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Chapter

Interactional Modeling and
Optimized PD Impedance Control
Design for Robust Safe Fingertip
Grasping

Izzat Al-Darraji, Ali Kilig and Sadettin Kapucu

Abstract

Dynamic and robust control of fingertip grasping is essential in robotic hand
manipulation. This study introduces detailed kinematic and dynamic mathematical
modeling of a two-fingered robotic hand, which can easily be extended to a multi-
fingered robotic hand and its control. The Lagrangian technique is applied as a
common procedure to obtain the complete nonlinear dynamic model. Fingertip
grasping is considered in developing the detailed model. The computed torque
controller of six proportional derivative (PD) controllers, which use the rotation
angle of the joint variables, is proposed to linearize the hand model and to establish
trajectory tracking. An impedance controller of optimized gains is suggested in the
control loop to regulate the impedance of the robotic hand during the interaction
with the grasped object in order to provide safe grasping. In this impedance con-
troller, the gains are designed by applying a genetic algorithm to reach minimum
contact position and velocity errors. The robustness against disturbances is achieved
within the overall control loop. A computer program using MATLAB is used to
simulate, monitor, and test the interactional model and the designed controllers.

Keywords: modeling robotic hand, optimized impedance controller,
linearization the dynamics of robotic hand, fingertip grasping, Lyapunov stability,
Lagrange technique

1. Introduction

A recent research on service robotics has shown that there is an environmental
reaction on major applications [1]. The robotic hand is the main interactive part of
the environment with the service robotics [2, 3]. Grasping operation [4] has been
used explicitly in robotic hand during the interactive period which represents the
process of holding objects via two stages: free motion and constrained motion. Free
motion is the moving of fingers before detecting the grasped object, and the
constrained motion is the state of fingers when the object is detected. The common
purpose in grasping is to handle unknown objects. Thus, finding both a model system
and a control algorithm to deal with non-predefined objects is essential in a robotic
hand. Regarding modeling, interactional modeling is the demand to perform a
specific control algorithm. With interactional modeling, the contact force between
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the robotic hand and the grasped objects has obtained without needing their prop-
erties. In control point of view, the robotic hand holds an object by its fingers and
moves the object to another place. In this case, there are different modes of opera-
tion which can be listed as before holding the grasped object, holding the grasped
object, and moving the robotic hand while holding the grasped object. The aim at
each mode is distinct to the others and has to respond to the operation assigned.
Thus, the multitude of various goals which have to be achieved with regard to the
various operations presents an interesting scenario in the control of a robotic hand.

Generally, it is essential to obtain the modeling of a multi-fingered robotic hand
before implementing a specific model-based control algorithm. Arimoto et al. [5]
presented a two-fingertip grasping model to control the rolling contact between the
fingertips and the grasped object. Arimoto et al. derived the model through the use
of the Euler-Lagrange equation with respect to the geometry of the fingertips which
is represented by the arc length of a fingertip. Corrales et al. [6] developed a model
for a three-fingered robotic hand; in their study the transmission of fingertip con-
tact force from the hand to the grasped object is considered. Boughdiri et al. [7]
discussed the issue of modeling a multi-fingered robotic hand as a first step, before
designing controllers. They considered free motion only, without the constraints of
grasped objects. In a proceeding work, Boughdiri et al. later [8] considered the
constraints of grasped objects and the coupling between fingers in grasping tasks.

In the control scenario of a robotic-environment interaction, there is generally
also a similar case of a robotic hand-grasped object interaction; force tracking is
necessary to obtain appropriate and safe contacts. In force tracking, three main
position-force controllers are introduced: stiffness control, hybrid position/force
control, and impedance control [9]. Among the above three controllers, impedance
control presents an integrated process to constrained manipulators [10]. The
impedance controller is introduced by Hogan in 1985 to set the dynamic conduct
between the motion of the robot end-effector and the contact force with the envi-
ronment, instead of regarding the control of motion and force individually [11, 12].
Chen et al. [13] derived impedance controller for an elastic joint-type robotic hand
in Cartesian and joint spaces. Chen et al. focused on the compensation of gravity
and managing the parameter of uncertainties. Huang et al. [14] proposed the
impedance controller for grasping by two fingers to deal with the problem of
dropping objects when grasping by one finger. Zhang et al. [15] proposed an adap-
tive impedance controller with friction compensation to track forces of the multi-
fingered robotic hand.

However, the synthesis of impedance control design continues to exist as a major
challenge in the performance advancement of robotic hand in order to provide safe
and robust grasping. Besides this, the greatest problems in robotic hand-grasped
object interaction are the existence of nonlinearity in the dynamic system, dealing
with different grasped objects, disturbances, and interference. In the previous
studies, the aforementioned problems have not taken in consideration. The aim of
this paper is to treat these problems using interactional modeling and the design
gains of impedance control. The action of the suggested control expression is to
provide a fingertip interactional robust control algorithm that takes into account the
dynamics of the robotic hand under unknown contact conditions. To accomplish
this, we propose first to linearize the dynamics on the level of position-tracking
controller through six PD controllers. When executed, the calculated gains of the
designed PD controllers result in zero steady errors without overshoot. Second,
through an impedance controller, the interactional fingertips’ force is regulated by
the robotic hand’s impedance. The gains of the impedance are designed based on
genetic algorithm. As a result, the introduced control expression enables the posi-
tion and velocity of fingertips to be controlled simultaneously without changing
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over control subspace. This control expression avoids selecting between different
controllers which causes indirect control and consumption of high energy. The
operation and the robustness of the presented control expression are approved by
MATLAB/Simulink in several tests.

