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LQG control for flexible micro-grippers with additional integral
action
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Abstract: This paper deals with the stabilizing control design for a class of micro-grippers for DNA manipulation using bound-
ary controlled infinite-dimensional port-Hamiltonian systems. In practical applications, the controllers are implemented as finite-
dimensional systems actuating at the boundaries of an infinite-dimensional system. The design of the finite-dimensional con-
trollers is still a challenge, especially for hyperbolic PDEs. For this purpose, the LQG balancing reduction method is suitable for
the reduced order control design since it considers the closed loop behavior in the reduction procedure. This paper presents the
application of this recently proposed method combined with integral action in order to improve the robustness of the closed-loop
system. It is shown by means of simulation that the addition of integral action effectively rejects constant perturbations while

assuring global closed-loop stability.
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1 Introduction

The manipulation of single biological molecules has
drawn the attention of researchers in recent years. Several
molecule manipulation devices and methods have been pro-
posed such as: magnetic tweezers [1, 2], optical tweezers
[3], AFM cantilevers [4] and microfibers [5]. Particular in-
terest is the case of DNA molecule manipulation (Fig. 1).

Figure 1: Silicon made micro-grippers

The micro-gripper traps the DNA bundle between two arm
tips by using dielectrophoresis and use electrostatic actua-
tion to characterize the mechanical properties of the DNA.
It has been shown that micro-grippers are so sensitive to the
DNA stiffness variations that they become flexible. Hence
current micro-fabrication processes tend to reduce the thick-
ness of the micro-grippers arm in order to improve the sen-
sitivity of the manipulator. It naturally leads to a control
problem that can be formulated in terms of partial differen-
tial equations (PDEjs).

This paper aims to develop a finite-dimensional controller
to regulate the angular position of the micro-gripper arm
in order to manipulate the DNA bundle by using the port
Hamiltonian framework. This framework was first proposed
in the context of non linear finite dimensional multi-physical
systems [6, 7] and generalized to distributed parameters sys-
tems in [8]. Due to the geometric properties, the port-
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Hamiltonian framework is very suitable for the modeling of
interconnected systems based on the energy exchange be-
tween the sub-system. Thanks to this advantage, we pro-
pose to use the port-Hamiltonian framework for modeling
and control of flexible micro-grippers in order to grasp the
DNA bundle in the liquid phase.

The stabilization problem of infinite-dimensional port-
Hamiltonian systems has been given quite some attention
in the last years [9-11]. Even though some results have
been validated through numerical simulations of discretized
models, it is general hard to approximate PDEs for a large
class of infinite-dimensional systems presented by hyper-
bolic PDEs; since all the eigenvalues are on the imaginary
axis, the state variables have the same weight. It is impos-
sible to find the approximated sub variable space by only
considering the open loop behavior of the system. As a
consequence, in order to find an appropriate approxima-
tion scheme, the authors in [12, 13] have combined the ap-
proximation problem with the LQG control design prob-
lem for finite-dimensional port-Hamiltonian systems. Fur-
thermpre, the approach has been generalized to the infinite-
dimensional port-Hamiltonian systems in [14].

Controllers for infinite-dimensional systems are often
based on approximations or discretizations. Additionally
micro-gripper usually work at micro or nano scale, they
posses flexible arms and are sensitive to noise and distur-
bances. Thus robust control design method should be con-
sidered in order to avoid errors produced in the discretiza-
tion scheme and due to the additional measurement noise.
In practice, integral action is added to the control to coun-
teract the effects of measurement noise. Integral action
has been considered within the port-Hamiltonian framework
for instance in [15]. The main idea is to impose a port-
Hamiltonian structure in closed-loop in order to guaranteed
global asymptotic Lyapunov stability. Recent integral con-
trol schemes have been proposed in [16] by using coordinate
transformations. The authors in [17] proposed integral ac-
tion via non passive outputs to deal with nonmatched distur-
bances. Integral control has also been used to regulate the
position by force control for mechanical systems in [18, 19].



These integral control design schemes are proposed for (non-
linear) finite-dimensional port-Hamiltonian systems.

In this paper, we aim to propose a finite-dimensional con-
troller based on the LQG method for a class of micro-gripper
in order to preserve the Hamiltonian structure and passivity
on the closed loop system. Furthermore an additional inte-
gral action will be added in order to guarantee the robustness
with respect to perturbations of the controller.

