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Robot definition

A robot is an autonomous system 
which exists in the physical world, 

can sense its environment, 
and can act on it to achieve some goals

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



²ƘŀǘΩǎin a robot?
Robot components

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



Robot Control

ÅControl of onejoint motion:
Å PID controller

ÅControl of the manipulatormotion:
Å Trajectoryplanning
Å Motion control in joint space
Å Motion control in operationalspace

T. Bajdet al., Robotics, Springer 2010



Robot kinematicsand differential kinematics

Kinematics

Differentialkinematics

ὼ Ὧή

ὼ ὐήή
ή ὐ ήὼ

ή Ὧ ὼ
ὼ

ὼ
ώ
ᾀ
•
‮
y

ή

ή
ή
ή
ή
ή
ή

Velocityspace

Ὧɇ equationsof direct kinematics

ὐή Jacobianmatrix



Robot Control

ÅControl of one joint motion:
Å PID controller

ÅControl of the manipulatormotion:
Å Trajectoryplanning
Å Motion control in joint space
Å Motion control in operationalspace

T. Bajdet al., Robotics, Springer 2010



Controllers
ÅEncoder: sensor measuring joint 

rotations, either as an absolute 
or a relative value. The 
measurement is given in 
άencoder stepsέ

ÅReducer: mechanismreducing
the motor rotationswith respect
to the rotationsof the axis
mountedon the motor (ex. 1:k 
reduction)

ÅPoweramplifier: it amplifiesa 
referencesignalinto a power
signalfor movingthe joint

ÅControl unit: unit producingthe 
referencesignalfor the motor

A control systemprovidesa command
(in voltageor current) to the actuators
(motors) suchthat the joints reacha 
desiredconfiguration



Relations between joint position and encoder 
position

Å q: joint angularposition (in degrees)

Åq: joint position in encoder steps

Å k: motor reductionratio

Å R: encoder resolution(numberof stepsper turn)
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Control of one joint motion

Å Objective: move the joint from the current position qi (in 

degrees)to the desired position qf , in a time interval t :

qiÝ qf



Closed-loop (feedback) control

Å The variableto control ismeasuredand comparedwith 
the desiredvalue

Å The difference, or error, isprocessedby an algorithm

Å The resultof processing is the input valuefor the 
actuator
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PID control
(Proportional, Integral, Derivative)
Å It is a closed-loop control in which the error is processed 

with an algorithm includingProportional, Integraland 
Derivativecomponents. 

Å The algorithmprocessesthe error and providesan input to 
the actuator, with 3 components:

Å Proportional, producinga correctionproportionalto the 
error; 

Å Integral, producinga correctiongivenby the error
integralin time;

Å Derivative, producinga correctionwhichisa functionof 
the error first derivative.

Å Not all closed-loopcontrol systemsuse a PID algorithm



PID control
(Proportional, Integral, Derivative)

Å 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
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PID control
(Proportional, Integral, Derivative)

Kp is the proportionalgain or constant

Ki is the integralgain or constant

Kd is the derivative gain or constant

eq is the error, i.e. the difference between the desired 
position and the current (or actual) position

ὠ ὑὩ ὑὩ+ὑ Ὡ᷿ ὸὨὸ

Ὡ ή ή

Ὡ
ὨὩ

Ὠὸ



PID control

Proportional term

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

Kp * eq

V
Motorqd

desired
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Encoder
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PID control

Proportional term:

Å The voltage V given to the motor is proportional to the 
difference between the actual position measured by the 
sensor and the desired position
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PID control

Proportional term: system behaviour

Desired
position: 1

ωThe motor
oscillatesbefore
converging
towardsthe 
desiredposition

ωThe systemmay
settlewithout
cancellingthe 
error



PID control

Derivative term:

Errorderivative in time

Kd : derivative constant
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PID control

Proportional and derivative terms:

ωOscillation
reductions

ωReductionof 
settlementtime

ωThe systemmay
settlewithout
cancellingthe 
error

Desired
position: 1



PID control

Integral terms:
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Ki : integral constant
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PID control

Proportional and integral terms:

The systemsettles
and cancelsthe error

Desired
position: 1



PID control

Proportional, Integral and Derivative terms:
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PID control

Proportional, Integral and Derivative terms:

Kp, Kd, Ki constantsare 
set empiricallyor with 
specificmethods



Controllers

Åeq is the error, i.e. the difference between the 
desired position and the current position

ÅKp is the proportionalgain or constant

ÅKi is the integralgain or constant

ÅKd is the derivative gain or constant

()

dt

de
e

qqe

dtteKeKeKV

q

q

adq

qiqdqp

=

-=

++= ñ

#

#

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



Controllers

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



Robot Control

ÅControl of onejoint motion:
Å PID controller

ÅControl of the manipulatormotion:
Å Trajectoryplanning
Å Motion control in joint space
Å Motion control in operationalspace

T. Bajdet al., Robotics, Springer 2010



Control of robot manipulatormotion

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

Å 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



Robot Control

ÅControl of onejoint motion:
Å PID controller

ÅControl of the manipulatormotion:
Å Trajectoryplanning
Å Motion control in joint space
Å Motion control in operationalspace

T. Bajdet al., Robotics, Springer 2010



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 xstart to xf

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

ÅTRAJECTORY: 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 xstart to xf

Å INPUT DATA:

Å Path definition

Å Path constraints

Å Constraints given by the robot dynamics

Å OUTPUT DATA:

Å in joint space: joint trajectories

Å in operational space: end-effector trajectory



Trajectories in joint space
ÅBetween two points: the robot manipulator must be 

displaced from the initial to the final joint configuration, 
in a given time interval t.

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

Å the initial and final values of joint variables qi and qd

Å the initial and final velocities (usually null).

Å Fifth-degree polynom: it allows to set 

Å the initial and final values of joint variables qi and qd

Å the initial and final velocities 

Å the initial and final accelerations.



Trapezoidalvelocityprofile:

ÅConstant acceleration in the starting phase

ÅConstant cruise velocity

ÅConstant 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.

Trajectories in joint space



Trapezoidalvelocity profile

Position

Velocity

Acceleration

Note: velocitiesand 
accelerationsat the 
initial and final
timescan be 
different from zero



Trapezoidalvelocity profile

First phase:

Second phase:

Third phase:
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Trajectoryinterpolation



Trajectories in operational space

ÅThe 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.

ÅThe result of planning is a sequence of 
n-uples:  (p(t),, F(t),  v(t), w(t))
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Motion control in joint space

Å It can be usedfor movingthe end-effector from xi 

to xd expressedin the operationalspace, without
takinginto account the trajectoryfollowedby the 
end effector

ÅThe final position xd is transformedin the 
correspondingfinal position in joint spaceqd, by 
usingthe inverse kinematicstransformation

qd = K-1 (xd)

ÅAll joints are movedfrom the currentposition qi to 
the desiredposition qd



Motion control in joint space

Å The trajectoryof the end effector in the operationalspace
isnot controlledand it isnot predictable, due to the non-
linear effectsof direct kinematics



General schemeof robot control in 
joint space

T. Bajdet al., Robotics, Springer 2010



Motion control in joint space

PD position control

Diagonal matrix

T. Bajdet al., Robotics, Springer 2010



Motion control in joint space

PD position control

T. Bajdet al., Robotics, Springer 2010



Motion control in joint space

PD position control

Settingthe Kp e Kd parametermatrices:

Å Fast response: high Kp

Å Kd sets the best dampingand guaranteesa fast response
without oscillations

Å The K parametersneedsto be set independentlyfor each
joint

T. Bajdet al., Robotics, Springer 2010



Motion control in joint space
PD position control with gravity compensation

T. Bajdet al., Robotics, Springer 2010



Robot dynamicmodel
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† torque

ὄ inertiaterm

ὅ Coriolis term

Ὣ gravity terms

Ὂὺ friction coefficients



Motion control in joint space

basedon inverse dynamics

T. Bajdet al., Robotics, Springer 2010



Motion control in joint space

basedon inverse dynamics

T. Bajdet al., Robotics, Springer 2010