The rest of the chapter is organized as follows. In Section 2, the mathematical
representation of kinematics and dynamics of the robotic hand with environment
interaction is derived and explained. In Section 3, the overall controllers of position
tracking and impedance control are designed. In addition, the suggested procedure
of obtaining optimum values of impedance gains using genetic algorithm is
explained. In Section 4, following the joint path and fingertip position is tested.
Then, the robustness of the system is examined. Finally, the conclusions of this
study are presented in Section 5.

2. Mathematical model

The models of a robotic hand system are the mathematical equations that
describe all the contact forces and motion of the fingers at any time [16]. These
models are essential for grasping and manipulation operations which include kine-
matics, dynamics, and contacts between the fingers and the environment. A multi-
fingered robotic hand with an existing grasped object has a complex structure.
Thus, deriving the mathematical representation is not a simple task. In this section,
the mathematical representation for a two-fingered robotic hand with an environ-
ment is developed. Changing the orientation of the robotic hand with respect to the
inertial (earth) frame during manipulation operation is considered in this analysis.

2.1 Reference frames

The system is a two-fingered robotic hand that can adjust fingertip grasp forces
by the torque of actuators in the joints. Each finger includes three joints (MCP, PIP,
and DIP) and three rigid phalanges (proximal, intermediate, and distal). The
motion of the finger actuates through the torque in the joints. The variablesi = 1, 2
andj = 1, 2, 3 represent the index of the finger and the joint, respectively. The
analysis is based on the four main reference frames: finger frames O;;, hand base
frame Oy, fingertip contact point frames Oy, and inertia frame O, as shown in
Figure 1. The joints MCP, PIP, and DIP are located at O;1, Ojp, and O;3,
respectively. The length L; represents the distance from O;; to Oj.1). The angle of

rotation #;; around z; ; associates with the i phalanx and j” joint. The coordinate
frame Oj; is attached in order to express the coordinates of any point on the
phalanges as a result of the motion of 6;;. In our case, expressing the motion of the
fingertip points (X Viipp Ztip,) and (Xzip,, Viipy Z1ip,) is the primary interest. The
frame Oy, is defined to switch between the motions of the fingertips with respect to
the base of the hand through matrices. The frames Oy, are defined to represent the
contact points between the fingertips and the environment. Finally, the inertial
frame O, which is assumed at Oy, is assigned to represent the orientation of the
robotic hand with respect to the earth.

The result of orienting the robotic hand with respect to the earth coordinates is
expressed by defining the three rotation angles roll, pitch, and yaw (RPY). In
which, roll is (a: around xy,-axis), pitch is (y: around y,, -axis), and yaw is
(¢: around 2y -axis). Mathematical representation of rotation about a fixed axis
(earth frame) can be expressed by a specified sequence of multiplying the free
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rasped

Palm

Figure 1.
Coordinate frames of the robotic hand.

rotation matrices Rx(a), Ry(y), and Rz(¢) [17]. Thus, the final rotation matrix R
which switches from the earth frame O, (xe, ye,ze) to the robotic hand base frame is
obtained as

R = R(zey x.,yaw, pitch, roll)
— Rz p)R(3,.7) R )

CoCy  CpSySa — SpCa CySyCa + SpSa
= | SyCy  SpSySa + Cola  SpSyCa — CoSa | - (1)

—$y CySa CyCa

where s and ¢ indicate the symbols of the sine and cosine functions, respectively.

2.2 Kinematic analysis

Forward kinematics is implemented here to express the relationship between the
Cartesian spaces of the fingertip contact points, which are represented by coordi-
nates (xzp Viipy> Ziip;) Telative to the joint position 6. The positions of fingertip 1

and fingertip 2 change by rotating the joints in clockwise and counterclockwise
directions, respectively. According to the coordinate frames and the dimension
parameters of Figure 1, the forward kinematic of finger 1 is expressed as

_ L _
c3 —S13 0 70 + Lic1 + Lac1p + Lacios
Thh _ | S123 €13 0 7+ Lysy+ Losta + Lasias Q)
" 1o o 1 b ’
2
0 0 o0 1 |
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and the forward kinematic of finger 2 is

— L —
ci3 —s123 0 — 70 — Lic1 — Lac1o — L3c1a3
s123 ¢123 O h+Lisy + Lysyp + Lasioz
Th = , 3)
0 0 1 ——
2
L 0 0 0 1 i

where Lo and b are the length and the width of the palm shown in Figure 1,
respectively. In Egs. (2) and (3) and the rest of equations in this study, the
denotation ¢, $1, €12, $12, C123, and s123 represents cos 64, sin 0y, cos (6, + 6,),
sin (01 + 6;), cos (01 + 0, + 03), and sin (6; + 0, + 6,), respectively. To control the
position of the three links, the joint variables 6;1, 6;», 0i3 are calculated using inverse
kinematic as

