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Abstract of the Thesis
Impedance Control Under Uncertainty about Environment Properties
by
Sravana Sumanth Koneru
Master of Science
in
Mechanical Engineering
Stony Brook University

2021

For any robot manipulator to perform a task, which involves the ma-
nipulation of its surroundings, interaction with the environment is a key
concern. Future robot applications, such as use of tools or close cooperation
with humans, may be enabled by improved control of mechanical interaction.
Successful execution of an interaction task with the environment by using
motion control could be obtained only if the task were accurately planned,
which is very hard to achieve and this would require an accurate model of
both the robot manipulator and the environment. Even though manipulator
model can be achieved with enough precision, a detailed description of the
environment is difficult to achieve.

Impedance control is a well-established framework to manage the inter-
action of the end effector of a robot manipulator with the environment.
Impedance control has received significant efforts in recent decades in robotics
as impedance control aims to achieve the desired mechanical interaction with
uncertain environment. The contact forces achieved with the interaction is
highly dependent on the stiffness of both the environment and the manip-
ulator. As the environment’s stiffness is one parameter which is not in the
control of the user, the only parameter which can be altered to perform a
successful interaction task is manipulator’s stiffness. But choosing this stiff-
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ness is not an easy task as it is very task specific and need to be changes
when there is a change in the environment stiffness.

This thesis proposes a method to successfully perform impedance con-
trol without changing the stiffness of the manipulator for every change in
the environment. This thesis uses a moving desired configuration/frame to
perform the tasks while keeping the stiffness of the manipulator as constant.
Also, Screw Linear Interpolation (ScLERP) is used in choosing the desired
configuration to ensure the required end effector trajectory.

The capability of this method is then validated by performing a series of
simulations of a 7 degree-of-freedom (DOF) robot (Baxter Arm) performing
several household tasks with different types of constraints. Example tasks
include pushing buttons and opening doors.
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Chapter 1
Introduction

Robots have become an integral part of human’s day to day life. From in-
dustrial lines to household tasks, robots are now employed to manipulate
and interact with environment to perform multiple tasks. The robot ma-
nipulators that interact with the surroundings to accomplish certain tasks
require to exploit contact forces at the end effector in a safe manner. Tasks
that involve interaction and force exchange with the environment cannot be
accomplished solely through position control.

Mechanical interaction with objects is one of the fundamentally important
robot behaviors. One of the principal necessities for the success of the manip-
ulation task is the ability to handle the interaction between the manipulator
and the environment. The quantity that describes the state of interaction
more effectively is the contact force at the manipulator’s end-effector. High
values of contact force are generally undesirable since they may stress both
the manipulator and the manipulated object and a compliant behaviour is
to be ensured at the interaction. The day to day activities are bringing
the robots into more unstructured environments where the manipulator is
expected to perform tasks while having interaction with the environment.
These situations lead us to use methods based on impedance control.

Impedance control [I] is an efficient method for handling robot force con-



trol and has been widely studied and utilized because of its low computational
complexity and strong robustness. Impedance control includes regulation
and stabilization of robot motion by creating a mathematical relationship
between the interaction forces and the reference trajectories. The impedance
controller imitates a virtual spring mass damper system between the environ-
ment and the robot end effector, which imposes a dynamic behaviour to the
interaction between the robot end effector and the environment and in turn
provides a compliant behaviour between the systems while the interaction
takes place.

This study tries to implement the impedance control to do multiple house-
hold tasks while proposing a novel method to accomplish task with moving

the desired goal pose as needed for the task.

1.1 Motivation

The interaction between the end effector and the environment is highly influ-
enced by their respective compliance features i.e., stiffness etc. The stiffness
of the environment is something which cannot be controlled by the user and
the stiffness of the manipulator (denoted by a matrix K;) is the altering
parameter for a successful execution of a task. The selection of the elements
of the matrix K, does follow a defined method and is made by taking in to
account the geometry and the mechanical features of the environment.

For a given contact stiffness at the environment, large values are taken for
the values of the elements of manipulator stiffness for those directions along
which the environment has to comply and small values are taken in those
directions where the end effector has to comply. This is mostly a Trial and
error scheme, where we choose a specific stiffness in the required direction
for a task and if the task is not accomplished, we tune the values accordingly
and perform the task again. This method might be ideal for an industrial

robot or a robot repeating the same task again and again.



To accomplish household tasks such as opening a door, rotating a door
knob or a simple task of pushing a button, the above stated scheme might not
be of much use. Consider a task of opening a door, for performing the task,
we tune the values of stiffness for the manipulator to successfully perform the
task. But the task might not be successfully performed on any other door if
it is more or less stiffer than the previous door (or has different mechanical
features). The user should be constantly changing or tuning the values of
the K according to the task and also according to the features of the task
performed which is not desirable.

This problem is taken as a motivation for this thesis and we focus on
developing a method where the the stiffness need not be tuned often. This
would be helpful for the user to perform the tasks without frequently changing

the stiffness and damping values of the manipulator.

1.2 Solution Approach

While the traditional impedance control algorithms have a necessity of choos-
ing the stiffness of the manipulator, it is very difficult to know the stiffness
of the environment for each task and the stiffness is to be chosen or altered
accordingly if the chosen stiffness does not accomplish the defined task. The
impedance control uses the stiffness, mechanical features of the robot and the
force, moment wrench applied at the end effector to generate control torques
to move the manipulator. In the proposed method, instead of altering the
stiffness values, we keep the stiffness value optimum and try to adjust and
change the goal pose € SFE(3) in such a way such that the required joint
torques are produced to achieve the required goal. Screw Linear Interpola-
tion (ScLERP) is used to obtain the guiding or intermediate desired poses

to accomplish the given task.



1.3 Contribution

In this thesis, we put forward a method to accomplish a task using a robot
manipulator having interaction with an environment without knowing its
Mechanical features (Stiffness etc.). The following contributions are made
by this study:

e An algorithm is proposed for impedance control with a dynamic moving
goal/desired frame keeping the stiffness parameters of the manipulator
constant to accomplish the required task even if we do not have an

accurate knowledge of the environment stiffness.

e Screw Linear Interpolation is introduced while choosing the desired

poses, so that the achieved trajectory follows the desired trajectory.

e This method is then implemented and simulated on a 7-DOF redundant
Baxter Robot arm in MATLAB to carry out the household tasks which

include interaction and force exchange with the environment.

1.4 Outline

The thesis is organized as follows. Chapter 2 discusses about the mathemat-
ical background necessary for the thesis. In chapter 3, the background, past
and related works and a brief overview of the robot dynamics and impedance
control are discussed. Chapter 4 illustrates the problem statement and ap-
proach to the solution. The simulated experiments and the results from the
simulation are presented in chapter 5 and finally the thesis is concluded in

chapter 6 with a brief discussion about future work.



Chapter 2
Mathematical Preliminaries

This chapter introduces briefly about the mathematical concepts used in this

thesis. We use the following notations and definitions throughout the thesis.

e Joint Space: The set of all possible joint displacements (angular or

linear) of a manipulator is called the joint space of the manipulator.

e Task Space: The set of all possible end effector poses is called the

task space or end-effector space.

e R™: Vector space of dimension n with real entities.

2.1 Rigid Body Motion Group

Rigid body: A rigid body is a collection of particles such that the distance
between any two particles is unchanged irrespective of the motion of the body
or the forces acting on the body. If p,q are any two points on a rigid body

B, then according to the above definition, even if body B moves

Ip(t) —a@®)ll = |Ip(0) — q(0)[| = ¢



The distance between the points p and q remains a constant ¢ at both time

t and time 0.

A rigid motion is defined as a continuous movement of the particles such
that the distance between any two particles remains unchanged at all times.
A rigid motion can be expressed as a function called rigid transformation.
This rigid transformation consists of translation and rotation. A rigid trans-

formation mapping g : R® — R? should satisfy the following properties:
L. Length is preserved : [|g(p) - g(a)|| = [lp - all, ¥ p, q € R®.

2. The cross product is preserved: g, *(v X w) = g.(v) X g.(w) V v,w €
R3

The orientation of rigid bodies are represented by rotation matrices. A
rotation matrix R is a real matrix of order 3 x 3 and it gives us the orientation

of a rigid body in three dimensional space.

2.1.1 Rotation Matrix

The orientation of the rigid bodies in R? are represented by a 3 x 3 matrix,

called the Rotation matrix. The rotation matrix has the following properties:
e All columns and rows of a rotation matrix are unit vectors.
e All columns and rows of a rotation matrix are orthonormal.

e The inverse of a rotation matrix is its transpose.

R'R=RR" =1,,; — RT=R!

e The determinant if rotation matrix is 1, i.e., det(R) = 1.



All the rotation matrices form a special group called the ” Special Or-
thogonal group” of dimension 3 or SO(3). A special orthogonal group of

dimension n is defined as:
SO(n) = {R € R™™; RR” = I3,3, det(R) = 1}

The other representations of orientation of a rigid body in R?® such as

Euler angles are discussed in later sections.

