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i Robot Control

= Control of one joint motion:
= PID controller

= Control of the manipulator motion:
= Trajectory planning
= Motion control in joint space
= Motion control in operational space

= The Dexter Arm example:

= Mechanics, Kinematics, Control, Software
interfaces



‘L Scheme of a control system

A control system provides Positon |  Control
a command in voltage or unit

current to the actuators
(motors) such that the
joints reach a desired
configuration
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i Scheme of a control system

Opposite-sign voltages
produce opposite

Encoder - Vy rotations of the motor
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i Scheme of a control system

Encoder: sensor measuring

joint rotations, either as an Position Control

absolute or a relative value. unit
The measurement is given in

“encoder steps” Encoder = & |

Reducer: mechanism by b\i\ Reference signal
reducing the motor rotations Moto /Q‘ pe

with respect to the rotations §®

of the axis mounted on the N \& = Power
motor (ex. 1:k reduction) amplifier

Power amplifier: it
amplifies a reference signal
into a power signal for
moving the joint

Control unit: unit
producing the reference
signal for the motor

Power supply



Relations between joint
i position and encoder position

= g: joint angular position (in degrees)
= 0: joint position in encoder steps
= K: motor reduction ratio

= R: encoder resolution (number of steps per
turn)

0 x360°
1= " Rxk




i Control of one joint motion

= Objective: move the joint from the
current position g; (in degrees) to the
desired position g, in a time interval ¢:

4 =



Closed-loop (feedback) control

= The variable to control is measured and compared
with the desired value

= The difference, or error, is processed by an algorithm

= The result of processing is the input value for the
actuator

. e V
Desired R CO”_”Ol > Actuator
value  + algorithm

Sensor

Current position




PID control

(Proportional, Integral, Derivative)

= Itis a closed-loop control in which the error is processed
with an algorithm including Proportional, Integral
and Derivative components.

= The algorithm processes the error and provides an input
to the actuator, with 3 components:

= Proportional, producing a correction proportional to
the error;

= Integral, producing a correction given by the error
integral in time;

= Derivative, producing a correction which is a
function of the error first derivative.

= Not all closed-loop control systems use a PID algorithm



PID control

(Proportional, Integral, Derivative)

= In a PID control system, the error is given to
the control algorithm, which calculates the
derivative and integral terms and the output
signal V

. e Vv
Desired > PID > Actuator
value ( J

Sensor

Current position




PID control

(Proportional, Integral, Derivative)

V =K, + K& +K; [ e, (t)t

eq :qd _qa
de

6 =—1

T dt

= K, is the proportional gain or constant
= K;is the /ntegral gain or constant
= K, is the derivative gain or constant

= €, is the error, i.e. the difference between

the desired position and the current position



i PID control

Proportional term

= The voltageV given to the motor is proportional to
the difference between the actual position measured
by the sensor and the desired position

+ €, vV
Hd < J - K*e, | Motor
ed T

desir -

position RO,I,DOt

q, (actual position) }
Encoder




i PID control

Proportional term:

= The voltageV given to the motor is proportional to
the difference between the actual position measured
by the sensor and the desired position

V =K,
eq =04 — 0,

K5 : proportional constant



i PID control

Proportional term: system behaviour

Cloged-Loop Step: Kp=300 ¢ The mOtOr

' - - oscillates before
converging
towards the
desired position
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i PID control

Derivative term:
. deq
eq = —
dt
V = erq + Kdéq Ky derivative constant

eq :qd _qa

Error derivative in time



i PID control

Proportional and derivative terms:

Desired
position: 1

Displacement {m)
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i PID control

Integral terms:

Kijeq (’[)dt Error integral in time

V =K, +K;[e,(t)t
eq =0y — 4,

K : integral constant



i PID control

Proportional and integral terms:

Desired
position: 1

1.4
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i PID control

= Proportional, Integral and Derivative terms:

V =K,e, + K& +K; [ e, (t)t
eq :qd _qa
— deq

6 =1
T dt



i PID control

= Proportional, Integral and Derivative terms:

Closed-Loop Step: Kp=350 Ki=300 kd=3300
g S S

ﬁ ° Kp' Kd/ K/
08} i constants
£ are set
: empirically
2 04 or with
EDE specific
| methods
I]III IIIjE 1 1j5 e

Time (sec)



Control of robot manipulator
motion

= Objective: to have the robot arm moving
from a starting position to a final position,
both expressed in operational space
coordinates

= In general, the control problem consists in
finding the torques that the actuators have to
give to the joints, so that the resulting arm
motion follows a planned trajectory



i Trajectory planning

Objective: generate the reference inputs to the
robot control system, which will ensure that the
robot end effector will follow a desired trajectory
when moving from X to X

= PATH: set of points, in joint space or
operational space, that the robot has to reach
in order to perform the desired movement

= TRAJECTORY: path with a specified time
course (velocity and acceleration at each point)



i Trajectory planning

Objective: generate the reference inputs to the
robot control system, which will ensure that the
robot end effector will follow a desired trajectory
when moving from X to X

= INPUT DATA:
= Path definition
= Path constraints
= Constraints given by the robot dynamics

= OUTPUT DATA:

= in joint space: joint trajectories {alo, a0, 40}
= in operational space: end-effector trajectory {p(1), (), v(1), (1)}



i Trajectories in joint space

= Between two points: the robot manipulator must be
displaced from the initial to the final joint
configuration, in a given time interval t.

= In order to give the time course of motion for each
joint variable, we can choose a trapezoidal velocity
profile or polynomial functions:
= Cubic polynom: it allows to set

= the initial and final values of joint variables g; and g
= the initial and final velocities (usually null).

= Fifth-degree polynom: it allows to set
= the initial and final values of joint variables g; and q
= the initial and final velocities
= the initial and final accelerations.



i Trajectories in joint space

Trapezoidal velocity profile:

= Constant acceleration in the starting phase
= Constant cruise velocity

= Constant deceleration in the arrival phase.

The corresponding trajectory is mixed
polynomial: a linear segment connected to
parabolic parts in the neighbourhood of the
initial and final positions.



‘L Trapezoidal velocity profile
I\

Position

Velocity

Acceleration

....................

Note: velocities
and accelerations
at the initial and
final times can be
different from zero



i Trapezoidal velocity profile

Position
i

|

Velocity
q

Acceleration
g
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£ =
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€
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First phase:

1
qi(t) =qi+=at® 0<t<t,

2

Second phase:

I
g2(t) = qi+act:(t — _Ej

7 o<t =< (ty—1)

Third phase:

1
G=dr—5t(t—t)*  (t—t)<t=t



Trajectory interpolation
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Fig. 6.2 Trajectory interpolation through n via points - linear segments with parabolic transitions
are used



Trajectories in operational

i space

= The trajectory planning algorithm
generates the time course of motion of
the end effector, according to a path of
geometric characteristics defined in the
operational space.

= The result of planning is a sequence of
n-uples: (p(t), @(t), v(t), o(t))



Robot kinematics and
i differential kinematics

Kinematics x- o
y q1

z q

X = lfgq) X = ® q= q;

q=k " (x) 9 7
k() = equations of direct kinematics V. g5

Differential kinematics

x =](q)q Velocity space

q =] (x
J(g) = Jacobian matrix




‘_L Robot kinematics and dynamics

Robot dynamic model

T=B(q)§+C(q,9)q+F,q+ g(q)

T = torque

B = inertia term

C = Coriolis term

F, = friction coefficients
g = gravity terms



i Robot control

Motion control can be done in
= joint space
= operational space



i Motion control in joint space

= It can be used for moving the end-effector
from x; to x4 expressed in the operational
space, without taking into account the
trajectory followed by the end effector

= The final position X, is transformed in the
corresponding final position in joint space qg,
by using the inverse kinematics transformation
dg = K (Xg)
= All joints are moved from the current position
q; to the desired position gy



i Motion control in joint space

= The trajectory of the end effector in the
operational space is not controlled and
it is not predictable, due to the non-
linear effects of direct kinematics



General scheme of robot control

‘L In joint space

Trajector X Inverse + q u T Robot X
jectory T . 4 + q » Control\ —» Actuators ——» : -
planning kinematics mechanism




Motion control in joint space

PD position control

. . >
Diagonal matrix K,

A

qr Ei + (1] S
+ » K Robot
+ P "

u=K,(q, — q) — Kyq.