2 2 L2 2
1L1 +L, — Xtip, _ytipi

0, = m— cos TR s (4)
2 2 2 2
Viin. Xtip, + Viin. +Li*— L,
0 = tan 122 _ cos 12 i , (%)
Xtip, 2111 /xt,'piz +yn-p,2

03 = @;, — 01 — 0. (6)

where ¢,, is the angle of distal phalanx with respect to the axis y,,. Next, the
Jacobian matrix for each finger is obtained based on the forward kinematic equa-
tions, which were derived from Egs. (2) and (3) as
—L3s123

—L1s1 — Los1o — L3s123 —Lps1p — Las1p3

Joinger, = | L1c1+Locta + Lac1s Locto + Lacs Lacios | (7)
0 0 0
and
Lisy + Los1a + L3s13 Losio + Lasiz Lasins
Jfinger, = | L1614 Lac1a + Lac1ps  Lociz + Lacizs Lacios | (8)
0 0 0

The robotic hand transforms the generated torque by each joint to the wrenches
exerted on the grasped object through the following Jacobian matrix:

] finger 0
Jhand = [ ' ~ 9)
0 ] finger,

2.3 Contact interaction

A contact interaction, which uses contact behavior between rigid fingertips and
a flexible grasped object, is proposed in this study (see Figure 2). The grasped
object is assumed as a linear spring of stiffness k;..;. Hence, each fingertip exerts a
force on the grasped object as
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Xtip,
. Xob ject,
Grasped object
Xq,
Finger | «—
Palm <
Figure 2.
Side view of fingertip contact intevaction system on the x-axis.
f tip, ; oh]ect (xtsz i xobjectx’ ,-): (10)
ftzp ob]ect (ynp yobjecty, 1-)’ (11)
f tip,, ob]ect (Ztlp - Zobjectz’ i) . (12)

where Xpjecr > y object,” and z,pjes, are the coordinate points of the grasped object.
The current and the desired location of the fingertips are denoted by (xsy,, Viip, Ziip.)
and (x4, ¥, 2a4,), respectively.

2.4 Dynamics of robotic hand

The motion equations are derived to describe the dynamics of the robotic hand
when interacting with the grasped object; the explained fingertip forces in
Egs. (10)-(12) are involved in the dynamic equation. When ignoring friction, each
finger in free motion can be described by the following general motion equation:

Mﬁngerl (q1)q1 + l)ﬁnger1 (q17 ql)ql + Gfingerl (ql) = Tfinger,> (13)
Mfinger, (43)42 + Dfinger, (2:42)4 + Ginger, (42) = Thinger, (14)

where g, € R? is the general coordinate vector, Mg (;) is the 3 x 3 inertia
matrix, Dipeer (q 4, ) is the 3-vector which involves forces of centrifugal and
Coriolis, Gfipger, (qi) is the vector of the gravitational force, and 7, is the vector of

the input torque at joints. When the fingertips are interacting with the grasped
object (see Figure 2), then Egs. (13) and (14) become

Mfinger, (41)G1 + Dfinger, (41,4141 + Ginger, (41) = Tfinger, —J fTingerlF tip> (15)
Mginger, (d)4> + Dfinger, (2:42)42 + Gfinger, (42) = Thinger, —J fTingerzF tipy> (16)
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where J,,., is the Jacobian matrix (see Subsection 2.2) and Fi;, is the external
force 3-vector with expression value:

T T
Ftipl = f 279 f tiPy,l f tip, 4 and Ftip2 - fﬁp %2 fﬂp ¥52 fﬁp %2 ;

to derive Egs. (15) and (16), the Lagrange equations of motion are used. For each
finger manipulator, the equation of motion is given by [18]

doT oT
———-—=Q,;+ T, 1
dof, o6, Q;+T; (17)

where T is the total kinetic energy of the finger manipulator, Q; is the potential
energy, and Tj is the external torques. The x-y coordinates are represented
according to the assigned frames of Figure 1. The velocities of the mass centers for
the phalanges are important to find the kinetic energy. For proximal phalanx, the
position of the mass center with respect to MP joint is represented by

X1 = dic1,
¥, = dis1;
the position of the mass center of intermediate phalanx with respect to MP joint
is represented by
Xy = Licy +dyenn
¥, = Lis1 + dasn;
and the position of the mass center of distal phalanx with respect to MP joint is
represented by
X3 = Lic1 + Lacna + dscis,
V5 = Lis1 + Lo + dzsis,
where d; is the distance to the center of mass which is assumed in the middle of

the phalanx. The total kinetic energy of the finger in Eq. (17) is expressed by the
following equation:

1 . . 1 .2 1 . . 1 . ! v
T =Zm, <3_612 n ylz) YISO Smy (3?22 n yf) +2L(61 + 6,)
2 2 2 2 1)

+ 57’1’13 (.9_632 —|—j_/32> + 513(91 + 6, + 93) 5

differentiated with time. Lagrangian equations according to Eq. (17) are

doT JdT

S = Ty, 1

At 90, o6 Q,+ T (19)
d or oT

aol o _ T,, 20
d oT 0T

—— = T3, 21
o IR (21)
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where
071 072 073
Sy - S - Rade SN Nt 22
Q 1a91+ 2091+ 3 06, (22)
074 07> ors
— P2 RT3 2
Q 190, T 290, T30, (23)
or or or
Qy=Fi——+F)— 24 F;3—2> (24)