2.1.2 Exponential coordinates for rotation

Let w € R? be a unit vector. Let the rigid body rotate by an angle § about

the axis w. Then the resulting rotation matrix is given by:
R(w,0) = ¢’

From the expansion of the exponential, the following equation is obtained,

le.:

93 95 . (92 04 A2
R(w,e)zn(9—§+a+...)w+(§_z+...)w

R(w,0) = e’ = I+ Qsind + &*(1 — cosb)

This equation is called the Rodrigues formula. Using this we can compute

the rotation matrix, R, given the rotation angle 6 and the axis w.

Note: The hat operator (") on a vector is the skew symmetric representa-

w1 0 —Ws3 Wo
tion of the vector. In the above case, for w = |wy |, w = | ws 0 —w
w3 —W9 w1 0



2.1.3 Transformation matrix

As discussed in the previous sections, a rigid body transformation consists

of both rotation and translation. The configuration of any rigid body can be

[0

where, R € SO(3) is the rotation matrix of the body frame with respect to

described as:

the world frame and p € R is the position vector of the origin of the body
frame with respect to world frame. 0 is a 1 x 3 vector of zeros. The inverse

of this transformation is given as

- R” —-R'p
0 1

2.1.4 Exponential coordinates in rigid body transfor-

mations

Similar to the exponential representation of a rigid body rotation, we can
represent the rigid body transformations as exponential coordinates. Con-
sider a link rotating about a unit axis w € R3. Consider a point on the axis
g € R3. We define a 4 x 4 matrix &, where

- w v
&= 0 ] , for combined translation and rotation
- o v
&= , for pure translation
0 0
where v = - w X ¢. The set of all 4 x 4 matrices of the above form are

defined as the space se(3) defined as:

se(3) = {(v,0) : v € R®,& € 50(3)}



Now, the elements in se(3) are converted to elements in SE(3) by exponential

map. Given a twist £ in se(3),

. wh (] _ ewb T
oS0 — [60 (F—e )(w>1<v)+ww v € SE(3) for w # 0 (2.1)
: I
et = [0 vl € SE(3) forw=0 (2.2)

These exponential coordinates of the rigid body transformation makes
the forward kinematics map of the manipulator easy without complicated

calculation. The forward kinematics map is shown in the later sections.

2.2 Euler Angles

As we know, while a point can be described only by its position, bodies re-
quire orientation in addition to position to define its configuration. Generally
rotation matrices are a subset of SO(3) and are represented by 3x3 matrices.
These rotation matrices can be represented by different parameters such as

Euler angles, quaternions etc.

Any rotation in space can be defined as a sequence of elementary rotations
about the x, y and z axes. These Euler angles can be taken in multiple
sequences of elementary rotations about the axes i.e., ZYX, ZYZ, ZXZ etc.

Here, we used ZYX Euler angles through out the article.



2.2.1 Mapping between rotation matrix and Euler An-

gles

Let the frame B be rotated about z-axis by an angle z. The rotated frame is

then rotated about y-axis and then about x-axis in that order.

=Ty

Figure 2.1: ZYX Euler Angles as three successive rotations around z, y, and x -
axes.

Then the the whole rotation matrix obtained by the three elementary

rotations about Z,Y and X axes is given by:

R = R(¢-) * R(¢y) * R(2);

cos(¢,) —sin(¢,) 0 cos(py) 0 sin(oy)| |1 0 0
R = |sin(¢,) cos(p,) O 0 1 0 0 cos(¢z) —sin(¢s)
0 0 1] [—=sin(¢y) O cos(oy)| [0 sin(¢.) cos(¢y)

So, when given the three ZYX euler angles, the rotation matrix is given
by:

CyCy  Cy83Sy — CzSy  SzpS, + CxCy8y
R = |cyS, €4Cs+ S25yS: CuSyS, — €48y (2.3)

—5y CySa CaCy

10



where ¢, = cos(¢,) and s, = sin(¢,). Similarly, given the rotation matrix

C11 C12 C13

R= C21 C22 Ca3
C31 C32 (33

the FEuler angles are given by:

0. atan2(cyy, c11)
by | = |atan2(—cs1,\/ Gy + C35) (2.4)
o atan2(csg, c33)

2.2.2 Derivative of Euler Angles

As discussed above, like a rotation or an angular displacement can be ex-
pressed in terms of Euler angles. Similarly, the angular velocity can be ex-

pressed in terms of derivatives of Euler angles and vice versa. Given the set of
T . . . 1T
2YX Euler angles [gbz by gbx] and their time derivatives [qbz by gzﬁm}

The angular velocities are mapped to euler angle derivates as

w = Er(¢r) * or
The mapping between the angular velocities and the derivatives of Euler

angles is given by: [2]

0 —sin(¢:) cos(¢y)cos(¢:)
Eguerzyx = |0 cos(¢,) cos(¢py)sin(¢.) (2.5)
1 0 —sin(¢y)

The inverse mapping is given by:

11



cos(¢pz)sin(py)  sin(¢py)sin(o:)

05(35) w0s@y)

Ejgizerzyx =Jr= | —sin(¢.) cos(¢.) 0 (2.6)
cos(¢2) sin(pz) 0
cos(¢y) cos(¢y)

2.3 Quaternions

Quaternions are generalizations of complex numbers. Any rotation can be

represented in the form of a unit quaternion. A unit quaternion is a quater-

nion whose magnitude is 1. A quaternion is defined as

Q =qo+ @17 + g5 + g3k

41
where, ¢o € R is the scalar part and q = | ¢

qs3
with

i =jj =kk=ijk=—1

ij = —ji=k
jk=—kj=i
ki=—ik = j

€ R? is the vector part

The quaternion is generally represented as (go,q). Any scalar a € R can

be represented as a quaternion with the scalar part ¢ = a and the vector

part q = 0. Similarly, any vector v € R? can be represented as a quaternion

with the scalar part ¢y = 0 and the vector part q = v. Thus a vector v is

written as (0,v).

12



2.3.1 Quaternion Operations

In this section, the operations which can be performed on the quaternions
are introduced. Let @ = (qo,q) and P = (po,p) be two quaternions, the

following operations can be performed on these quaternions.

Magnitude of a Quaternion

The magnitude of a quaternion () is given by

QI =Q® Q" =g +aqi + & + a3

Quaternion Conjugate

The conjugate of the quaternion () is given by
Q* = (q07 _q)

Scalar Product
For any scalar, s € R, the scalar product of the quaternion ) with the

scalar s is given by

sQ = (sqo, 5q)

Quaternion Addition

The sum of the quaternions ) and P is given by

Q+P=(q+po,q+p)

Quaternion Multiplication

The product of the quaternions ) and P is given by

Q ® P = (qopo — 4.P, 0P + pod + 4 X P)

13



2.3.2 Exponential coordinates and unit quaternions
Let R a rotation matrix with axis w and angle 0, i.e.,

R=¢ cR, weR? ||v||=1.

Then the corresponding quaternion is given by

0 .0
Q= <cos é,wsm 5)

Conversely, for a given unit quaternion, @) = (qo,q), we can determine
the exponential coordinates as
0 = 2arccosqy, w = _qe
sin 5

2.4 Dual Numbers

A dual number is defined as
D=a+eb, ¢#0, =0

here, a € R is the real part and b € R is the dual part.

2.4.1 Operations on Dual numbers
Let Dy = ay + eb; and Dy = ay + €by be two dual numbers. The following

operations can be defined for dual numbers:

1. Addition: The addition of two dual numbers is given by

D+ Dy = (a1 + a2) + €<b1 + bg)

14



2. Multiplication: The product of two dual numbers is given by

D1 &® D2 = aias + E(albg + a2b1>

3. Inverse: The inverse of a dual number D = a + ¢b is given by

1 b
D™l == (1 — e—) ,assuming a # 0
a

a

4. Conjugate: The conjugate of a dual number D = a + ¢b is denoted
by D* and is given by
D*=a—¢b

Also, D® D* =D*® D = a?®

2.5 Dual Vector

A dual vector is a dual number whose real part and dual part are both vectors

i.e., elements of R".
D=a+¢b, abeR"

for R3, the dual vector is form of the form:

aq bl a, + €b1 Dl
D=a+eb= |ay| +€|by| = |ay+eby| = | D>
as bs as + €bs Ds

2.5.1 Operations on Dual Vectors

Let E; = e; + €€ and F; = fi + €fiq, 1 = 1,2,3 be dual numbers, where r is
subscript denotes the real part and d denotes the dual part. The following

operations are defined on dual vectors.

15



1. Addition:
B+ F

E+F=|F+F
By + Fy

2. Product of dual number with a dual vector:

D ® Ey
DE = |D® E,
D ® Es

3. Dot Product of two dual vectors:

EF=FQQF +E,&F+ E;® F;

4. Cross Product of two dual Vectors

Ey @ F5 — Es @ I
EXF = E3®F1—E1®F3
E1 ® Fy — FEy ® Fy

2.6 Dwual Quaternions

Dual quaternions are dual numbers with both real and dual part being quater-

nions.

A Dual Quaternion can be represented as A = P + ¢Q

Po do

Where, P = P and Q = « are quaternions
P2 a2
p3 as
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2.6.1 Operations on Dual Quaternions

Let A =P+eQ and B = U+¢€V be two dual quaternions, where P, Q, U,V

are quaternions. The following operations are defined for dual quaternions:

1. Addition:
A+B=(P+U)+¢Q+V)

2. Multiplication:
AB=PaU+¢QaU+P®V)

It is to be noted that the ® on the left represents dual quaternion mul-

tiplication whereas ® on the right represents quaternion multiplication.