Motion control in joint space

PD position control




Motion control in joint space

PD position control

Setting the K, e K, parameter matrices:
= Fast response: high K

s K, sets the best damping and guarantees
a fast response without oscillations

= The K parameters needs to be set
independently for each joint



Motion control in joint space

PD position control with gravity
compensation

u=K,(q, —q) - K;q+2(q).

Kar i
q q LY + __u —ii}
4 :@ » K, - Robot q

-T >
_ + L
g(q) 1




Motion control in joint space
based on inverse dynamics

Robot

ooMew B(q)i+C(q.q)q+F.q+g(q)=u.
g(q) |« |
+ ) L d=B"(q) (v (C(q.a)q+Fuq+g(a))).
< @
E |
(<t - | n(q.q) = C(q.q)q+ Fuq +g(q).
u :é_ > B ]([I) (l » j(‘ | [I ) f q ) E(q}q_l_“(q!q) =T.

. 1 .
The direct dynamic model of a robot mechanism q= B '[':U {“ o “l:f], f])} :



Motion control in joint space
based on inverse dynamics

_Robot
| n(a. ) ¢
B(q)§+C(q.9)q+F,q+g(q)=u.
e | q
——{ @ Bla)—— [ 4 [ >
i i=B"(q)(u—(C(q,q)q+F.a+gq))).
fi(q, §)[3 q

. 7.7 Linearization of the control system by implementing the inverse dynamic model

Let us assume that the robot dynamic model is known. The inertial matrix B(q) is n(q.4) = C(q.4)q + Fq+2(q).

an approximation of the real values B(q). while fi(q. () represents an approximation

of n(q,q) as follows . .
i(q,q) = C(a.4)q +F.q+£(q). . .
B(q)4+n(q.q) =7

The controller output u is determined by the following equation

u=1B(q)y+i(q.q).
i=B"(q)(u—n(q.q)).

where the approximate inverse dynamic model of the robot was used.



Motion control in joint space
based on inverse dynamics

— > B(q)

Robot
n(q, q) |,
q
B'(q) J /
. EI
n(q. q) | q

. 7.7 Linearization of the control system by implementing the inverse dynamic model

B(q)

Robot

n(q. q)

y=1{(,+ Kp(':lr — '[1) + Kd{flr — ":l)



Motion control in joint space
based on inverse dynamics

Position control

i v =i, +Kp(q,—q) + Ka(q,— q).

A Inverse dynamics
v ) q -
= B(q) Robot q
q, B ——
(g, 4)f°
q,
q, Position ¥ R Invcrslc u Robot >
q, \ control dynamics -

A A A T

Fige. 7.9 Control of the robot based on inverse dvnamics



Motion control in operational

i space

= In the movement from x; to x, the robot
end effector follows a trajectory in the
operational space, according to a
planned time law.

= e.g. linear or curvilinear trajectory



Motion control in operational

i space

= [0 make the robot follow a trajectory

(€, p(D), ©(t), v(t), o(t))
= [0 set joint velocities and accelerations in
time, in order to reach the final desired
position, expressed in Cartesian coordinates
(Jacobian)

= [0 set voltages and currents to give to the
motors in order to apply to the joints the
velocities and the accelerations calculated
with the Jacobian




i Differential kinematics

Set the relations between the joint
velocities and the corresponding angular
and linear velocities of the end effector.
Such relations are decribed in a
transformation matrix (Jacobian) which
depends on the robot configuration.