100, 005 005

The procedure for calculating Q; is shown in Appendix A. Thus, Egs. (22)-(24)
become

Q4 = —mqgdy cos 6 — mygli cos 01 — mygd; cos (61 + 02) — m3gli cos b,
—ms3gl, cos (61 + 6,) — m3gds cos (01 + 0, + 03),

Q, = —mygd; cos (01 + 0,) — m3gly cos (61 + 62)ms3 gds cos (61 + 6, + 65), (26)

Q3 = —m3gds cos (61 + 6, + 63); (27)

(25)

by using the kinetic energy in Eq. (18) and the potential energy in Egs. (25)-
(27), it results that Egs. (19)—(21) after being rearranged in a matrix form result in

my mp Mz | | O dun dip diz| |04 i

. : T
My My M3 Op| + |da dn dx O |+ [8n| = Ufinger, _]ﬁngeriF”Pi'
m3 mzn ma | | 05 dxn dn ds| |03 8i3

(28)

The formula of matrices’ elements in Eq. (28) is listed in Appendix A. From
Egs. (15) and (16), the overall dynamics of robotic hand can be constituted as

q; . .\ [4
Mhand(q17Q2) [ql] +Dhand(Q1>Q17qZ7q2) [ql} + Ghand (q17Q2) = Thand _Ftips:

2 2
(29)

with the following matrix forms;

Mﬁngerl (q 1) 0 ]
0 Mfinger, (42)
Dfinger, (41741) 0 ]
0 DfingeV2 (427 qz)
Gfinger, (41) ]

Gfinger, (q 2 )

Tﬁngerl ]
bl

Tfinger,

Fy;
FtiPS :]Z;and [thl ] .
Py

Mhand - [

Dhyana =

Ghand =

Thand —




Interactional Modeling and Optimized PD Impedance Control Design for Robust Safe Fingertip...
DOI: http://dx.doi.org/10.5772/intechopen.85531

Thus, the six motion equations are presented by rearranging Eq. (29) to result in

4 - . N
|:q1:| = Mhand(quqz) 1<_Dhand(q17qlaquq2) |:q1:| - Ghand(quqZ) + Thand — Ftipx)- (30)
2 2

The desired finger configuration in joint space can be obtained by solving the

above equation, which will be explained later in Section 3.1 for designing the
position-tracking controller.

3. Controller design

The derived mathematical representation is applied using MATLAB/Simulink to
implement the proposed controllers and the tests of this study. The parameters of
the model, which are used in Simulink, are shown in Table 1. The overall control-
lers of the robotic hand are depicted as a complete block diagram in Figure 3. In the
following sections, the design of the controllers is described in detailed.

3.1 Position tracking

Recently, a variant of the PD controller explicitly has been considered in the
control of nonlinear system where the aim is to make the system follow a specific
trajectory [19-22]. The joint angle controller shown in Figure 3 is the inner
feedforward loop which presents the effect of the input torque on the error in
Eq. (30). The detailed block diagram of this controller is shown in Figure 4. The
tracking error is formed by subtracting the joint angle vector (g,) from the desired
joint angle vector (g, ) as below:

ei(t) = q,,(t) — ¢;(t). (31)

The objective is to minimize this error at any time, by differentiating Eq. (31)
twice, solving for (¢,4,) in Eq. (30), and rearranging the results in terms of the
input torque that yields the following computed torque control equation:

Thand = Mhana ( [?dll T { el D + Dhana + Grand + Fripss (32)
94, €2

Parameter Value Parameter Value
L, 50 mm L3 20 mm
dq 25 mm ds 10 mm
my 34¢g ms3 12g
I 7083 g.mm” I 400 g.mm”
L, 30 mm h 100 mm
d 15 mm b 50 mm
my 15¢g Ly 70 mm
I 1125 g.mm’

Table 1.
Robotic hand model parameters.
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Joint angle
control

X Xg

Ftipi

Impedance control

Figure 3.
Block diagram of the complete robotic hand controllers.

ai g

v v
Dhand + Ghand

Qdi

V qdi
9a; 2 Thand Robotic [=
_’é-’ Kp, et M(q;:) qdi

= hand
qq; . é t
N g ai Jr

Grasped-object
“Environment”

\ 4 Ftim

Figure 4.
PD joint angle controller for each finger.

where ¢; is the control input which is selected as six PD controllers with the
following feedback:
é",' = —I(Uié,' — I<pl_€,', (33)

where K,, = diag{k,,} and K, = diag{k,, }; hence, the robotic hand input
becomes

G4, Kye1+Kp e

.. Dy, Guan Fiips. 4
o, Koy + K e + Dhand + Ghand + Frip (34)

Thand = Mhana

10
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The system can be stabilized in Eq. (34) by a proper design of PD controller to
track the error errvor(t) to zero. In which, the input torque at joints results in the
trajectory of reaching the grasped object. According to Eq. (33), the typical transfer
function of the error dynamic in closed-loop approach is

error(s) 1
w(s) S +ks+k,

(35)

where w is the disturbance. Thus, the system is stable for all positive values of k,
and k,. Comparing Eq. (35) with the standard second-order polynomial term

(s + 2wys + @2), we get

kPi - wi’
ky, = 2w, .