This paper is organized as follows. In Section 2, we re-
call the port-Hamiltonian formulation of a class of micro-
gripper for DNA manipulation. In Section 3, we use the
LQG method to design a finite-dimensional controller with
additional integral control action in order to stabilize the in-
finite port-Hamiltonian system and reject disturbances. We
illustrate the proposed controller in Section 4. Finally, con-
clusions and perspectives are given in Section 5.

2 Port-Hamiltonian formulation of micro-

grippers

The class of micro-grippers considered in this paper was
first presented in [20]. The authors in [21] presented a
port-Hamiltonian formulation for a simplified model of the
micro-gripper as shown in Fig. 2.

DNA bundle
k

Fixed arm
Controlled arm
(Timoshenko beam)

Translation and angular
velocities

Forcé and Torque | Actuator

Figure 2: Simplified micro-grippers

The model can be separated into three parts. The first
part is a flexible arm that can be modeled using beam the-
ory, more specifically as a Timoshenko beam. The other arm
of the micro-gripper is fixed. The second part is the trapped
DNA bundle model.The dynamic of the DNA bundle is sim-
plified to a mass-spring-damper mechanical system. The
third part is the controller. The three parts are interconnected
at the two ends of the gripper’s arm in a power conserving
way. We introduce the sub-systems in the following.

2.1 Timoshenko beam modeling of Flexible arm

Let us first consider the Timoshenko beam described as a
boundary controlled port-Hamiltonian system [22, 23]:

0
—_—

J

with the operator defined by the matrices

K 0 0 0
E_o%oo 5
=l o 0 EI 0 @

000%

010 0 00 0 —1

1 0 0 0 00 0 0
P=lg oo 1"™=]000 o @)

0010 1 00 0

with state (energy) variables: the shear displacement x1 =
%—Z’(z,t) — ¢(z,t), the transverse momentum distribution
To = p(z)%—f(z, t), the angular displacement 3 = %(z, t)
and the angular momentum distribution x4 = I, p%(z, t) for
z € (a,b), t > 0, where w(z,t) is the transverse displace-
ment and ¢(z, ) is the rotation angle of the beam. The co-
efficients p, I,, E, I and K are the mass per unit length,
the angular moment of inertia of a cross section, Young’s
modulus of elasticity, the moment of inertia of a cross sec-
tion, and the shear modulus respectively, and the state space
X = Ly(a; b; R*). The operator J = P 2 + P, defined by
the matrices P; = P! and Py = —P] is a first order skew
symmetric differential operator acting on the state space X.
The energy of the beam is expressed in terms of the energy

variables,
H = %fab(Kx% + 223+ Blad + ixi)dz
b
= 5[ 2()T(La)(2)dz = 5 || ||

In order to define an extended Dirac structure including the
boundary [24], the boundary variables are desired by using
integration by part:

“

(p~ a2)(b) — (p~'22)(a) [ v(b) —v(a)

(Kz1)(b) — (Kz1)(a) F(b) — F(a)

(I, ' wa)(b) — (I, ' wa)(a) w(b) — w(a)

[ fer ]| (o~ | _| 70700

€o,ca (p~ a2)(b) + (p~'a2)(a) v(b) +v(a

(Kz1)(b) + (Kz1)(a) F(b) + F(a)

(I; 'za)(b) + (I, ' x4)(a) w(b) +w(a)

(ElIz3)(b) + (Elxs)(a) T(b) + T(a)

where F'(z),T(z),v(z),w(z) are the force, torque, velocity
and angular velocity at z point respectively. In additional, we
consider some distributed port defined by distributed torques
acting on the beam. With the distributed port < gd’ﬁ “: ),

d,Lx

the system becomes:

i' f—
fd,ﬁ:v =

Lz + Beg ra

where the B : C’ — X is the distributed input map,
eq,c. € C are the distributed torques applied on the beam,
facae € C? are the power conjugated variables of €d,La» 1.C.
the angular velocities. Using the mixed finite element semi-
discretization method suggested in [25], one obtains a finite-
dimensional explicit port-Hamiltonian system such as:

i = (J-R)ZZ + Bu
_ OH @)
y = BTG
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where J = —JT, R = RT > 0, H is the Hamiltonian func-
tion. According to [11],the discretization of the Timoshenko
beam model, leads to the following structure matrices:

0 M 0 0 0 0 0 —-®
MT 0 0 0 0 0 0 0
Ji=1 g 0 0 M |T|l o 00 o
o o MT o T 0 0 0
P Py
0 0 B 0
| B 0 0 o0
Ba=1 "9 o o By
0 By O 0
®)
where the sub-matrices are:
—1 1 0 0
m=| 0 T G M e RV (9
TV
o -~ 0 0 -1

® = diag(B,--- ,B) with & € RNV (10)

0 —1
Bi=| Oy | and By= | Oy_o (11)
1 0

where (3 is the distance of the infinitesimal section.

The inputs and outputs of the system are the velocities
in translation v and rotation w as well as the forces F' and
torques 7" at the boundaries a and b:

u [v(®) w(®) F(a) T(o) "
[ u(b) wula) ]

y o= [FO&) T®) —v@) -w@]"
[

2.2 Modeling of DNA bundle

The DNA bundle can be modeled as a simple finite-
dimensional port-Hamiltonian system as follow.

Vg =
Yda =

where the sub-matrices are: The matrices of DNA bundle are
defined as follow:

(Ja— Ra)2E2 + gguq

OE dva
T d
9q Gok + Saua

13)

0 0 1
Jg=—JY=10 0 1], (14)
-1 -1 0
1
, + 0.0
Ry=R;=1]0 0 0 (15)
0 0 fo
L 0o o0 L 0
T: fl e j
dq |: 0 0 fG :|7 Sd |: 01 f0 :| (16)

with the energy of the DNA bundle is given as:

1

1
Hd = 5 <k1(x02 - xc1)2 + kQIEQ + M(p02)2> (17)

where M is the mass of DNA bundle, x.; and x.o are the
relative positions of point b and mass M and p.o = Mo
is its momentum. ki, ko, f1 and fo represent the constants
of the springs and the viscous dampers of the DNA bundle
respectively. fp is the rotation damper of the DNA bundle in
point b.

The inputs of the DNA bundle model are the force and the
torque applied on the left side (point b), which implies the
input vector is ug = [F T]T. The outputs are their power
conjugate variables, i. e. the translation velocity and the
angular velocity at the same point, which implies that the
output vector is yq = [v w]T.

The gripper arm and the trapped DNA bundle are inter-
connected at the point b. The interconnection relation is

u(b) = —ya (18)

The physical interpretation of this interconnection law is that
when the gripper arm traps the DNA bundle, it applies the
force and the torque on the bundle and from the power con-
serving point of view, the DNA bundle gives back the veloc-
ity and angular velocity as the input of the arm at the same
point. By using the interconnection relation (18), we get a
complete model of this system with total energy being the
sum of energy the two sub systems, i.e. H; = H + Hy.

In the next section, we will discuss the control design
method for the micro-gripper model.

Ug = y(b)

3 Passive LQG controller and additional integral
action

In this section, we shall define a LQG control prob-
lem which corresponds to a control by interconnection de-
sign problem [26, 27] for linear port-Hamiltonian systems
and is suitable for structure preserving reduction of port-
Hamiltonian systems.

3.1 Port-Hamiltonian system and its LQG control

First we extend the definition of linear port-Hamiltonian
system (PHS) [28, Chap. 6] with some system and measure-
ment noise in order to be able to formulate a LQG problem.

Definition 1. A linear dissipative port-Hamiltonian system
(PHS) with state variable x (t) € R™, input variable u (t) €
R™ | output variable y (t) € R™ and additive system and
measurement noises v, w is defined as follows:

{ i = (J-RZ + Bu+wo
y =

Brot Y
where J = —JT € R" " is the skew-symmetric structure
matrix, R = RT € R™ " is the symmetric positive dissipa-
tion matrix. The total energy of the system is H = %;vTQx
with Q = QT € R" " is the symmetric and positive definite
energy matrix. B € R™>™ is the input matrix. %—I; = Qx
are called the co-energy variables. The system’s and mea-
surement noises v, w are assumed to be independent white
Gaussian processes with the two covariance matrices @,

R,

19)

Elu()o” (1)) = Qui(t),



Remind that the LQG control problem consists in finding
a control which minimizes the following cost function:

J, = lim EJ / (2T Qx + uT Ru)dt] (20)
T—o0 0
where Q and R are two weight matrices with Q = QT >0
and R = RT > 0.
The solution of this problem may be decomposed into the
two following steps which we apply to the PHS (19).

o First step: If the pair ((J — R)Q, Qi/ %) is stabilizable
and the pair ((J — R)Q, BT Q) detectable, one can es-
timate the state x by the classic Kalman filter equation,
ie.