3. Conjugate: The conjugate of A = P + €Q is denoted by A* defined
by
A* — P* + EQ*

2.6.2 Unit Dual Quaternion

A dual quaternion A = P + €Q is a unit dual quaternion if A ® A* =1 or
o +pi+p;+p5 =1 and

Pogo + P1q1 + p2ga + p3q3 = 0

Any rigid body transformation can be represented as a unit dual quaternion.
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2.6.3 Dual Quaternions and Rigid Body Transforma-

tions
As stated above, any rigid body transformation can be represented as a
unit dual quaternion. Let g = f){ Il) be a rigid body transformation and
A = A, + ¢A, be the corresponding dual quaternion.
Here, A, is a unit quaternion corresponding to the rotation matrix R.
A, = COSQ + usin -
2 2
A, is another quaternion such that ATA; = 0. Ay is given by
As= PO A,

The unit dual quaternion representing the transformation G is given by

1
A=A, + @A,

For pure translation along the axis v by a magnitude d,

1 0
A, = As= |,
0351 5V
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2.6.4 Power of a Unit Dual Quaternion

Let A = A, + ¢A,; be a dual quaternion corresponding to a rigid body

displacement.
A + usi 0
» = COS = + usin —
2 2
1
Ay = ép ® A,

The power of A i.e., A can be computed as follows

Determine 6 and u from

)
A, = — in —
(:osz—l—usm2
p=2A,0 A’
e Case 1: 0#0
d=p.u
1 0
m=_(pxu+(p—du)cot =
2 2
AT — cos% AT — —%Tdsin%e
" usin % d m sin %9 + %Tdu cos %9

e Case 2 : 0§ =0 (Pure translation)

d
§V

0
A, is of the form A, = [ ]
Determine u and d from Ay

70 1 710
oS 5 AT = 27dsm 5
vsin 2¢ %TdV cos 22

2 2

AT =
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2.7 Screw Linear Interpolation (ScLERP)

Screw Linear Interpolation (ScCLERP) is a method of interpolating between
two rigid body transformations in SFE(3) and is analogous to the straight
line interpolation between two point in the Euclidean space. Using ScLERP
results in a screw motion between two poses in SE(3). ScLERP can be
performed between any two poses in SFE(3) by performing dual quaternion

interpolation.

Screw Linear Interpolation between two rigid body transformations can
be performed by using dual quaternion interpolation. Let A = A, + €Ay
and B = B, + ¢B; by two unit dual quaternions representing the two rigid
body transformations between which we want to perform screw linear inter-

polation. Let 7 € [0, 1] be the interpolation parameter.

Any pose on the screw path between A and B is given by

Clr)=A® (A" ®B) (2.7)

Algorithm 1: Screw Linear Interpolation
input : Initial Pose G; € SE(3)
Final Pose Gy € SE(3)
Interpolation Parameter 7 € [0, 1]

output: The interpolated pose G, € SE(3)

procedure ScLERP(G;, Gy, 7):

2 Determine the Unit Dual Quaternion representations D; and Dy
of G; and Gy respectively

Determine the Interpolated Pose D, = D; ® (D} ® Dy)"

Convert D, into its SE(3) representation G,

Ju

5 return G,
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2.8 Adjoint Matrix

Any moving rigid body has a linear and angular velocity. We represent both
the linear velocity v and the angular velocity w in a single 6 x 1 vector V

is called the generalized velocity of the rigid body, it is also called as twist

.’

The matrix that converts velocity twists in one reference frame to another

denoted as:

reference frame is called the Adjoint transformation. For any g € SE(3)

R p
0 1

the adjoint of g, represented as Ad, as a mapping Ad,, is given by:

R PR

Ad, =
1o R

The inverse mapping is the inverse if the adjoint matrix of g which is same

as the adjoint of the inverse of the g. It is given by:

RT —RTp
Adt =
0 RT

9

— Ady (2.8)
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Chapter 3
Background

The previous chapter provided a brief introduction to the mathematical pre-
liminaries required for this thesis. This chapter provides the necessary back-

ground and previous research work which are relevant to this thesis. In

3.1 Forward Kinematics of a manipulator

Given a configuration of the robot i.e., the joint angles of the robot the
forward kinematics helps to find the configuration of the end-effector frame
with respect to base frame. Consider a serial chain manipulator with n
joints and n-1 links. The joint space is defined as the set of all possible joint
displacements (angular for revolute or linear of prismatic joints).

Let the transformation between the world frame {S} and the body frame

~

{T} be gu(0). Let & = cg 8 be the twist corresponding to rigid body

transformation and 6 be the angle of rotation so that the frame {T} trans-
forms to {T"}. Therefore the transformation between the world frame {S}
and {T’} is given as:

9:(0) = ¢ .(0)

This can be used to find the forward kinematics map of a serial chain manip-
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ulator. The individual joint motions can be combined together to obtain the
forward kinematics map. Given the joint angles ¢, the forward kinematics

map which maps joint space to end-effector space is given by,

gst<Q) — 65A191 6529265393 o 65;19ngst(0> (31>

where g4 (0) is the transformation between tool and world frame at ref-

erence configuration.

3.2 Velocity Kinematics of a manipulator

The velocity kinematics of a serial chain manipulators relates joint angle

rates of the manipulator to the end effector velocity.

3.2.1 Manipulator Jacobian

Consider a n-DOF manipulator. Let © = [f; 65 ...6,]" be the nx1 vector of
joint angles of the manipulator and © = [(91 Os. .. QIn]T be the nx1 vector of
joint angle rates of the manipulator. The relation between the joint angular

rates and the velocity of the end effector is given by:
V =J(©)O
where J(©) is a 6xn matrix called the manipulator jacobian.

Spatial Jacobian:

The spatial jacobian provides the relation between joint angle velocities and

spatial velocity of the end effector. The spatial velocity of end effector is

denoted by V¢ =

S
S] , where w® is the angular velocity of the tool frame
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with respect to spatial frame, expresses in spatial frame. The linear velocity
v® is of a point on the end-effector that is located at the origin of the world
frame at any particular instant.

The relation between spatial velocity of the end effector V* and the joint
velocities 6 is given by:

Ve =J(0)0

Let &1,&, &3, ..., &, be the twists of n joints of the manipulator at reference

configuration. The spatial jacobian is given by

JS(@) = [51 5; gé ce 6,]7 Where, gzl = Adgl,i—lgi 1= 2, 3, cee N (32)

n

where Adg ;-1 is the adjoint matrix corresponding to ¢; ;-1 and can be
obtained by using exponential coordinates as shown in forward kinematics

section.

Analytic Jacobian

The Analytic jacobian provides the relation between the joint angle velocities

and derivatives of the Euler angles.

Jy= A, A.J?
where,
A Isys —p
0 Isxs
and

A, =
0 J,

! 0] (3.3)

where, Jr is the mapping between the Euler angle derivatives and the

angular velocity w.

24



3.3 Dynamics of a manipulator

Dynamic model of a manipulator plays an important role for the design of
control algorithm and simulation of motion. This simulation of motion of
manipulator allows us to test the control algorithm without the need to use
a physical system. In this section, we obtain the dynamic parameters for the
implementation of the control algorithm.

The dynamic model of a manipulator provides a description of the rela-
tionship between the joint actuator torques and the motion of the structure.
With Lagrange formulation, the equations of motion can be derived in a
systematic way independently of the reference coordinate frame.

Lagrangian of the mechanical system can be defined as a function of the

generalized coordinates:

L=T-U

where T and U respectively denote the total kinetic energy and potential

energy of the system. The Lagrange equations are expressed by:

d oL 0L
N - 5 — Siy ':1727”'7
woq o ! "

where &; is the generalized force associated with the generalized coordinate

¢;- Calculating the kinetic and potential energies and using the Lagrange
equations, the dynamic model of a manipulator can be written in compact

joint space model as:

B(q)i+ C(q,d)q + glq) =7 — I (q)h (3.4)

where B is the (n x n) symmetric positive definite inertia matrix, Cq
is the (n x 1) vector of Coriolis and centrifugal torques, g is the (n x 1)
vector of gravitational torques, 7 is the (n x 1) vector of driving torques,

and h is the (6 x 1) vector of contact forces and moments at the end effec-
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tor. The derivation and detailed explanation of this method is given in [2].
Even though we obtain a proper dynamic model of the manipulator through
Lagrange formulation, it is very difficult to compute the energies and formu-
late the model for manipulators with more links and joints. So, we use the
newton Euler formulation, which is computationally efficient to obtain the
dynamic model.

The Newton-Euler formulation is in the form of a computationally effi-
cient algorithm which makes it easier for computer implementation compared
to Lagrange method. For robots with higher degrees of freedom, the differ-
entiation involved in the Lagrange method makes it harder to obtain the
dynamic equations. The Newton-Euler method is based on the dynamics of
a single rigid body.

Consider a manipulator with n links. Consider a body fixed reference
frame {i} is attached to the center of mass of each link i, i =1, 2, ..., n.
The base frame {0} is taken at the base of the manipulator, and a frame
{n+1} is taken at the end effector.

At the home configuration, we denote the configuration of the frame {j}
in {i} as M, ; and the configuration of frame {i} in base is given as My,; = M.