i Differential kinematics

Geometric Jacobian = transformation matrix
depending on the current robot configuration

v=| " 1=3(q)
Q

J(q) = geometric Jacobiano

p = linear velocity of the end effector

o = angular velocity of the end effector
g = joint velocity



i Differential kinematics

To find the joint velocities given the end effector
velocity in operational space

v=|"1=3(a)
_a)_
q = J ‘l(q)| P J-1is the inverse Jacobian
0

Integral numerical methods allows to find the g vector
from the vector of joint velocities



Motion control in operational

‘_L space

based on the transposed Jacobian matrix

4,@_,“*’ O K, T 0T s Robot e

k(-) =

Control based on the transposed Jacobian matrix

f=K,%. u=J"(qf.
f = force at end effector



Motion control in operational

‘_L space

based on the inverse Jacobian matrix

! T - J—l{q} = K —— Robot » !

K(-) =

Fig. 7.11 Control based on the inverse Jacobian matrix

x=Jqq < —=Ja)5- q=J"'(q)%.

dt  for small
displacements

—

u=K;q.



Motion control in operational

‘_L space

PD control with gravity compensation

K; |« = J(q) |«
i - - —Illr-
2@l K, @10 @ Robot g
il + ——
X
- x=J(q)q.
olq) fe—
f=K,x— K.
k() |« T, .
u=J"(q)f+glq)

PD control with gravity compensation in external coordinates



Motion control in operationa

Spdce
based on inverse dynamics

Position control

X 7
L . Y NS | Inverse dynamics
Robot
Xr i — X -
(X = K
A % ’ N
i - n(q, q)
J(q) e
S kO [«
Direct kinematics
=L " q
X, Position Inverse u -
- , > Robot q
X, control dynamics
k. 3

1

Direct
kinematics

Fig. 7.13 Robot control based on inverse dynamics in external coordinates

v

x=J(q)q. (7.33)
By calculating the time derivative of equation (7.33), we obtain
%= J(q)d+J(q.4)q. (7.34)

The error of the pose of the robot end-effector is determined as the difference be-
tween its desired and its actual pose

X=x,—x=x,—Kk(q). (7.35)
In a similar way the velocity error of the robot end-effector is determined
X=%—%x=%—J(q)q (7.36)

The acceleration error is the difference between the desired and the actual
acceleration .
=% % (7.37)
When developing the inverse dynamics based controller in the internal coordinates,
equation (7.19) was derived describing the dynamics of the control error in the form
q+ Ky + K,q = 0. An analogous equation can be written for the error of the end-
effector pose. From this equation the acceleration X of the robot end-effector can be
expressed
X+KX+Kx=0 = i=%+KxXx+K)x (7.38)

From equation (7.34) we express ¢ taking into account the equality y = ¢
y=J"(q) (x—J(q,4)4).- (7.39)

By replacing X in equation (7.39) with expression (7.38), the control algorithm based
on inverse dynamics in the external coordinates is obtained

y=7 '(q) (% + Kak + Kpx — J(q,4)q) - (7.40)

The control scheme encompassing the linearization of the system based on inverse
dynamics (7.31) and the closed loop control (7.40) is shown in Figure 7.13.



Motion control in operational

‘_L space

Trajectory p|anning Joint velocities
p(®) . .
t o p(® q()
JH(p()
ﬁ
P /\/\__
Positionin ' Velocity of the® Joint velocities!
operational space, end effector, In time
In time In time

P, O, PO, o) (¢ 4)



ﬁ Force control
B(q)i+Clq.q)q+Fq+g(q)=1 eEIIcS:;glfforces Robot

n(q,q) = C(q,q)q+Fq+g(q),
) . T Mq) [«
B(q)q+n(q.q)=7-J (q)f.
B(q)q+ n(q? q) + JT(q)f: u. + + n{q_ q] I
e
. ol : T
Q=B '() (-n@a -V @n).
. . N | - : LI f
u=B(qy+i(q.q) +1"(@f 2 f B —iGE} OBl [ s 0
: +1 | -
Linearization S W— y
- with dynamic . B q I
model 4@;)47 n(a.q) [ q |
! + :
Linearization of I17(q) |« f
contact force