The design of gains is selected for the closed-loop time constant (0.1s); thus

1
n — o — 10J

“r =01
k, = »,* = 100,
ky = 2w, =20

where @, and 1 are the natural frequency and the damping coefficient,
respectively.

The stability of robustness analysis by Lyapunov’s direct method is implemented
here to verify the ability of applying the proposed PD controller in real situations
where unmodeled disturbances are included in the actual robotic hand. The effect
of unmodeled disturbances in robotic manipulator can be represented by replacing
the PD controller gain matrices with matrices of nonlinear gains [23]. Considering
the nonlinear matrices gains, the robotic hand input in Eq. (34) becomes

q"dl I<v1 (61)6.1 + I<p1 (61)61
Thand = Mpan .|+ .
hand hand ( [qdz ] [KUZ (€2)é2 + Ky (e2)e2

where K, (¢;) = diag{k,, (¢;) } and K,,(¢;) = diag{ky,(e;)} are the nonlinear
proportional gain matrix and the nonlinear derivative gain matrix, respectively.
Combining Eq. (32) with Eq. (36), the equation of the closed loop becomes

e1 el
ale)_ © . (37)
at | e —Ky, (e1)er — K (e1)eq

éz _I<vz (€2)é2 - I<Pz (62)62

The stability of Eq. (32) together with Eq. (36) is assumed if there exists p > 0
with the following inequality sentences:

kpi (el) 2,0,
kvi<ei) >p.

The stability analysis is implemented by proposing the following Lyapunov
function:

11
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€2

1. .. 1.4, “
\% =§e1T€1 + iezTez + J el Ky, (e1) + p1Ko, (€1)]des + J e57 Ky, (e2) + Ky, (£2)]dea
0 0

+ ﬂlelTé1 + ﬁzezTéz .

(38)
Considering the smallest eigenvalues 4;, the limit of f; satisfies
/151{I<v1 (81)} >ﬁ1 >0,
Is2{ Ky, (€2)} > B, > 0;

thus

p
kvjz(gjz) - 72 >0,

wherej = 1, ..., 3. Since f3;, #, > 0 and kpn (g,)> kp,-2<€jz) > p; thus

kP,-l(Sh) +ﬂ1k”j1(£jl) Ty 2P (39)

kpjz(EjZ) +ﬂ2kvjz(£jz) _% 2 p- (40)

Then, Eq. (38) becomes

V=2 (1t pren)T (6 + ) + 3 (6r 4 faea) (6 + )

1
2

€1 2
+ J 81T |:I<P1 (81) + ﬁ11<111 (81) - %I:| de,+ J
0

€2

2
;7 [sz (€2) + poK,, (€2) — %I de,.
0

(41)

The first two terms of Lyapunov function are positive. Regarding the third and
the fourth terms, according to Egs. (39) and (40), we have

¢ i 1 2
Jo € |:kpj1(8j1) +ﬁ1k”j1<5j1> - % de1> ip‘eh > (42)
€j2 ﬂ 2 1 b
L € |:kPj2(672) +ﬁ2k”jz(£jz) - %} dey > ip’ejz ’ (43)
thus
%1 ﬂ12
[ k(50 + b () 2 der — oo when | o (4
P! 2
Jo € [kpjz(ejz) +ﬁ2k”jz(€jz) - %} dey — o0 when ‘eiz‘ — 0. (45)
Equations (44) and (45) result in
1 2 1
[ e [t + pitnten) = -] Sl (46)
0

12
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(%) 2 1
J &' {sz(é‘z) + PaKyo(€2) — /)% dey > EPHQHZ, (47)
0
and
“ T K ﬂlz
€1 |Kp,(e1) + p1Ky1(€1) — > der — oo when |le1]| — oo, (48)
0
Yo |k K b d h 49
. &2 |Kp,(€2) + rKia(e2) — |42 7 oo when le2|| — 0. (49)

Hence, the Lyapunov function presented in Eq. (38) is globally positive defini-
tive function.
Taking the derivative of Eq. (38) with respect to time, we get

V=¢éTé1+67é+e’ [Kp,(e1) + BiKoi(e1)]é1 + 2" [Kp, (€2) + BoKuo(e2) €2 + 161" é1
+ preiTér + PrérTér + Poerér

(50)

Finally, using the rule of Leibnitz for representation, the integrals in differenti-
ation form and Substituting Eq. (37) in (50) yield

V = —é1"[Kui(er) — Pillér — &7 [Koa(ex) — Bolléa — Prer" Ky, (er)er — Poea Ky, (€2)er,
(51)

for all positive values of gain matrices K,1(e1), Kya(e2), Kp,(e1),and K, ,(e2)s
Eq. (51) is globally negative function. Then

VvV <o.

In this way, the system is globally exponential stabile.