—w X

The twist of joint i in base frame is S;, S; = 1 , where w is the
w

axis if the joint and ¢ is a point on the axis. A; is the twist of the joint i
expressed in the link frame. Both are related as

A; = Ady,1 S; (3.5)

Where Ad, is the adjoint matrix of g. Let T; ; € SE(3) be the configura-
tion of the frame {j} in {i}, at any given joint angle 6, then the configuration

of the frame {i-1} in the frame {i} at given joint variable 6; is given by:

Tiio = —Adbs i1 (3.6)

26



The velocity twist of link frame {i}, expressed in frame {i} is denoted by
Vi = (v, w;).

Let G; € R, denote the spatial inertia matrix of link i, expressed in link
frame {i}. Let m; be the mass of the link i and I; be the (3x3) rotational

inertia matrix of link i. Therefore,

o[ -

where I is a (3x3) identity matrix. We now recursively calculate the acceler-
ations and velocities of each link from base to tip. The twist of link i is the
sum of the twist caused by link (i-1) and the twist obtained due to the joint
rate (91

Vi = Ai; + Adr,

i,0—1

Vi1 (3.8)

By taking the time derivatives of this equation, we obtain the accelerations
of the link.

. . . d
Vi=Aib; + [AdTi,i—l]‘/i—l + E[AdTi,i—l}‘/:i—l (39>
simplifying,

d d |Ri;1 pRii

—[Ady,, Via=— | | V-

dt [ Tz,z—l] 1 dt 0 Ri’i_l 1

—wAQ.RZ-ﬂ-q _UbRi,ifl - WbﬁRi,ifl
= N Vica
0 —wOR; ;1
_ —wb —Eé Rii1 pRi; Vi,
= [adV]Azéz
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Therefore,

Where ady = 0 ol This V; is the acceleration of the link i.
w

Once the link twists and accelerations are determined, we calculate the
joint forces and torques in a similar way by moving inward from tip.

The total wrench acting on link i is the sum of the wrench F; obtained
through joint i and the wrench applied to the link through joint (i+1), ex-

pressed in frame i.
GiV; — ady,(G;iVi) = F; — Ady, | (Fi); (3.11)
The torque at the joint i is then obtained by:
7 = FT A, (3.12)
These recursive equations are stated below in the form of an algorithm.

Algorithm

Attach frames {1} to {n} to the center of mass of each links. Attach a frame
{0} to the base and {n+1} to the end effector. Consider M;, 1 to be the
configuration of frame {i-1} in {i} at home configuration. A; is the twist of
joint i expressed in frame {i}. G; is the spatial inertia matrix of link i. V; is
the velocity of the base. In this case, we consider Vj to be zero, Vo = 0. The
acceleration at the base is taken as Vp = 0p, o = {-g, 0}. F, is the force
at the tip, i.e., Fj41 = Fijp.

Forward Iterations Given 6, 6,6, for i = 1 to n do

— A0,
Tiion = e 77 M,
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Vi, = Aib; + Adr,, Vi1,
Backward Iterations For ¢ =n to 1 do
Fy = G,V; — ad{,(G:V;) + Adf, ., (Fisa)

T; — FZTAZ

3.3.1 Obtaining the dynamic parameters

Now we express the Newton Euler inverse dynamics in a closed form set
of dynamic equations in the form: 7 = B(#)§ + C(6,60) + G. For this the

following stacked vectors are defined.

Vi
V=|:]eR™

Vi

_Fl_
F=]:]|eR™

F,
A 0 -
| 0 A |
G o ;

0o G, ---

GZ: . '2 . ‘ ERGnXGn

| 0 G|
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0 ady, 0
[adv] — [ .V] ' c R6n><6n
0 [advn]
[adAlél] 0 |
0 ad 4 ;
[adAg'] _ [ %292] . € R6n><6n
0 [adAnén]_
_ 0 0 -
[AdTm] 0
W= 0 [Adg,] --- 0 0] e ROwxon
0 0 [Adp, ] O
-AdTw(VO)-
0 6
%ase = . e R™
L O -
_AdTm(%)-
. 0
%ase = . € Rﬁn
L O -
0
Fp = : e R™
tip 0
Ad;’nﬁl’»lyn (Fn+1)

With these definitions, the Newton Euler recursive inverse dynamic equa-
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tions can be assembled into matrix form in the following way:
V=WV + A0 + Vi
V = WV + Ae - [adAG](WV + %ase) + %ase
F=WTF 4 GiV — [ady]" + Fy,
r=A"F

defining L=(I—-W)t=T+W+... + WL

The above equations can be now reorganized using L as follows:

V = L(AO 4 Vigse)

V = L(Ae + [CldAe](WV + ‘/base) + %ase)
F = LY (GiV — [ady|"GiV + F,)
r=A"F

Then the Dynamic parameters are obtained by:
Mass Matrix:

B(0) = AT.LT.Gi.L.A
Coriolis Matrix:
C(0) = —AT LT (Gi.L.[ad 4] W + [ady]".Gi).L.A.6
Gravity Term

G=AT.LT.Gi.LVyy.e
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3.4 Impedance control

When the robot’s end effector is in contact with the environment, a suitable
compliant behaviour has to be ensured. One of the most reliable strategies
to manage the interaction is impedance control. The goal is to keep the
contact force limited both during transient and at steady state by acting on
the end-effector displacement.

Impedance control includes computing the joint control torques guaran-
teeing a given mechanical impedance behaviour when the end effector inter-
acts with the environment, by feeding back end-effector motion and force
variables. The impedance equation can be chosen so as to enforce an equiva-
lent mass-damper-spring behavior for the end-effector position displacement
under the contact force h, acting on the end effector. The impedance control
scheme can be imagined as a virtual spring mass damper system between the

current and the desired end effector configurations as shown in Figure (3.1}

S S

Figure 3.1: representation of impedance control scheme

To achieve the desired mass spring damper model, we impose the following

model on the manipulator.

My(2q — 2e) + Kp(Zqg — @) + Kp(xqg — x.) = ha (3.16)
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Mz + KpZ + K,7 = hy (3.17)

where, My, K4 and K, are the Mass, damping and stiffness matrices of
the manipulator respectively. In Cartesian space, these are generally 6x6
matrices. and

ha=A"Th,

where, A is the mapping between spatial and Analytic jacobian and in case
of quaternions, hy = h,.

Here we define x as a (6x1) vector, where the first three elements of the
vector represent the position of the configuration and the next three elements
represent the orientation of the configuration through either Euler angles or
the vector part of unit quaternions. [3]

Here, ¥ = x4—x., where x4 is the desired configuration of the end effector
and x,. is the current configuration of the end effector. We use the similar

notation for # and z. Therefore from the equation

Md(i'd —$) +KD(.I"d —33) +Kp(l‘d — l’) = hA
Myt = Myiq+ Kpi + K& — ha

MgJai + MyJag = Myiq+ KpZ + Kp¥ — hy

Therefore, we choose the control input to be,

y = J M7 (Myiq + KpZ + KpT — MyJag — ha) (3.18)

For redundant manipulators, the inverse of Jacobian does not exist. So,
we use a pseudo inverse JT of the Jacobian instead of the inverse. For redun-

dant manipulators, the pseudo inverse,
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Jr=JrJgJhHt

We then use this control input on the dynamic model of the manipulator

to obtain the control torque as shown below:

u=By+C+G+ J"h, (3.19)

When the manipulator’s end-effector is in contact with an environment,
a part of the actuation torques are used to balance the torques induced at
the joints by the contact forces and makes the manipulator stiff . So, by
choosing y to be the control input as (7) a compliant behaviour is conferred
on the manipulator.

This obtained control torque is then applied on the manipulator through

joint actuators to get the joint acceleration as shown below.
new =B '(u—C—G—J"h,) (3.20)

The new joint velocities and joint angles can now be obtained by discrete
time integration:

new ¢ = ¢ + dt.new ¢
new q = q+ dt.q

The new end effector position is obtained by the forward kinematics and
velocity kinematics. The new force/moment vector h. is obtained by the
manipulators interaction with the environment. With these new variables,
the process is continued till the desired task is achieved. The block scheme

representing impedance control scheme is shown in figure (3.2
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Figure 3.2: Block scheme of impedance control

3.4.1 Orientation error

As discussed in the previous sections, the orientation of a rigid body can
be represented in various representations. In 3D space the position error
can be easily determined by the Cartesian distance between the points. For
rotation, the error depends on the choice of the orientation description. In

case of Euler angles the orientation error is simply,

A(bde = (bd - ¢e

where ¢4 and ¢, denote the Euler angles representing desired and current
orientations, respectively. The unit quaternions for mutual orientation can
be extracted directly from R, or computed by composition of the Euler
parameters (o1, —q1) and (g2, qz) that can be extracted from RT and R,,

respectively, i.e.