Fig. 7.14 Linearization of the control system by implementing the inverse dynamic model and the
measured contact force



Force control

Xy f
L . ) ¥ >
X Position ¥ Inverse u q
?l"—:- : . d i > Robot . e
Xp contro YNAMICS [ qa,
F " FE B
.
.
X -
Direct -
kinematics |«

Fig. 7.15 Robot control based on inverse dynamics in external coordinates including the contact
force



‘L Force control

L J

Y

O B!

L 4
Ty
Y
—

F,

A

calculated

Fig. 7.16 Force control translated into control of the pose of robot end-effector

i‘: B(:ic: + F(:j‘u'

X =B (F- Fex.).

N, X, X,
[ - > — -
d Force Parallel Position ¥ ers u q
— . . SR _ Lot Robot —
controller X, | composition | X control dynamics q .
) " " x T 53 o
X .
. Dhrect -
: kinematics |«

Fig. 7.17 Direct force control in the external coordinates

(7.48)

The matrices B, and F, determine the movement of the object under the influence
of the force f. From equation (7.48) the acceleration of the virtual object can be

(7.49)



Performance of a manipulator

= Payload: maximum load

= Velocity: maximum velocity in operational space

= Accuracy: difference between the position

calculated by the control system and the actual
position

= Repeatability: measure of the robot capability to

reach the same position (function of the control

system and algorithm, in addition to the robot
characteristics)



i KUKA KR 15/2

= Dof: 6

= Payload: 15 kg

= Max. reach: 1570 mm

= Repeatability: <+ 0.1 mm
= Weight: 222 kg




‘_L PUMA 560

= Dof: 6

= Payload: 2 kg

= Velocity: 1.0 m/s

= Repeatability: <+ 0.1 mm
= Weight: 120 |b = 55 Kg




‘_L Dexter Arm

= Cable actuated
= d.o.f.: 8

= Workspace: 1200 mm x 350°
= Repeatability: £ 1mm
= Velocity: 0.2 m/s
= Payload: 2 Kg

= Weight: 40 Kg




i Manus
Lower arm

= Cable actuated ~
n d.o.f.: 6 Wrist
= Velocity: 0.2 m/s

= Payload: 2 Kg e
= Power: 24V DC

= Weight: 12 Kg Support unit

+— E|bow

+«— Upper arm

'\\’
«— Shoulder

/
Handle

__._—-—'

Column/base Lift unit

/

Attach-
ment to
wheelchair



i DLR Arm

14 kg +-170°
14 kg +/-120
+/-170°
120%/s ol 120°
TR-P-R-FP-R-P-F) +-170° |
936 mm +80/-45° _
DLR-Robodrive ( +60/-30°
Harmonic Drive

2 Position, 1 Torque Sensor K

6-DOF Force/Torgue Sensor

Electromagnetic Safty Brake

48V DC _ | 7

Fosition-, Torque, - Impedance Control
Control Cycles: Current 40 kHz; Joint 3 kHz; Cartesian 1 kHz

Integrated Electronics, internal Cabling, Communications by
optical SERCQOS-Bus



http://www.dlr.de/rm/en/resourceimage.aspx?raid=3953

The Dexter Arm



‘L The Dexter Arm

= Workspace: 1200 mm x 350°
= Repeatability: + 1mm
= Velocity: 0.2 m/s

= Payload: 2 Kg

= D.o.f.: 8

= Power: 24V DC

= Weight: 40 Kg




= 8-d.o.f. anthropomorphic
redundant robot arm, composed
-s% of trunk, shoulder, elbow and
o wrist

g / = designed for service applications
= o and personal assistance in

A gl residential sites, such as houses
or hospitals

= mechanically coupled structure: the mechanical transmission
system is realized with pulleys and steel cables