3.2 Impedance controller

The PD impedance controller has been widely applied in modern researches for
controlling the interaction with the environment [24, 25]. The fundamental princi-
ple of the implemented impedance control in this study is that the fingers should
track a motion trajectory, and adjust the mechanical impedance of the robotic hand.
The mechanical impedance of the robotic hand is defined in terms of velocity and
position as

o Ffip,- (S)
Zhand = X6 (52)
Fl‘ipi (S)

By virtue of the above two equations, the fingertip contact force Fy;, gives the
essential property of regulating the position and velocity of the contact points
between the fingertips and the grasped object. This regulating behavior is obtained
by two PD controllers as shown in Figure 3. In the first PD controller, the position is
regulated by

13
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Athz_'ﬁnes_v - I<F1Ftipi; (54)

where Kp; is the matrix of the proportional gain of the controller and the
velocity is regulated by

AXdamping = I<F2Ftipi: (55)

where K, is the matrix of the controller’s derivative gain. The regulated position
and velocity of Egs. (54) and (55) are integrated in the impedance control loop with
another PD controller of proportional gain matrix K ;7 and derivative gain matrix K,

in order to adjust the damping of the robotic hand during grasping operation
according to the following equation:

Timp =J7 (KJ; AXp + K;AXD), (56)
where
AXp = Xp — X — AXiffuess>
and
AXp =Xp — X — DX damping-

Hence, the contact forces are regulated in joint space, and the robotic hand can
adapt the collision of the fingers with the grasped objects.

The application of Lyapunov function technique determines the conditions of
stability of impedance controller [26]. In the forward kinematic model, the equa-
tions of fingers are

X; :f(qi)’ (57)
Xi :]fingeriqi' (58)
On the other hand, the errors are given as
Dl‘ = qi - qid’ (59)
N;(2) = Xi(q;) — Xia (60)

where 2;, N;(3;), and 7 are the error of joint angle, the error in task space, and the
index of finger (i = 1, 2), respectively. Consider the constrained dynamics of the
two fingers in Egs. (15) and (16) for the control torque in Eq. (56). Applying
Egs. (59) and (60), the error dynamic equation of each finger becomes

1V[j"z'nger1 (:1)31 + Dfingerl (317 D1) j1 + Gﬁnger1 (31) +]megeyl |:I<;; + I<}/,,I<F1[<e + I<,/,I<F21<e + I<e} Ny (31)

+]};ngerll<1/;&1(:1) =0,
(61)

Miinger,(22)32 + Dfinger, (32, 32) 32 + Gringer, (22) +Jer, [K]’g + KKK, + KKK, + Ke} Ry (2,)

+]};ngerzl<:)&2(32) =0,
(62)

14
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where K, is the stiffness matrix of the fingertip/grasped object. In order to find
the potential energy P(2;) and the dissipation function D(2;), compare Egs. (61)
and (62) with the following Lagrangian’s equations of total kinetic energy T:

d (0T\ oT oP oD
dt (a:i) 02; + 02; - 02; (63)
then, we get
aP / / !/
- [K +K'KpiK, + K KK, +Ke} X1 (1), (64)
ajl p p
oD .
O K%y (), 65
s, K 1(21) (65)
aP ! !/ !/
= [K + K/ KK, + K KK, + Ke] Ry (2), (66)
03, p T 0p
oD .
97 K¥y(2), 67
35, K 2(22) (67)
. 1. 71 .
T(21,21) = 531 Mfinger, (21)21, (68)
. 1.7 .
T(DZ, D2) = 522 Mfingerz(32>32~ (69)

The error dynamics in Egs. (61) and (62) is asymptotically stable if the following
candidate Lyapunov function

V(2,2) = T(21,21) + T(22,2;) + P(21) + P(2) (70)
satisfies the following conditions:
V(3 i) is positive,
V(D, ﬁ) is negative.

The derivative of Eq. (70) is

d . dT(2) dT(2,) dP(2i) dP(3,)
—V 2 D — )
dt(’) dt+dt+dt+dt
. : . T .. - TdMinerlj P f) . TdMi :I
V(2,3) =31 Mpnger, 31 + 34 %?1 + 3 Myigger, 32 + 3 den 7z
- T ! ! !
+3, ([Kp + K, KiK. + K\ KK, + Ke] Ry () )
2 T / ! /
+3, ([Kp + K KpiKe + K KpaK. + Ke} Ry(2,) )
(71)
Equations (61) and (62) can be rearranged as below
Mfingerl(nl)jl + Dﬁnger1 (Dla jl)jl + Gﬁngerl(nl) ( )
72

+ I finger, [K]; + K KK, + KKK, + K [R1(21) = ~J G0, K,R1(20),

15
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Mﬁngerz (32)22 + Dﬁngerz (32; 32) j2 + Gﬁngerz(DZ) ( )
, 73
+ T ger, [Klg + K KpiK, + KKK, + Ke] Ro(2) = 5 KR (D),

By substituting Egs. (72) and (73) in Eq. (71) and applying the relations in
Egs. (57)-(60), it yields

V(2,2) = -y (20)K)R1(21) — Ry (2)K,R5(2,). (74)

Hence, the robotic hand system is asymptotically stable under the following
boundaries:

[21(1; + 2K, Kke + 2K, Kake + 2k | >0,
K, >0,
or

K, >0.

3.3 Gains design using genetic algorithm

Genetic algorithm is a well-known optimization procedure for complex prob-
lems which ascertains optimum values for different systems [27]. The genetic algo-
rithm is written to find the optimum impedance gains. The code takes the calculated
data from the robotic hand Simulink model to compute impedance’s gains. How-
ever, the detailed genetic algorithm that is applied in the design of the gains can be
defined by the following proceedings:

(1) Generate a number of solutions. This represents the random number of popu-
lation which includes the gains Ky, Kr, K ;, and K/, of the impedance controller of

Figure 3. These gains are the individual of population.