A3 = Qo192 — o2 — S(d1)q2

Let (qod,dq) and (qoe, ge) represent the unit quaternions associated with

R, and R., respectively. The mutual orientation can be expressed in terms
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of the unit quaternions (goge,qj.). The end effector orientation is given as:
3]

qde = Rque

3.4.2 Derivative of Jacobian

As discussed in the previous sections, the velocity mappings provide the
relationship between the end effector velocity and the joint velocities. Ac-
quisition of the acceleration of the end effector requires the computation of
the higher order Jacobian derivatives, in this case, we need the second or-

der derivative of the Jacobian. We know that the mapping between the end

effector velocity and the joint rates is given by
T = Jaq

where ¢ is an (n x 1) vector of joint angle velocities and & is a 6 x 1 vector of
velocities with the first three elements representing linear velocity of the end
effector frame with respect to the base frame and the second three elements

representing the rate of change of Euler angles. It can be observed that the

acceleration at the end effector can be easily obtained by differentiation of

the above equation.

&= JaG+ Jag
For this we need the expression for the derivative of the Analytic jacobian.
We know, J4 = A,.A.J,, let A=A, A= é ;p] .
Therefore,
Ja = AJ,

By taking a time derivative of the above equation, we obtain,
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Jy= AJ, + AJ,

- lo -p .
where, A = .p] and J, = %JT =
Ju Jiz Jig
J21 J22 J23
J31 J32 J33
where,
- cos(y)[cos(2)cos(y)y—sin(z)zsin(y)]4cos(z)sin?(y)y
1 2052 (3)
- cos(y)[sin(y)cos(z)i+cos(y)ysin(z)]+sin(z)sin? (y)y
1 cos*(y)
Jii =0
Ji1 = —cos(z)z
Ji1 = —sin(z)z
Ji1=0
Jll _ 7cos(y)szn(cz'o)szi;)os(z?szn(y.)y
Jll _ cos(y)cos(zc)ozs—gzgz(z)sm(y)y
Ji1=0

A method to obtain the derivative of the Spatial Jacobian is given in [4]

3.5 Related Work

Impedance control is a control scheme suitable for dealing with the mechan-
ical interaction tasks with contact process. The impedance refers to the
dynamic relation between the motion variables of manipulator and the con-
tact force. The origin of impedance control is from the observation and
investigation of the co-activation effect of antagonist muscles of human arm
[5] [6]. Hogan [B] stated that it is not adequate to regard muscle as simply a
generator of force, but a mechanical impedance adjuster of human arm. The

function of muscles is to change the impedance of the human arm to achieve
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elaborate manipulations.

Based on the physical analysis of human manipulations, the concept of
impedance control was introduced to other research fields, and gradually
derived a large number of specific implementation strategies. The imple-
mentation methods can be categorized into two main classes: software-based
approach or Active impedance control and hardware-based approach called
as Passive impedance control.

The hardware-based approach requires not only a proper controller but
also well-designed hardware or special devices to perform particular tasks,
such as RCC (Remote Center of Compliance). T. Morita and S. Sugano [7]
introduced such a new joint mechanism called "Impedance Adjuster” to ad-
just the impedance of the robot finger joint. These are elastically compliant
mechanical devices, suitably designed to achieve maximum decoupling be-
tween translation and rotation, that are interposed between the manipulator
last link and the end-effector. Hogan [1] stated that it is possible to modulate
the end-point impedance without feedback by exploiting the intrinsic prop-
erties of the hardware, which is essentially done in the Passive impedance
control. The inconvenience of such devices is their low versatility to different
operating conditions and generic interaction tasks, namely, whenever a mod-
ification of the compliant mechanical hardware is required. Laurin-Kovitz et
al. [§] achieved the programmability of robot compliance by adopting the
mechanical elements whose stiffness and damping are programmable. Their
approach is called programmable passive impedance (PPI).

The aim of impedance control is that of achieving a suitable active impe-
dance that can be easily modified acting on the control software so as to
satisfy the requirements of different interaction tasks [9].The software-based
approach is a method to implement impedance control by merely adopting
control algorithms without any modification on hardware of system. The
designed controller is capable of imposing the desired behavior defined by

impedance on the original complicated behavior of the end-effector.
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The main task in using a active impedance control is to choose the stiffness
matrix for the manipulator. These stiffness matrices are usually taken as di-
agonal matrices with each element representing the stiffness in the respective
direction [2]. Fabrizio Caccavale, Bruno Siciliano, and Luigi Villani [10] have
presented a method to implement impedance control with non-diagonal stiff-
ness matrix where the off diagonal elements are considered namely, coupling
forces with orientation displacements and coupling moments with position
displacements. Another method with a time varying stiffness is given by
Federica Ferraguti, Cristian Secchi, Cesare Fantuzzi [11]. Even though there
are multiple methods to choose the stiffness matrix for the manipulator, it is
not an easy task to choose these, as it greatly affected by the surroundings.

All the above given methods and approaches paved the way for the imple-
mentation of the impedance control. In this thesis, a method to implement
the impedance control with a moving goal pose is proposed, so that we need
not choose these stiffness matrices for every task. Also, ScCLERP is intro-
duced in choosing these desired poses to ensure the end effector follows the

desired trajectory.
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Chapter 4

Problem Statement and

Solution Approach

In the previous chapters, we have discussed about the dynamics of the ma-
nipulator, and the traditional impedance control algorithm. In this chapter,
we will give a formal definition to the problem we are trying to solve and the

approach to solve this problem.

4.1 Problem Statement

In this thesis we are trying to solve the following problem: For a manipulator
to perform a task involving the manipulation of the surroundings with force
exchange at the end effector and to obtain a compliant behaviour between the
end effector and the environment, we chose impedance control. For success-
ful accomplishment of the task, we have to choose the stiffness and damping
matrices ((Kp) and (Kgq) respectively) of the manipulator carefully depend-
ing on the task. The selection of these elements is not an easy task, since
it is highly affected by the characteristics of the environment. In this thesis,
we intend to come up with a method which helps in accomplishing a given

task and can be repeated to do the same task with different environments
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without any adjustments in the above given parameters.

In the impedance control, the key aspect that drives the manipulator to
perform the task is the joint torques that moves the manipulator to the goal
pose/frame in SE(3). These control torques are obtained from the control
law, which is given in Equation [3.19] The key inspiration here is to obtain
the control torques necessary for completing the task without the change of
the properties of the robot manipulator.

Consider a task of pushing a spring loaded push button, the task in place
here is to push the spring loaded push button with the end effector of the
manipulator till the end of the button so that the button is activated. After
the button is activated, the manipulator should retract, in turn releasing the
button. The manipulator should be able to perform the task no matter what
the stiffness or orientation of the button.

To demonstrate the working of the proposed method against a rotational
constraint, we consider a spherical door knob with loaded torsional spring.
Here the task is, the end effector should reach the knob, grip it and then
rotate the door knob against the torsional stiffness, till it reaches the end of
the rotation. Again, the critical task here is, the manipulator should be able
to perform the task with various knobs with various stiffness’s without the
need to change the stiffness parameters of the manipulator.

Similarly, we take a look at the task of opening a door with a spring
loaded hinge. In this task, the manipulator should first reach the knob of
the door, hold it and open the door which is hinged at the end with a door
closer. Here, the door should be pulled against the torsional stiffness of the
door closer.

From the above examples, we see that the main problem we try to solve
here is the manipulator should accomplish the task if we choose a stiffness
and should be able to accomplish the task even if the task’s stiffness etc.

change while also making sure that the required trajectory is achieved.
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4.2 Solution Approach

As discussed above, the control torque obtained from the impedance control
law tries to drive the manipulator towards the desired pose € SE(3). The

control torque is given by:
uw=By+C+G+J"h,
and the control input y is given by:
y = J M7 (Myiq+ KpZ + Kp& — MyJag — hya)

We know that, for tasks such as pressing a button, the stiffer the button
is, the higher the joint torques are needed to be to accomplish the task
and from the above equations, we can observe that, the control torques are
dependent on the control input y. Traditionally, the values of K, are altered
according to the nature of the environment of the task such that, for a given
environment stiffness K, according to the prescribed interaction task, large
values of the elements of K, are chosen for those directions along which the
environment has to comply and small values of the elements of K, are chosen
for those directions along which the manipulator has to comply. Contrary
to this, in the proposed method, we keep the K, constant to an optimum
value and try to change and move the = to alter the control torque i.e. the
desired configuration € SFE/(3) is changed, such that the task is accomplished.
As compared to choosing the values of Ky, it is easier to choose a moving
desired configuration € SE(3) such that the end effector moves along the
desired trajectory, accomplishing the task.

For a task to be successfully performed using the stated method, the
critical step is to choose the desired configuration, z; € SE(3). For this we
choose multiple z;’s along the trajectory which act as guiding poses along

the trajectory.
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This method consists of two critical steps:

e Choosing a final desired pose, x4, to perform the required task.

e Choosing the intermediate desired (guiding) poses, to make sure that
the end effector stays on the desired trajectory, satisfying all con-

straints.

To choose the intermediate guiding poses, we use Screw Linear Interpo-
lation (ScLERP) to interpolate between the initial and desired poses, thus

satisfying the constraints and performing the required task.

4.3 Implementation

In this section we go through the implementation of the proposed method

for doing the required tasks.

4.3.1 Pressing a spring loaded push button

Consider a task of pushing a spring loaded push button using the method
proposed. The task here is to push a spring loaded push button using the
Baxter arm till it reaches the end and activates the button and then to
retract back in turn releasing the push button. This activity can be divided
into three phases.

