restrictions. The sequence of the solutions of the problems
without restrictions converges to the optimal result.

In order to justify the theorem of the existence of a boundary optimal control problem,
we analyze the following boundary value problem with Neumann boundary conditions,
with the following specifications: the domain is the square unit Q) = [0,1] x [0, 1], the cost
functional that is to be minimized and with inequality constraints on the control and states.
The boundary of the domain is:

N=T={(x,00U(x,1)[0<x<1}U{(0,y)U(Ly)|0<y<1}
Consider the partial differential equation with Neumann boundary conditions:

—Aw(x,y) — exp(w(x,y)) = u(x,y) on O
W +w(x,y) =00nT,
with inequality constraints: w(x,y) <0.364 —7 <u(x,y) <8, (x,y)€Q,

then the desired state variable and the desired control will be:
wy(x,y) = sin(2nx)sin(2my), on Q, ug(x,y) =0on T for a=0.002:

= min [ () )20+ 5 [ (ux9) - uglxy) Par

The numerical solution that achieves the minimum cost functional was obtained for
two discretizations of the domain, coarser and finer. The minimum values of the cost
functional, the value of the state function w, and of the control u in the center of the square,
for these two cases, are presented in Table 2.

Table 2. The information obtained in solving the present example.

N Il w(0.5,0.5) 1(0.5,0.5)
50 0.0753 —0.0112 ~1.6774
100 0.0762 —0.0081 —1.6312

6. Conclusions

The cost function is a sum between the penalty on the magnitude of output errors
(the difference between the current solution of the state system and the desired solution)
and the penalty on the control effort performed by the traction force, also called control
function h € (L?(3Q)))%"!. The minimizing of ] is a optimal control problem, being a
compromise between those two terms of the sum; in other words, we can balance each of
them in order to obtain a minimum.

We justified the theorem of the existence of a boundary optimal control problem by
satisfying its hypotheses using some regularity techniques for variational inequalities with
a non-differential term, which describe the problem of quasistatic contact with friction.
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