(2) Fitness function. During the running of the program, the fitness is evaluated
for each individual in the population. In this study, the objective of the fitness

function is to minimize the errors AXp and AXp of Eq. (56) as below:

EITOTracking = 0.05AXp + 0.05AXp + 0.1t;, + 0.1t + 0.1do, + 0.1t,, + 0.1t
+0.1d,, + 0.1t,, + 0.1t + 0.1d,,,
(75)

where tr, ts;, and dOj are the rising time, the settling time, and the overshoot,
respectively, for each error signal (j =1, 2, 3).

(3) Create the next generation [28]. At each step, genetic algorithm implements
the following three rules to create a new generation of the recent population:

* Individuals called parents are selected by the selection rules, and then the
population of the next generation is obtained by contributing the parents.

* Two parents are combined to generate children by crossover rules for the next
generation.

¢ Children are formed by mutation rules. The process of forming children is
dependent on applying random changes on the individual parents.
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(4) Setting the genetic algorithm. The following parameters are used for setting the
proposed genetic algorithm in this study: the number of generations = 80, the size of
population = 30, and the range of gains are K1, = 0, Kr1nax = 50, Kpayin = 0,
Keamas = 50, Kp, . = 0,K, =50, Kvppi = 0, Kyppax = 50.

4, Simulation results

The obtained interactional model was applied in the simulation to verify the
designed controllers through three tests as follows:

* Test 1: Following a specific joint path.
¢ Test 2: Following fingertip position.
* Test 3: Robustness of the controllers.

The Simulink model is implemented using MATLAB as shown in Figure 5.

4.1 Following a specific joint path

This test is focused on position-tracking performance of joints. We assumed the
two fingers are in initial position (6;; = 0) and the joints should follow the following
path:

G,jd = 0.2sin xt.

The simulation result explained in Figure 6 shows that the designed position-
tracking controller can follow a specific path with zero steady error and without
overshoot. A unit step input function of amplitude 20" is implemented to check this
tracking error, and the response of the controllers is more detailed as shown in
Figure 7.

#}, Impedance_control_FE_TPV_R 5 = | & [l

File Edit View Display Diagram Simulation Analysis Code Tools Help
B-8 BBe@-B-40P = ©-
Impedance_control_FE_TPV_R_S

BREYER| e

=1

» |

Figure 5.
The Simulink model of the robot hand.
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Motion of fingertip 1 with impedance controller.

4.2 Following fingertip position

The second test is implemented to monitor the operation of the designed
impedance controller in task space. We assumed the initial position of the fingertip
1is (135,100, —25 mm) and it has to reach the position (115, 153.7, —25 mm). The
position of the grasped object is assumed at Xobject, = 118mm, Yobject, = 152.7mm,

Zobject, = —25. The result of the optimization process of the impedance controller is
obtained as K = 1.8089, K, =1, Kp = 1, Ky = 1. At these gains, as shown in
Figure 8, the percentage error of position and velocity are 0.6 and 0%, respectively.
Regarding the fingertip contact force represented in Figure 9, the overall designed
controllers have given the essential property of contact without overshoot.

For comparison purposes, another study is implemented without considering
the impedance controller in the overall control loop, i.e., Kf1 = 0, Kg, = 0,
Kp = 0, Ky = 0. The results showed that the fingertip position error reaches 0.69%,
but the main side effect was of the fingertip velocity error which reached 100% (see
Figure 10). In turn, the fingertip contacts the grasped object with high value of
error in velocity; this situation causes unsafe grasping. As a result, the proposed
overall controller has minimized the velocity error to 0% thanks to the proposed
impedance controller with genetic algorithm.

4.3 System robustness

The robustness of the designed controllers is checked in this section. This test is
implemented within the same parameters of the desired position and object location
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Motion of fingertip 1 without impedance controller.
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Parameters of the applied white Gaussian noise.

in the test of Section 4.2. The disturbances on the robotic hand cause change of the
fingertip contact forces. Here, we assumed that the disturbances result in a contact
force with a white Gaussian noise [29-32] shown in Figure 11. The Gaussian noise
model is generated using block AWGN channel in Simulink. The position of the
AWGN channel is shown in Figure 5. The parameters of white Gaussian noise are
set as shown in Figure 12. The designed controllers have achieved the functionality
of rejecting the disturbances and kept the motion of the finger as shown in

Figure 13.
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Response of the designed controllers to the disturbances.