Let the end effector be anywhere in the task space. In phase one, we
want the end effector reach a point somewhere near the close proximity to
the button and the z axis of the end effector aligned with the axis of the
button, so that the end effector is ready to push the button. So, we chose
x4 to be near the button’s rest position. When the end effector reaches this
position, we move to phase two. In phase two, the end effector should push
the button till a point where it cannot be pushed any further. Traditionally,
We can directly choose a point at the end point of the button, but, generally
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we do not know the end point of the button or the stiffness of the button. So,
if we choose a point somewhere at the end of the button and the stiffness is
non chosen properly, the required task will not be performed, the comparisons
of this with the proposed method are discussed in the results section. So,
we choose x4 such that the end effector moves along the axis of the button,

pushing it in. It can be chosen as:
Tap = Tep + Awp) (4.1)

where, A is any scalar value and wj is the button axis. x4, and z., repre-
sent the desired and current end effector position respectively. For a chosen
stiffness, the end effector starts moving in the direction such that it pushes
the button. If the stiffness of the button is more such that the end effector
cannot move any further due to its stiffness, we increase the scalar constant
(M) gradually which in turn moves the x, gradually in the direction the axis
of the button and the end effector moves towards it. This can be increased
until the joint torque limits are reached. When the end effector reaches the
end of the button, it senses a higher force and we move to phase three. In
phase three, the end effector should retract back releasing the push button.
So, we choose the desired frame x4 as the initial 4. This method of choosing
the desired configuration can be used to perform any task involving a linear
motion or a prismatic joint. This approach is shown in figures [4.1], [4.2] [4.3]
4.4

4.3.2 Rotating a spring loaded spherical door knob

Similar to the previous task, consider a task of pushing a spring loaded
spherical door knob.Here, the task is to grip the door knob, and rotate it
against the torsional stiffness of the knob till it cannot be rotated anymore.
This can be divided to three phases.

The phase one consists of end effector reaching the knob in such a way
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Figure 4.1: Button, Phase 1, x4 is chosen to be a configuration in a pre pressing

condition.
)(cf Xe

Figure 4.2: Button, Phase 2, x4 moves along the axis of the button.

Figure 4.3: Button, Phase 2, when z. comes to rest, A is increased in turn moving
T4 more.

so that the gripper grips the door knob. In this phase, we choose z; so
that the end effector moves to a pre-grasp pose. We move on to phase
two after the end effector reaches this z,;. In phase two, the end effector

should rotate the door knob about its axis. This can be considered as a
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Figure 4.4: Button, Phase 3, end effector reaches the end of the button, senses
higher force, and x4 is chosen to retract the end effector.

task with pure rotation constraint. In this phase, we choose a set of z;’s
e, (z4(1),24(2),x4(3),....,xq(7)) by interpolating between the initial and a
final desired configuration using ScLERP. Similar to the previous case, the
final x4 can be chosen directly, but we cannot be sure that the constraints
are satisfied. Also, we need to know the stiffness of the torsional spring in
the knob to choose the final z; directly. So, in the proposed method, we
choose the guiding poses from the set of z4’s i.e. 24(i) and when end effector
reaches this pose, we will choose the next x4 i.e., 4(i+1). In this way, we can
make sure that the end effector satisfies the constraints. If the stiffness of
the end effector is not enough to rotate the knob and remains stationary, we
automatically choose the next x; from the interpolated set. We perform this
until the door knob cannot be rotated anymore and the end effector senses a
higher torque. Once this state is reached, we move to phase three. In phase
three, the end effector pulls back the knob while holding it i.e., keeping its
orientation constant.

The implementation of this task is represented in figure 4.5 we here we
can see that a number of guiding x,’s are chosen along the path using screw
linear interpolation, represented by dotted lines in the figure [£.5] When the
torque is not enough to turn the knob anymore, the next x4 from the guiding

4 1s chosen.
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Figure 4.5: Door knob, implementation and choosing x4

4.3.3 Opening a spring loaded door

Consider the task of opening a door loaded with a torsional spring at its hinge.
In this task, the manipulator has to grasp the door at its knob and open it
against the torsional spring loaded at its hinge. Similar to the previous tasks,
this task can also be accomplished in two phases: 1. reaching and grasping
the door and 2. opening the door.

In phase one, the end effector should reach the door knob such that it
can grasp the knob. So, in phase one the desired pose x; is chosen at a
point on the door knob. Phase two involves opening the door while grasping
the knob against the torque provided by the torsional spring loaded hinges.
The intermediate goal poses here are chosen along the circular path created
when opening the door. This circular path is discretized into a sequence of
straight lines using Screw Linear Interpolation (ScLERP) with axis of the
screw present at the door hinge as (z4(1),24(2),24(3),....,24(7)). When end
effector reaches the first intermediate goal pose x4(1), x4(2) is taken to be
current x4 and this process is continued till the door is opened to the required
angle. When the manipulator cannot pull the door any further due to its
stiffness, we choose a temporary x4, xq4(temp) further along the direction of
the discretized path and stop when the end effector reaches the x5 on the

discretized path. The choosing of this x4(temp) can be done using Screw
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Linear Interpolation using;:
Cir)=A®(A*®B)" (4.2)

where, A is any scalar value. x4, and ., represent the desired and current
end effector position respectively. This A is increased gradually when the end
effector comes to rest and does not move anymore. Like in the case of the
push button, this constant can be increased till the joint torque limits are

reached. This is continued till the door is opened to the required angle and
then terminated.

A____ 3 Guiding Poses

N

1

vJ

\T
\T v 1/

Desired Trajectory ‘ !

H.nge L

Figure 4.6: Door, implementation, the x4’s are chosen along the path of the
opening door using Screw Linear Interpolation

The implementation of this task is shown in figures[4.6] [4.7] The cyan
dotted line in the figures show the desired trajectory. In figure [£.6] the x4
is chosen as a configuration on the path of the opening door using ScLERP.
When the end effector cannot move anymore, we choose a temporary x4 along
the direction of the vector between x, and x4 shown in figure [£.7 When the

x reaches the original x4 we choose the next x4 along the path, shown in

figure (4.8
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Figure 4.7: Door , implementation, when the end effector cannot move anymore,
we move the x4 along the vector between x. and x4.

Xe
Desired Trajectory

‘.

Hinge ""---.____ . A\

Figure 4.8: Door , Implementation, Once the current x4 is reached, the next x4
becomes the current x4

4.3.4 Algorithm for implementation

The algorithm to implement the impedance control is given below:

The algorithm is first initialized using ¢, ¢, q, 24, @4, g, dt (time step)
and force at the end effector h.. The current end effector configuration
can be obtained from forward kinematics and Velocity kinematics using q, ¢
respectively shown in step 2.

The dynamic parameters B, C, G are obtained using the joint angles,

velocities and accelerations as shown in 3] The desired pose x4 is now chosen
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using ScLERP as shown in Eq (Eq 4.1} Eq[4.2).

The control input y and control torque are now obtained using the Algo-
rithm [3 Using the obtained control torque, the new joint accelerations are
obtained using the equation shown in step 8.

Using the discrete time integration, the new joint velocity ¢ and new joint
angles ¢ are obtained as shown in step 10. The force at the end effector is
now obtained with the end effector interaction with the environment. Now
the old q, ¢, ¢ are replaced with the new q, new ¢ and new § respectively

and this process is continued till the convergence is reached.
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Algorithm 2: Implementation of Impedance control

1 Initialize ¢, ¢, q , &4, Z4, g, dt (time step) and h, is the force at the
end effector.

2 Obtain z, from z, = FK(q), and &, = Jagq.
3 for ¢ = ti:dt:tf do
4 Obtain the dynamic parameters B, C, G using ¢, ¢, q.
5 Obtain the dynamic parameters with noise Boisy, Croisy, Gnoisy
from the noisy ¢ and ¢ sensor data.
6 Choose x4 according to the proposed method and the required
task (Eq[L.1] Eq[.2).
7 Obtain control input y and control torque u from
FUNCTION(Impedance Control)
8 Using the obtained control torque, obtain the new joint
accelerations ¢.
new =B 'u—C—G—J"h,)
9 new ¢ <— ¢ + dt(new q) ;
new q <— g +dt(q) ;
10 | x.4+— FK(new q);
Te <— Ja.(new §);
11 Obtain force h. at the end effector from interaction with the
environment.
12 q = new ¢;
q <— new ¢;
g <— new (¢;
13 if convergence is achieved then
14 ‘ stop;
15 end
16 end

51



Algorithm 3: FUNCTION: Impedance Control

Input: Mp,Kp.Kp,@, T, T ha
Output: Control input, y and Control Torque u

y = JNM (Myig + Kp7 + KpF — MgJag — ha)

2 where,
hA - A_T(he + hnoise)

and
Jt=Jr(JJh!

,A is the mapping between spatial and Analytic jacobian.
3 Using the control input, the control torque can be obtained by:

U = Bnoisyy + Cnoisy + Gnoisy + JT<h6 + hnoise)

where, Byoisy, Cnoisys Gnoisy are the dynamic parameters of the
manipulator model obtained from the noisy ¢ and ¢ sensor data.
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Chapter 5
Simulation and Results

This chapter of the thesis discusses about the experimental setup used to
demonstrate the given scheme. We use simulations in MATLAB for all the
experiments done. A Baxter robot is used as the reference robot for simula-
tion. A brief description of the Baxter robot, the specifications, parameters
are given in this chapter. The simulation environment and the results of the

experiments are also discussed in the later part of this chapter.

