RO

—

Motion
Control

and
PID

EECS 367
INntro. to Autonomous Robotics

3 320

Robot Operating Systems

autorob.org

~_Winter 2022



http://autorob.org
http://autorob.org



http://autorob.org

......

Michael Jackson - “Smooth Criminal” - https://voutu.be/h

L NS

D3VFthvs4*

GIF S AT GIF SCUP. COM



http://autorob.org
https://youtu.be/h_D3VFfhvs4



http://autorob.org
https://youtu.be/7osiCOjdjBQ

https://youtu.be/70siCOdiBQE T y T TN —— }



http://autorob.org
https://youtu.be/7osiCOjdjBQ

https://voutu.be/KiIGGTmuBuU|S



http://autorob.org
https://youtu.be/KiGGTmuBujs

A -
Iﬁh/(q “ )MOOZ‘/’/ )i

3

B

»cy/

W -

~ ' ,
— . b4
https://voutu.be/IXkYZOATCAK A

(]

i \ =

., N =
u

. ‘.

1


http://autorob.org
https://youtu.be/lXkYz0AfcAk

Biped

Robotics Lab @ Michigan - https://voutu.be/-35xJ{FM

DK



http://autorob.org
https://youtu.be/-35xJfFMDkE

f

. A ' \
) : \ y
K ‘ .
- : .
‘ ( "l
- -~
’
' b > B
-
~ "
. \ i .
. Y :
f :
SRR & /
- - .
> L \ .
3 R d . \ |
™ . 3 :
) \ A ' . N : o ‘ /,
: \ . : . R ’ : ’ X
i \ \ . L AL e RN t . ) . . ) N R " 5 3 ’
. g : g - ] Yl ¥ % : 7 g LA . E ‘. S v -

A : i A . ; \ - ’\

s - -.c : r . -

Biped Robotics Lab @ Michigan - https://yoUtu.'b.e'/.Og‘éu‘\./SUJ‘de R N A A



http://autorob.org
https://youtu.be/0gauVSUJzd0

Control must be fast and often
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Communication inside a robot is
IKe Its central nervous system


http://autorob.org

Communication inside a robot is
IKe 1ts central nervous system

HEAD PAN JOINT TORSO LIFT JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT

SHOULDER LIFT JOINT
UPPERARM ROLL JOINT
ELBOW FLEX JOINT
FOREARM ROLL JOINT

WRIST FLEX JOINT
WRIST ROLL JOINT
GRIPPER JOINT
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HEAD PAN JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT

SHOULDER LIFT JOINT
UPPERARM ROLL JOINT

ELBOW FLEX JOINT

FOREARM ROLL JOINT
WRIST FLEX JOINT

WRIST ROLL JOINT
GRIPPER JOINT

TORSO LIFT JOINT

BASE

Communications
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HEAD PAN JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT

SHOULDER LIFT JOINT
UPPERARM ROLL JOINT
ELBOW FLEX JOINT

FOREARM ROLL JOINT
WRIST FLEX JOINT

WRIST ROLL JOINT
GRIPPER JOINT

TORSO LIFT JOINT

BASE

Communications
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HEAD PAN JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT

SHOULDER LIFT JOINT
UPPERARM ROLL JOINT
ELBOW FLEX JOINT

FOREARM ROLL JOINT
WRIST FLEX JOINT

WRIST ROLL JOINT
GRIPPER JOINT

TORSO LIFT JOINT

BASE

Ethernet
Switch

Communications
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HEAD PAN JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT
SHOULDER LIFT JOINT
UPPERARM ROLL JOINT
ELBOW FLEX JOINT

FOREARM ROLL JOINT
WRIST FLEX JOINT

WRIST ROLL JOINT
GRIPPER JOINT

TORSO LIFT JOINT

BASE

Ethernet
Switch

Mainboard

Computer

Communications
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HEAD PAN JOINT