5. Conclusion

Grasping by two fingertips plays a distinctive role in its performance related to
robotic hand-environment interaction. A mathematical model including the
dynamic equation has been derived based on the Lagrange technique. The coupling
between two fingers and the fingertip contacts with unknown grasped objects has
been presented in this model. The performance of the derived model is confirmed
when a designed based model controller is implemented in Simulink. A computed
torque controller of six PD controllers has been implemented to control the rotation
of joints. The impedance controller is applied to operate as the outer loop of the
overall control system. This controller allowed the regulation of the fingertip con-
tact forces without overshoot response, which is essential for safe grasping, espe-
cially in holding fragile objects. Besides this, the impedance gains have been
obtained using a genetic algorithm with a new behavior of improving the response
of the position and velocity errors. The applied genetic algorithm method has
minimized the position error and the velocity error while keeping the operation of
the overall control system. The robot finger has been ordered to follow a specific
joint path and fingertip position grasping; the results of simulations have achieved a
typical accomplishment of trajectory tracking. Finally, the overall controllers have
shown a perfect rejection of disturbances in terms of fingertip contact force. As a
future work, it is recommended to apply the proposed controllers of this study to
mobile manipulator for grasping and manipulation objects.
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Appendix A. Calculating the representation of Q;,

Let
Fi= —mqgj, Fo= —magj, F3= —msgj,
and
71:3(;11' +y1j,72:x2i —|—y2j,?3:x3l. +y3j'
Then

?1 = dq cos 917 +dj sin 917,

—

7= (L1 cos 01 +d, cos (61 + 92))7 + (L1 sin6y +dysin (61 + 602)) f,
73 = (Ll COS 91 + L2 COosS (91 + 92) —+ d3 COS (91 + 92 —+ 93))?

—

+(L1 sinfq + L, sin (91 + 82) + d3 sin (91 + 6, + 93))] .

The partial derivatives of 7; with respect to 6; are

-
01"1

6 = —d; sin 01? +dj cos 917,
I
00,
Iy
003

—
01/’2

—

F [—Lq sin 6 — d, sin (01 + 92)]? + [L1 cos 61 +d, cos (01 + 62)]7 ,
1

or : e e
# = —d, sin (01 + 02) i +djcos (91 + 92)] s
2
0ry _ 0,
003

rs

ﬁ = (—Ll sinf; — L, sin (91 + 92) —d3sin (91 + 6, + 93))
1

i
+ (LycosO; + Ly cos (01 + 6,) + d3 cos (61 + 6, + 93))?’,

‘;—Zj = (=Lysin (01 + 02) — dasin (01 + 65 + 03)) i + (Lycos (61 + 62) +d3 cos (01 + 05 + 63)) 7,

ors . <2 -

0, = —d3sin (61 + 6, +63)i +dscos(61+62+03))],

The matrices’ elements in Eq. (28) are

My = Wlldlz + I + lele + ledzz + 2myLidy cos 0y + 1, + WL3L12 + WI3L22
+ 21’}’13L1L2 COS 92 + 2m3L1d3 COS (92 + 93) + 21’}’13L2d3 COS 93 + M3d32 + 13,

M1 = mady® + malady cos 0y + I + msLiLy cos 03 + m3Lids cos (0, + 63) + 2m3Ly>
+ 21’}13L2d3 cos 93 + Wl3d32 + 13,

23



Emerging Trends in Mechatronics

mq3 = m3zLqds cos (6, + 63) + m3Lyd; cos 03 + mads® + I,
M = Mmady* + malady cos 0y + I, + m3LiL, cos 0 + m3Lads cos (6, + 03)
+2m3Lods cos 03 + 2m3Loy? + msds® + I,
My = mads® + I + m3Ly* + 2m3Lods cos 03 + mads® + I,
M3 = mzLods cos 03 + msds” + I,
m31 = m3Lqds cos (0, + 63) + m3L,ds cos 03 + mads® + I,
Mz = m3Lods cos 03 + mads® + I,
maz = msds” + I,
d11 = —2maLad, sin 0,05 — 2m3LqL, sin 0,0, — 2m3Lds sin (0, + 03)0,
—2m3L1ds sin (6, + 03)03 — 2m3L,d3 sin 6503,
d1y = —myLid, sin 0,05 — m3L1L, sin 6205 — m3Lds sin (0, + 63)0,
—m3Ld3 sin (6, + 63)03 — 2m3L)d3 sin 0303 — m3L1d3 sin (6, + 63)03,
d13 = —m3Lads sin (02 + 03)03 — m3Lads sin 0303,
dyn = —maLid, sin 0,0 — m3LiL, sin 020, — m3Lqds sin (6, + 03) [0 + 03]

—21’}13L2d3 sin 9393 + leleZ sin Hzél + m2L1d2 sin gzéz + WZ3L1L2 sin 9291
+ m3Lqd3 sin (02 + 93)91 + m3L1L, sin 9292 + m3L1d3 sin (92 + 93)92 + m3L1d3 sin (92 + 93)93,

dy = —2m3Lyds sin 0505,
dy3 = —m3Lods sin 0503,
d31 = —msLidssin (6, + 63) [02 + 03] — m3Lads sin 0305 + m3Lids sin (6 + 63)0;
+m3Lods sin 0301 + m3Lads sin (6 + 03)0, + 2m3Lods sin 636,
+m3Lqd3 sin (0, + 63)03 + m3L,d3 sin 0303,
dsy = —m3Lods sin 0305 + m3Lods sin 050, + m3Lods sin 0505,
ds; = 0,
g, = migdi cos 6 +my gLy cos 6 + mygd, cos (01 + 6,) + m3 gLy cos 64
+ms3 gL, cos (01 + 0,) + ms3 gds cos (01 + 0, + 63),
g, =mygd, cos (01 + 6,) + m3gL, cos (01 + 61) + m3gds cos (61 + 0, + 03),
g3 = m3gds cos (01 + 0, + 03),
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