5.1 Baxter Robot

The simulation performed in this thesis is based on Baxter robot[12] by Re-
think Robotics. The Baxter is a humanoid, anthropomorphic robot with two
seven degree of freedom arms including force, position, and torque sensing
and control at every joint. The Baxter SDK allows users to develop custom
software for Baxter. The seven DOF arms provide kinematic redundancy
which greatly improves manipulability.

The joints are named from the base to end in the following order : SO,
S1, E0, E1, W0, W1, W2. The labelled figure of the baxter arm is shown
below (S=Shoulder, E=Elbow, W=Wrist). The link lengths of the baxter

arm used are also shown in the figure [5.1]
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(a) Joint names (b) Link Lengths

Figure 5.1: Parameters of the Baxter arm

For obtaining the dynamic model of the Baxter, we use the following

parameters of the robot arm.
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Hardware specifications:

The hardware specifications of the Baxter robot arm are given below [13].
The maximum payload for the Baxter is 5lbs/2.2 Kg.

Link Masses

The Masses of links measured in Kgs, numbered from base to end effector
are below Table (.11

| Link Mass(Kg) |

1 5.700440
3.226980
4.312720
2.072060
2.246650
1.609790
0.350930

N O Ol = W N

Table 5.1: Link Masses

Center of Mass

The center of mass of each link, measured in mm, referred in the reference
frame of the link are shown below in table 5.2t

| Link =z y z |
1 0.0178 0.0009 0.1913
0.0684  0.0027 -0.0053
-0.0028 0.0013  0.1809
0.0261  0.0016 -0.0112
-0.0017 0.0046 0.1395
0.0604 0.0070  0.0060
0.0020 0.0013  0.0186

N O O W N

Table 5.2: Link Center of Mass (m)
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Inertia

The rotational inertial of each link in kg.m?, expressed in the link frame,

Table (.3l

[Link I, I, L. I,. L. L, |
I 02556 02480  0.0378  -0.0002  -0.0133  0.0000
0.0119  0.0431 00359  -0.0001  0.0032  -0.0009
01677 01695  0.0125  0.0001  0.0061  0.0003
0.0074  0.0149 00107  -0.0002  0.0014  0.0003

2
3
4
> 0.0605 0.0605 0.0038 -0.0021 0.0007 0.0002
6
7

0.0040 0.0129 0.0115 0.0001 -0.0008 -0.0011
0.03742e-3  0.3910e-3  0.3093e-3 -0.0133e-3 -0.0145e-3  0.0049e-3

Table 5.3: Inertia of the links (kg.m?)

Peak Torque

The peak torque specification refers to the maximum amount of torque that

can be applied to each joint. The joint torque limits for baxter arm are shown
in table [5.4]

H Joint Peak Torque (Nm) H
S0, S1, E0, Bl 50
W0, W1, W2 15

Table 5.4: Peak Torque per joint
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5.2 Experiments and Results

We conduct the following experiments in the simulated environment in MAT-
LAB. For these experiments, we use unit quaternion parameterization to
represent the orientation. We choose this to avoid the representation singu-

larities which we get when using Euler angles.

5.2.1 Pushing a Spring loaded push button

As stated in the previous sections, the task of pushing a spring loaded button
is considered. We consider a button which can be found in the house hold
to demonstrate this task e.g., a button on a keyboard, power button on a
CPU etc. For this we consider a circular button with 1cm diameter and 5mm
depth. We choose several stiffness’s for the spring loaded in the button while
we perform the simulation.

We first perform the task with a stationary desired configuration, z; and
later we use the proposed method with the moving x; and compare the
results. We also use different parameterizations i.e., Euler angles and unit
quaternions for the orientation of the end effector and desired frames and the
results are compared.

We choose K, as a (6 x 6) diagonal matrix with all diagonal elements as
150N/m and Kgq is a (6 x 6) diagonal matrix with all diagonal elements as

22.5 Ns/m. We keep these values constant throughout all the experiments.

Stationary desired pose

As stated in the solution approach section, this task is divided into three
phases. First we try to accomplish the task using a stationary desired pose
at placed at the end of the button. So, the desired pose z, is now place at
the end of the button, assuming we know the depth of the button. Here, for

simulation, we choose the stiffness of the button to be 200N/m. The stiffness
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for the manipulator is maintained constant through out our experiments as
this is the main goal of the experiments.

Trial 1: We choose the stiffness of the button to be 200N/m and the
desired pose at the end of the button. The following results are obtained

from the experiment.

0.12 T T T T T 0.14

01 H
‘

‘

|

008 |

'E' |
= 006 |

e, I

0.04

N\
N ¥

0 i

0 05 1 15 2 25 3 0 05 1 15 2 25 3
time [s] time [s]

(a) error in y vs time (b) error in z vs time

Figure 5.2: Button, Error in position vs time, stationary x4, Failed trial

The above Figure [5.2] shows the error in the position of the end effector
with respect to the end of the button and it can be observed that the end
effector fails to reach the end of the button, in turn failing to activate the
button.

The joint torques plot for the above trial are obtained as shown in figure
.3l

Trial 2: As the manipulator couldn’t reach the goal pose in the previous
trial, we choose to move the x4 more along the direction of axis and choose
a frame beyond the end of the button, here we choose the origin of the goal
pose to be a point 5cm moved along the direction of the buttons axis. The
manipulator retracts back as it reaches the end of the button using position
feedback.

The figures [5.4] and [5.5] shows the simulation of this trial.
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Figure 5.3: Button, Joint torques vs time for trial 1, stationary x4, Failed trial
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Figure 5.4: Button, Error in position vs time for trial 2, stationary x4

In the error plots shown in figure [5.6] the figures show the error in y and
z plotted vs time. In the plots, region between red and blue dotted vertical
lines represent phase two. The curve before the red vertical line shows the
approach of the end effector toward the z, in phase one. The pressing of the
button is done between the red and the green lines. As the error becomes

zero, the phase three starts, i.e. the curve after the blue dotted line. The
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Figure 5.5: Button, Error in position vs time for trial 2, stationary x4
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Figure 5.6: Button, Error in position vs time for trial 2, stationary x4

force vs time plots are as shown in figure [5.7]

Similar to the error plots, the region between the red and blue dotted
vertical lines represent phase 2. In phase two, the peak force is observed at
the end of the phase two, i.e., the button is totally pressed and the release
of the button is shown after the blue dotted line. The joint torques of the

manipulator vs time plot is shown below.
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Figure 5.7: Button, Force vs time for trial 2, stationary x4
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Figure 5.8: Button, Joint torques vs time for trial 2, stationary xy

Trial 3:As the task is achieved using this method, this method is tested

on button with higher stiffness. So, we choose another button with higher

stiffness i.e. 400N/m. The results are as follows:

From the error plots shown in figure 5.9, we can observe that the end
effector does not reach the end of the button, in turn not activating it. From
the above results, it can be observed that, if the stiffness of the button is

altered, the stiffness of the manipulator has to be tuned in order to perform
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Figure 5.9: Button, Error in position vs time for trial 3, stationary x4, Failed
trial
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Figure 5.10: Button, Joint torques vs time for trial 3, stationary x4, failed trial

the task and this tuning differs from button to button and is not feasible
to the user in real life. Also, the stiffness or the properties of the button
i.e., depth etc. are unknown, performing this task on various buttons would
be a problem. So, now we try to perform the same task using the method

proposed in this thesis.
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Moving Desired pose

As stated above, we choose a constant stiffness matrix for the manipulator
throughout the experiments. In this case, we choose the desired pose x4 as
discussed in chapter

Trial 1: The stiffness of the button is chosen as 200N /m and the desired
pose is selected as discussed in chapter [4l The following results are obtained
from the experiment. Figures and show the simulation for this trial.

0.5 —
0.4 —
=03+

0.2 —

0.6 0.1

0.4
0.2 0 05

0.2 0 ¢ 07 08 05 04 03 02
vt 0 x(t) S 0.1 00 x()

(a) Initiation of phase 1 (b) As the end effector reaches x4 in phase
1, the origin of the frame x4 moves along the
direction of the axis of the button

Figure 5.11: Button, moving x4, Simulation, Trial 1

The plots are shown below. Similar to the previous section, the region
between the red and blue vertical dotted lines in the plots represent phase 2.
In the error plots [5.13] the initial curve before red line shows the approach
of the end effector towards the initial z4. In phase two, the button is totally
pressed and the error becomes zero at the end of the phase two, shown by
the blue dotted vertical line. The release is shown by the curve after the blue
line.

In the force plots ,fig |5.14} it can be observed that, when a higher force
is observed, the end effector retracts back and the peak force is observed at
the end of phase 2 (blue line).