= (J—R)Qi+ Bu+ F(y—B'Qz) (1)

with

F = P;QBR,! (22)
where Py is the unique solution of the filter Riccati
equation

—P;QBR,'BTQP;+Q, =0
with Py = Pf > 0.
« Second step: If the pair ((J — R)Q, B) is stabilizable

and the pair ((J — R)Q, Q'/?) detectable, the optimal

control is:
u=—-Kz (24)
with ~
K =R 'BTP, (25)
where P, is the unique solution of control Riccati equa-
tion:

Q(J—R)"Pe+P.(J-R)Q—P.BR'B"P.+Q =0
(26)
with P, = PI" > 0.

Remark 2. Following [29], we call Py and P, the LOG
Grammians of the port-Hamiltonian system (19).

u WL \Y
Kal 3
ey Iy PHS |- %

LQG Controller

Figure 3: LQG control design to port-Hamiltonian system

The LQG control design is shown in the above figure (Fig.
3). The LQG controller may be expressed as the feedback
interconnection of the system (19) with :

i = [(J-R)Q- BK — FBTQli + Fu,
Ye Kz

27)

As the matrix () is assumed to be invertible, using the ex-
pressions (22) and (25) and defining the matrix

R.=R+BR'BTP.Q7 '+ P;QBR,'BT, (28)

the controller may be written in a quasi-Hamiltonian form:

{, -
Ye =

In this expression the state matrix is indeed decomposed
into the product (J — R.)Q with the energy matrix ) of
the port-Hamiltonian system (19) however the matrix R, is
in general neither symmetric nor positive. Furthermore the
input and output matrices are not conjugated with respect to
the energy. Indeed it is well-known that LQG controller are
in general neither stable nor passive.

(J — R)Qi + PsQBR; u,

(R B"P.Q7)Qi =

3.2 Control by interconnection with LQG control and
reduced order controller design

In order to preserve the passivity and the Hamiltonian
structure in the closed loop system using the LQG controller,
we shall consider an Hamiltonian structure preserving LQG
control design method as follow:

Theorem 3. [13] Denote the LQG Gramians Py, solution of
the filter Riccati equation (23) and P., solution of the control
Riccati equation (26). Consider the LOQG problem with the
following relation between the covariance matrix R,, and
the weighting matrix R

R, = R. (30)

and the relation between the covariance matrix @, and
weighting matrix Q) is given by :

Qu=Q7 '2QJTP.+2P.JQ +Q)Q™" (31
Then the LQG Gramians satisfy the following relation:
P.Q ' =QP;. (32)

Furthermore, assuming that the port-Hamiltonian system
is stable, the control Riccati equation (26) and the filter Ric-
cati equation (23) admit a unique solution, the LQG con-
troller is passive and the closed loop system can be written
as the feedback interconnection of the port-Hamiltonian sys-
tem (19) with the port-Hamiltonian realization of the LQG
controller.

Remark 4. The choice of parameter Q,, and Q is free. That
means that on one hand we can firstly chose the weight ma-
trix (:2 and then we compute the co-variance matrix Q.,, as in
Theorem 3. On the other hand we can define the co-variance
matrix Q,, we can obtain the weight matrix Q

In this passive LQG controller, the product of the LQG
Grammians is:

PyP. = P;QP;Q

which permits us to find a balanced base where we can sep-
arate the state variables in the sense of closed loop perfor-
mance. The readers can find all the details about reduction
and reduced order LQG control design in [12]. The closed
loop port-Hamiltonian system with reduced order LQG con-
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trol is presented as:

. OH.

i] _ [J-rR -BBI [ %2],[B],
i B.BT J.—R. || % 0
—— < ——
Zq (Ja—Ra) 9H Baq

I
9Hq4
v o= (5 0] i |
N——r Ox.
By oH,
EEy
(33)
where the extended state variables 2 = [27, 27], the ex-

tended input matrix BY = [B7, 0] and the Hamiltonian (to-
tal energy) of the closed system

1 1
Hy= gscTQx + 5963626%

where the matrix (). is the energy matrix of the reduced or-
der LQG controller.