= Mmain characteristics: reduced accuracy,lighter mechanical
structure, safe and intrinsically compliant structure



i The Dexter arm

= [ransmission system
realized with pulleys and
steel cables

= Joints JO and J1 are
actuated by motors and
driving gear-boxes

directly connected to the
articulation axis

= Joints J2,..,]J7 are
actuated by DC-motors
installed on link 1



‘L Transmission #6

~— MOTOR GROUP

o
DO N Y’ B i v o)
: V47 DRIVEN PULLEY

DRIVING PULLEY —




Transmissions #2-5 and 7

INTERMEDIATE PULLEY

—— DRIVEN PULLEY

i
’

12,K2,C2

L3,K3,C3 — /

D2
L1,K1,C1 —/

DRIVING PULEY




Anthropomorphic structure

Wrist

Shoulder

Link 1, Axis 1

Elbow

"7 Link 2, Axis 2

\ Link 3, Axis 0
KA o
21

Trunk

- Link 2, Axis 0




‘L Kinematic Configuration




* Denavit-Hartenberg Parameters

Joint a, [mm] d. [mm] o, [rad] 0. [rad]
1 0 0 /2 0,
2 144 450 -1t/2 0,
3 0 0 /2 0,
4 -100 350 -7i/2 0,
5 0 0 /2 0,
6 -24 250 -i/2 0,
7 0 0 /2 0,
8 100 0 0 Og




‘L The Dexter Workspace

6&. Cenre of Atachflang e -
.:.QE:: < / 1
) '}*'—'j & ’,::f 'z;\‘-.... 2285 -‘
B L U i
: : PR AT
phil SR, EiEnsn
--______.5' ~ 8 ,'.:\;..';5{.:-3 ) ' ;
Rest posttior] ;=1 Max extersion position ;
| < g !
800 : !
;
;
N\ <N 7
) y
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FLOOR ’




Joint Ranges

JOINT 3, -90/480

JOINT 7
i

JOINT 6 -

JOINT 5; -90/+00

JOINT 4

JOINT3 -

- JOINT 3, -90/+80

e JOINTS 4 3
ﬂmb J\ L &
AC fl

JOTNT 6 JOINTAS BB e

JOINT2.
Angles valyes from givan patilion:
ch ter Ooelwnuoi = poslive:
ize) 8 negalhy
JOINT 1, - J,-i-QO

JOINTDO, -210/0

MOBILE BASE ~

-~




Control system

Control
CPU

||

Axes control

Sleubis aoualsjoy

boards
PID

A 4

Power

sJiojow

ay) 01 sabeyjon

drivers

ADIDA |«
converter

kL

Encoder signals

Dexter
(actuators and
encoders)




i Software architecture

Command library

—

Arm Controller

ARM




i Software interfaces

Current position reading

- In joint space:
bool read_arm_qg (double* g)

= @. pointer to a 8-double array containing the arm position
in joint degrees

- In Cartesian space:
bool read_arm_c (double* p)

= p: pointer to a 6-double array containing the end-effector
position in mm and orientation in degrees, in Cartesian
space



i Software interfaces

Motion commands
- In joint space:

bool move_arm_qg(double* qg)

= @ pointer to a 8-double array containing the arm
position in joint degrees



i Software interfaces

Motion commands
- In Cartesian space:

bool move_arm_c/(double* p, double elbow, double JO, double
velocity)

= p: pointer to a 6-double array containing the end-effector
position in mm and orientation in degrees, in Cartesian space

= E/bow. elbow angle in degrees
= JO: final position of joint 0
= Velocity: ratio of maximum velocity

Kinematic inversion on 7 dof



i Software interfaces

Motion commands
- In Cartesian space:

bool move_arm_c(double* p, double elbow, double velocity)

= p:. pointer to a 6-double array containing the end-effector
position in mm and orientation in degrees, in Cartesian
space

= Elbow: elbow angle in degrees
= Velocity: ratio of maximum velocity

Kinematic inversion on 8 dof