63



0.7 0.6 0.5 0.4

7
0.2 0.1 0] 07 06 05 04 03 02 0.1

OY(BU X(t) o o % Xy

(a) If the z. comes to rest without reaching (b) Retraction
T4, A is increased

Figure 5.12: Button, moving x4, Simulation, Trial 1
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Figure 5.13: Button, Error in position vs time for trial 1, moving x4, K = 200
N/m

Figure[5.15/shows the plot of joint torques vs time. Similar to the previous
case, we observe a change in the torques at the end of phase 1. The small
bumps in the torque plot near the end of phase three is due to the change of
A, which in turn increases the joint torques, moving the origin of x4 further
along the axis of the button when the x. comes to rest. The region after the

green line shows the retraction of the end effector.
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Figure 5.14: Button, Force vs time for trial 1, Moving x4

Figure 5.15: Button, Joint torques vs time for trial 1, moving x4, K = 200N/m

Trial 2: As the previous trial turned out to be successful we increase
the stiffness of the button to show that the proposed method would work at
various stiffness’s. Now, the stiffness of the button is chosen to be 400N /m.

Again, here the curve between the two vertical lines represent phase two.
From the error plots (Figure , we can observe that the error becomes
zero even when the stiffness of the button is increased. This shows that this

proposed method with the moving desired pose accomplishes the task even

torque N-m
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Figure 5.16: Button, Error in position vs time for trial 2, moving x4, K = 400

N/m

though the environment variables change. Similarly, the force plots are as

follows, figure [5.17}
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Figure 5.17: Button, Force vs time for trial 2, Moving x4

From the force and error plots, it can be observed that the required task
is performed i.e., the button is pushed till the end and activated. We can
observe from the torque plots (figure [5.18)) that this is achieved while the

joint torques are still within the limits.
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Figure 5.18: Button, Joint torques vs time for trial 2, moving x4, K = 400N/m

5.2.2 Rotating a Spring loaded spherical door knob

We now move on to a task where where have to manipulate an object with
a revolute constraint. So, we use a torsional spring loaded spherical door
knob. Similar to the push button task, we compare results of performing
the task with a stationary desired configuration and with a moving desired

configuration.

Stationary desired configuration

For this task, we consider a knob whose maximum rotation angle is 1.4
radians ~ 80°. We consider the stiffness of the spring loaded in the knob to
be 10 Nm/rad. For comparison we first perform the task using a stationary
desired configuration.

Trial 1: For this trial, we use a desired configuration as a frame which
is rotated about 1.2 radians from the current end effector configuration, x.
and we rotate the end effector about the axis of the door knob. When the
error in the orientation with respect to the desired pose becomes zero, the
knob is pulled back with the end effector. The stiffness of the knob in this
trial is considered to be 10Nm/rad. The simulation is shown in figures
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Figure 5.19: Knob, Stationary x4, Simulation
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Figure 5.20: Knob, Stationary x4, Final configuration

The results from the experiment are shown in figure and figure [5.22}
For simplicity in simulation, the axis of the knob is taken parallel to y
axis. The red dotted vertical line in the plots [5.21] represents the start of
phase 2. As we can observe, if we choose the angle to which the knob should

be rotated exactly, in this case, 1.2 radians and for given stiffness, the end
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Figure 5.22: Knob, Stationary x4, Joint torques vs time
effector could not rotate the knob till the end, which can be seen in plot

5.21f(a). From these, we can consider that the trial is unsuccessful. So, we

now perform this task using the proposed method.
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Moving desired configuration

As it can be observed, the previous trial was unsuccessful. Now the same task
is performed using the proposed method. A set of guiding x4’s are obtained
using ScLERP. When the end effector rotates the knob till the end i.e., till it
cannot be rotated anymore and senses high torque, the door is pulled back.

The simulation is shown in figures and [5.24}
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(a) Initial Configuration, x4 is chosen to(b) Initialization of Phase 2, x4 be using
grasp the knob ScLERP

Figure 5.23: Knob, moving x4, Simulation

The results from the experiment are as follows: Figure [5.25](a) represents
the error in knob angle vs time. It can be observed from the plot that the
required angle of rotation for the knob is achieved for the same stiffness used
in the previous trial. The region between red and blue vertical dotted lines
represent phase 2. We can observe that the error becomes zero at the end of
phase 2. When the knob is rotated till the end, a higher torque is observed,
which can be seen in figure [5.25(b) and when this point is reached, the knob
is pulled back. The plot of the joint torques can be seen in M(b) From the
obtained results, it is observed that the required task is performed i.e., the
knob is rotated till the end and this task is achieved while the joint torques

are within the limits.
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5.2.3 Opening a door

In this experiment, the task of opening a door which is loaded with a spring
at the hinge, while holding the knob, is performed. We consider a normal
interior door which can be found in any household. The distance from the

door knob to the hinge is taken as 70cm. According to ADA, ”Interior doors
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Figure 5.26: Knob, Moving x4, force in y and joint torques vs time

should require no more than 5 lbs. of force to open”[14]. Taking this into
consideration, for the spring loaded at the hinge of the door, we consider the
stiffness to be 10Nm/rad.

For this task, the trial is considered to be successful if the end effector
successfully opens the door till the required angle i.e., it should be staying

on the required trajectory while holding the door.

Stationary desired configuration, x,

For this trial, the desired configuration is chosen to be a stationary frame at
where the door is opened for a 30°. The results are as follows:

The achieved trajectory by choosing the x4 as a pose obtained by rotating
the door 30° is shown in Figure [5.27] xy view of the task being done. It can
be observed that the end effector does not follow the required trajectory
Also, the end

effector could not reach the x4 even when it is not on the desired trajectory.

when we choose the desired configuration as given above.
Therefore, the required constraints are not met if the goal pose is directly

set to the end pose. The joint torques obtained are as follows:

From the figure [5.28] we can observe that by choosing a stationary frame
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Figure 5.28: Door, Joint Torques vs Time, stationary x4, failed trial

at the end, the achieved joint torques are very high, beyond the joint torque
limits. As it can be clearly inferred from these observations that this method
is not feasible for this task, we move on to perform the simulation of per-

forming this task in the proposed method.
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Figure 5.29: Door, Moving x4, Simulation
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Figure 5.30: Door, Moving x4, Simulation and Trajectory

Moving desired configuration, x4

For this task, the desired configuration z,; is chosen along the path of the
movement of the door knob when the door is being opened. The configura-
tions along this path are obtained from Screw Linear Interpolation. For this
experiment, we consider the task successful if the door is opened for about

30°. When the chosen stiffness of the manipulator is not enough to perform

74



the task, thus keeping the end effector in rest. In this situation, we choose the
desired configuration as shown in Chapter [l and we perform the simulation.
The simulation performed in MATLAB is shown in figures [5.29/5.30l Figure
shows the trajectory achieved and we can observe that the achieved
trajectory as desired.

The results are as follows:
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Figure 5.32: Door, Joint Torques vs time, Moving x4
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The red vertical dotted line in the plots represent the begin of phase 2,
i.e., opening the door. The figure [5.33]| shows that the door is opened about
an angle of 30°. From figure [5.31] and figure [5.32, it can be inferred that,
even though the force at the end effector is constantly changing throughout
the task, the impedance controller compensates for it, rendering the task
successful. The bumps in the joint torque vs time plot (Figure shows
the increase or change of the torques whenever the desired pose is moved.
Also from the Figure|5.33] we can see that the door is opened to the required
angle. From these results, we can infer that by using this method, the task
is successfully executed where it is unsuccessful by using the traditional way.
To simulate the real world scenario in the experiment, we introduce noise to
the force/torque wrench which is pretty common in the force torque sensors
at the end effector. We introduce a normally distributed noise with mean ON
and standard deviation 0.01N. The results are as follows:

Similar to the previous trials, the vertical dotted red line indicates the
initiation of phase 2. This trial is also successful as the door is rotated till
the needed angle and the joint torques are still in limit. Multiple Trials are
now performed to check the noise level at which this fails, shown in Tab[5.5
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H Trial Standard deviation Result Notes H
1 0.01 Pass -
2 0.02 Pass -
3 0.05 Pass -
4 0.09 Fail  Joint torque limit reached

Table 5.5: Results with noisy sensor data
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Chapter 6
Conclusion

Impedance control is one of the well-established technique to control the in-
teraction control in robot manipulators. In this thesis we propose a method
to accomplish and implement the impedance control algorithm without the
need to select and tune the stiffness and damping coefficients for the manip-
ulator for every task.

We consider multiple household tasks as examples for demonstration of
this study such as pushing a spring loaded push button, rotating a spring
loaded door knob, opening a door. We chose these tasks to show the func-
tionality of this method against tasks with various constraints i.e., tasks with
position and orientation constraints.

The approach is summarized as follows: We select an optimum stiffness
constant for the manipulator and keep it constant.While performing a task,
if the stiffness selected is not enough to produce joint torques enough to
accomplish the task, we move the desired goal frame in a way such that the
(xq—x.) generates enough torque and guide the end effector in way to perform
the task. Screw Liner Interpolation(ScLERP) is used to obtain the guiding
or intermediate desired poses to make sure that the end effector satisfies the
task constraints. This method is performed with different parameterizations

for representation of the orientation of end effector i.e. both Euler angles
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and unit quaternion representations.

This method is then simulated on a Baxter Robot Arm in MATLAB and
we were able to successfully perform the given tasks using this method with
variations in the mechanical features of the environment (stiffness, position

and orientations).

6.1 Future Developments

Since, the experimental part of this is done in simulations, for the future
work, the proposed method can be validated on an actual robot. The exper-
iments done only used a constant screw motion. In order to perform those
tasks, whose motion does not consist of a single screw, a screw segmentation
techniques can be used and the desired posed can be chosen as given in the

proposed method.
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