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Arobotis an autonomous system
which exists in the physical world,
can sense Its environment,
and can act on it to achieve some goals

Maja JMataric, TheRoboticsrimer The MIT Press, 2007
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Maja JMataric, TheRoboticdPrimer, The MIT Press, 2007
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Robotkinematicsand differential kinematics

Kinematics
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A controlsystemprovidesa command
Controllers (in voltageor current) to theactuators

A Encoder sensor measuring joint  (motors) suchthat the jointsreacha
rotations, either as an absolute ~ desiredconfiguration
or a relative value. The
measurement is given in
dencoder steps Postion |  Control

_ _ unit
A Reducer mechanisnreducing
the motor rotationswith respect Reference signal
to the rotationsof the axis
mountedon themotor (ex. 1:k |
reduction) mot + [~ Power
amplifier

A Poweramplifier: it amplifiesa mot-
referencesignalinto a power
signalfor movingthe joint JOINT Power supply

A Controlunit: unit producingthe
referencesignalfor the motor




Relationsbetween joint position and encoder
position

A @: jointangularposition (indegrees

A Q: joint position in encodesteps

A k: motor reductionratio

A R: encoderesolution(numberof stepsper turn)
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N

Y Q




Control ofone joint motion

A Obijective: move the joint from the current positid (in

degrees)o the desired positiot)s, in a time intervat :

qu oF




Closedloop (feedback) control

A Thevariableto controlis measuredand comparedwith
the desiredvalue

A Thedifference orerror, is processedy analgorithm

A Theresultof processingsthe inputvaluefor the
actuator

| e Vv
Desired R Con.trol > Actuator
value + \_/ algorithm

Sensor

Currentposition




PID control

(Proportional, Integral, Derivative)

A ltis a closedoop control in which the error is processed
with an algorithm includinég?roportional, Integraland
Derivativecomponents

A Thealgorithmprocesseshe error and providesan input to
the actuator, with 3components

A Proportional, producinga correctionproportionalto the
error,

A Integral, producinga correctiongivenby theerror
Integralin time;

A Derivative producinga correctionwhichis afunction of
the error first derivative.

A Notall closedloop control systemsuse a PlRlgorithm




PID control
(Proportional, Integral, Derivative)

A 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 V
Desiredvalue —»C\ > PID > Actuator
+ N

Sensor

Currentposition




PID control
(Proportional, Integral, Derivative)
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K, Is theproportionalgain or constant
K Is theintegralgain or constant
Ky IS thederivativegain or constant

€, IS the error, I.e. the difference between the desired
osition and the current (or actual) position




PID control

Proportional term

A The voltage/ given to the motor is proportional to the
difference between the actual position measured by the
sensor and the desired position

. i I * v Motor
qd j > Kp eq

desired K I
position ——
g, (actual position) |
Encoder




PID control

Proportionalterm:

A ThevoltageV given to the motor is proportional to the
difference between the actual position measured by the
sensor and the desired position

V:erq
eq :qd B qa

Ko : proportional constant




PID control

Proportional termt system behaviour

Closed-Loop Step: Kp=300

H w Themotor
tey oscillatedhefore
=i\ o~ converging
%n.a . towardsthe
2 05l desiredposition
Ec?ssiltzgg:l Zoal {  Thesystemmay
0zl | settle without
] | | | cancellinghe
1] 0.5 1 1.5 ¢ error

Time (sec)




PID control

Derivative term

w VQ LV Q

0 — Errorderivative in time
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Ky : derivative constant




PID control

Proportional and derivative terms

Desired
position:1

1.4

—
ra

Displacement (m)

—h
T

=
fu

=
fad)

=
I

Closed-Loop Step: Kp=300, Kd=10
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w Oscillation
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w Reductionof
settlementtime

w Thesystemmay
settle without
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error




PID control

Integral terms

Ki FPOI (t)dt Errorintegralin time

V =K, e +K, g, (t)dt
eq =y - Gy

K :integral constant




PID control

Proportional and integral terms

Cloged-Loop step: Kp=30 Ki=70
1.4 . . .
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Thesystemsettles
andcancelghe error
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PID control

Proportional, Integral and Derivative terms:
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PID control

Proportional, Integral and Derivative terms:

Closed-Loop Step: Kp=350 Ki=300 kKd=3300
0

= setempiricallyor with
£08 specificmethods
=
‘—E_D.d
E
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Controllers

Input —¢ Controller

"Goal Pose"
Motor
Commands
Feedback Actuators gepy ettt
"Distance Traveled" "Current Pose"

Aeq Is the error, 1.e. the difference between the

e = _ desired position and the current position
q qd qa . : :
A K, is theproportionalgain or constant
& = d% A K is theintegralgain or constant
Toodt A K, is thederivativegain or constant

Maja JMataric, TheRobotic€Primer The MIT Press, 2007



Controllers

Controller
ontroller

ntroller

Maja JMataric, TheRobotic€Primer The MIT Press, 2007
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Control ofrobot manipulator motion

A Obijective: to have the robot arm moving from a
starting position to a final position, both expressed
In operational space coordinates

A 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
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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 Xar 10 X

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

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




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 g 10 X;

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

A OUTPUT DATA:
A in joint space joint trajectories {a(n, a4, G}
A in operational spaceendeffector trajectory




Trajectories In joint space

A Between two points: the robot manipulator must be
displaced from the initial to the final joint configuratic
In a given time interval t.