3.3 Additional integral action

In practical applications, integral control is widely used
as part of the control systems to improve their robustness
since it is quite important to attenuate the effect of mea-
surement noises and model uncertainties. In the framework
of port-Hamiltonian systems, [30] propose an extended port
controlled Hamiltonian system providing integral action on
the passive outputs. In this paper, we show that the ex-
tended LQG type controlled port-Hamiltonian system with
additional integral action allows to preserve the Hamiltonian
structure.

Proposition 5. Consider the the closed loop LOG controlled
port-Hamiltonian system (33) with the additional integral
action u = &, where

OH,
—K,/ydt = —K,/BgaT;‘dt

with K; = K} > 0. Then all the stability and passivity
properties are preserved.

£ (34)

Proof. The closed loop with the integral action (34) takes

the port-Hamiltonian form

Tq Jo—Rq BuK; } %IZ
d | _ (35)
[ ¢ } [ —KBY 0 l f’gf;

where
1
He = Hy(wa) + 5" K[ '€ >0 (36)
is a candidate Lyaponov equation to prove the stability of the
closed loop system. The power balance equation shows:

OHT

_ €
8:cd

0H,

H =
¢ (93?51

<0

Ry

(37)

Thus the Lyaponov method can be used to prove the asymp-
totic stability of the closed loop system with the integral
action (35) considering the two above equations (36) and
(37). O
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4 Numerical results

In this section, we compare the different control design
methods for stabilizing the micro-gripper by simulation. Be-
fore the control design procedure, we take 60 infinitesimal
subsections of the infinite-dimensional Timoshenko beam to
discretize the arm of the micro-gripper and interconnect it
with the simplified model of DNA bundle (243 state vari-
ables). Then by using the LQG reduction and control de-
sign method mentioned in Section 3, we achieve a low order
LQG controller (10 state variables for the controller) which
can stabilize the full order system. At last, we add the inte-
gral action to this reduced order LQG controller in order to
improve the robustness of the controller.

In Fig. 4 we compare the step responses of the open-
loop micro-gripper, the closed loop system with reduced or-
der LQG controller and the LQG controller plus integral ac-
tion respectively. We measure the angular position of the

Position
T T T

Disturbance injection

b

Position

0.6

041
- Reference
—Open-loop
—LQG without 1A |
—LQG with IA

40

0.2

[
0

20 25 30 35
Time (seconds)

5 10 15 45 50

Figure 4: Step responses of the angular positions by using
the different controller

DNA manipulator’s arm at the contact point with the DNA
for an unitary step position reference. The step responses of
the open-loop system (orange dashed-dotted curve) is oscil-
lated around the reference position since the system is poorly
damped. The closed-loop system with the LQG controller
response is shown by the blue dashed curve. We observe
that the LQG controller stabilizes the system. However, as
well know, due to its weak robustness, the LQG controller
cannot reject the constant disturbance which appears at 25
second. An error has been created due to this disturbance.
Now we add an integral action in the LQG controlled sys-
tem as shown in subsection 3.3. The step response has been
shown by the red solid curve. One can see on one hand, the
response time becomes faster. On the other hand, the dis-
turbance has been rejected using the LQG controller plus an
integral action. It shows that the LQG controller with addi-
tional integral action improves the robustness of the closed
loop system.

5 Conclusion

In this paper we considered the control design for a class
of DNA manipulation micro-grippers. The port-Hamiltonian
approach has been used to model the system as an infinite
dimensional system interconnected with a simplified DNA



bundle model. A finite-dimensional controller has been im-
plemented for this infinite-dimensional system by using the
LQG balancing reduction and control design method. How-
ever, due to the weak robustness of LQG control design
method, we should consider how to guarantee the robust-
ness in the control design. For this purpose, we have added
integral action to design a robust controller. The simulation
results show the effectiveness of the proposed control design
method.

Ongoing work deals with adaptive integral control de-
sign for infinite-dimensional port-Hamiltonian systems. In
this paper, the results have been proposed based on the dis-
cretized model. The stability results have not been proved
in the infinite-dimensional case. Hence the theoretical proof
for the proposed method will be studied in the future.
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