A In order to give the time course of motion for each jc
variable, we can choose a trapezoidal velocity profile
polynomial functions:

A Cubicpolynont it allows to set
A the initial and final values of joint variablesamdd,
A the initial and final velocities (usually null).

A Fifth-degreepolynont it allows to set

A theinitial and final values of joint variablesamndq,
A theinitial and finalvelocities

A the initial and final accelerations.




Trajectories In joint space

Trapezoidalelocity profile:
A Constant acceleration in the starting phase
A Constant cruise velocity
A 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.




Trapezoidalelocity profile
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Trapezoidalelocity profile
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Trajectoryinterpolation
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Fig. 6.2 Trajectory interpolation through n via points — linear segments with parabolic transitions
are used




Trajectories In operational space

A 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.

A The result of planning is a sequence of
n-uples (p(t), F(t), v(t),w(t))
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Motion control Iin joint space

A It can beusedfor movingthe endeffectorfrom x
to X expressedn the operationalspace without
takinginto account thetrajectoryfollowedby the
end effector

A Thefinal positionxyistransformedin the
correspondindinal position in jointspaceqy, by
usingthe inversekinematicstransformation

g = K (%)

A Alljoints are movedfrom the currentpositiong; to

the desiredpositiongy




Motion control Iin joint space

A Thetrajectory of the endeffectorin the operationalspace
Isnot controlledandit is not predictable due to the non
linear effectsof direct kinematics




Generalschemeof robot control In
Jjoint space

N

Trajector X Inverse + q u T Robot X
jectory R : 4 + q » Control\ —»| Actuators ——» : S
planning kinematics mechanism
_ v
q

Sensors [

T.Bajdet al.,Robotics Springer 2010



Motion control Iin joint space
PD position control

. : >
Diagonal matrix K,
. _ q
q, q + u -
- » K —»é—b Robot

u=K,(q, — q) — Kyq.

T.Bajdet al.,Robotics Springer 2010



Motion control Iin joint space
PD position control

{ir +

Ky
- + q
qr q + u ——>
+ > KP + » Robot q
+ ———p

u=K,(q, —q) +Ky(q- — q)

T.Bajdet al.,Robotics Springer 2010



Motion control Iin joint space
PD position control

Settingthe K; e Ky parametermatrices
A Fastresponse highk,

A K, sets the bestlampingandguaranteesa fastresponse
without oscillations

A The Kparametersneedsto be setindependentlyfor each
joint

T.Bajdet al.,Robotics Springer 2010



Motion control Iin joint space
PD positioncontrol with gravity compensation

u=K,(q, —q) - K;q+2(q).

q, +
:@ » K, T :@ » Robot q

8(q) l«—s

T.Bajdet al.,Robotics Springer 2010



Robotdynamicmodel

b6 oMn O "Qn

Tt torque

0 inertiaterm

0 Coriolisterm

'Q friction coefficients
‘QQ gravityterms




Motion control Iin joint space
basedon inversedynamics

Medw B(q)i+C(q.q)q+Fq+g(q) =u.
g(q) < |
i | a=B"(a)(u— (Cla. @)+ Fd +g(a)).
; é‘+ Cla. 0) | B
4 |
o= F, et | n(q,q) = C(q,q)q +Fyq+g(q).
L AL NN e B IR R KD W a B(q)q+n(q.q)=7
The direct dynamic model of a robot mechanism q =B | {Q] (“ _ “(qs f]}} :

T.Bajdet al.,Robotics Springer 2010



Motion control In joint space
basedon inversedynamics

_ Robot
n, @)
- B(@)i+C(e.9)q+Fq+g(q)=u.
y s | i Q K
> B() , Bl@— /J S e
; i=B"(q) (u—(C(q,d)a+Fq+g(q))).
n(q. q)| q

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

n(q,q) = C(q,q)q+Fyq+g(q)-

ii(q,q) = C(q.q)q+F,q+8(q). . .
B(q)q+n(q.q)=T.

The controller output u is determined by the following equation

u=B(q)y+i(q.q),

. 1 .
where the approximate inverse dynamic model of the robot was used. G=B (q)(u—n(q,q)).

T.Bajdet al.,Robotics Springer 2010