HEAD TILT JOINT
SHOULDER PAN JOINT
SHOULDER LIFT JOINT
UPPERARM ROLL JOINT
ELBOW FLEX JOINT

FOREARM ROLL JOINT
WRIST FLEX JOINT

WRIST ROLL JOINT
GRIPPER JOINT

TORSO LIFT JOINT

BASE

GRIPPER JOINT

Ethernet

Switch

Computer

Mainboard SHOULDER PAN JOINT

SHOULDER LIFT JOINT

BASE UPPERARM ROLL JOINT|

ELBOW FLEX JOINT

TORSO LIFT JOINT
FOREARM ROLL JOINT

HEAD PAN JOINT
WRIST FLEX JOINT

HEAD TILT JOINT WRIST ROLL JOINT

Communications
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HEAD PAN JOINT

HEAD TILT JOINT

SHOULDER PAN JOINT

SHOULDER LIFT JOINT

UPPERARM ROLL JOINT
ELBOW FLEX JOINT
FOREARM ROLL JOINT
WRIST FLEX JOINT
WRIST ROLL JOINT
GRIPPER JOINT

Update joint corol 1,000 times per second

TORSO LIFT JOINT

BASE

Gripper ;.

Ethernet
Switch

Mainboard

Computer

Shoulder Pan

Left Wheel

Shoulder Lift

Right Wheel

Upperarm Roll

Torso Lift

Elbow Flex

Forearm Roll

Head Pan

Wrist Flex

Head Tilt

Wrist Roll

Communications
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ROS Applications

Update joint corol 1,000 times per second

Software (user)

ROS Messages =~ —--mmmmmmmmmmmmmomoooooooooes R N
Software (drivers) e oy
Controllers (200Hz) Gripper | § .
Position Software (drivers) Ethernet {
Velocity Ethernet/RS485 @ - , Mainboard Shoulder Pan | §
Effort Hardware (real-time) Switch ¢
v . Shoulder Lift | ¥
b, Left Wheel
MCB (1kHz) 3
A A Y Upperarm Roll
Right Wheel *
voltage | | current position velocity Elbow Flex | &
Computer ]
] Torso Lift ,
\ 4 Forearm Roll | &
Motor Joint Encoder Motor Encoder !
1 Head Pan , x
-’ Wrist Flex 3
HEAD PAN JOINT TORSO LIFT JOINT : Head Tilt Wl'iSt RO“
SHOULDER PAN JOINT ‘ \
Communications
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ROS Applications Update joint control 1,000
Software (user) times er SeCOnd

ROS Messages @ —=-=========--ssmemesmeeoeeee-

Software (drivers) o S
Y .
Controllers (200Hz) S O ftW a re Laser
A “
Position Software (drivers) Ethernet {
Velocity Ethernet/RS485 . Mainboard Shoulder Pan | §
Effort Hardware (real-time) Switch :
. Shoulder Lift
- { Left Wheel
O
) Upperarm Roll | &
C § t
n > § | Right Wheel '
" : 28 Elbow F £
voltage | | current position velocity n ¥ owriex | &
» Computer §
8 0-? ] Torso Lift §
4 % ‘3 Forearm Roll | &
Motor Joint Encoder Motor Encoder |
m 3 Head Pan , 4
- ‘; Wrist Flex b
B | i
HEAD PAN JOINT TORSO LIFT JOINT : Head Tilt Wrist Roll
SHOULDER PAN JOINT ‘ ‘

SHOULDER LIFT JOINT Head USB Head RGBD Camera

UPPERARM ROLL JOINT

ELBOW FLEX JOINT
FOREARM ROLL JOINT

WRIST FLEX JOINT
WRIST ROLL JOINT

Communications

GRIPPER JOINT
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Motor control boards

Update joint control 1,000
times per second

ROS Applications

Software (user)

aCt | O n S ROS Messages = -----mmm-mmmmmemmmmmmoommoao-

Software (drivers)

Controllers (200Hz) S O ftW a re | or™"1t | Gripper |3
Setpoints | s e N . |
Velocity | Ethemet/RS485 gi-BS-smsmssssEpeiospensnnn erne Mainboard Shoulder Pan | §
Effort 0 Hardware (real-tipse™ " = Switch ¢
EEEEEEEEEEEEEEEEENEEEEE|jEEEEEEEER - SENEEEEEENEEEREERERGE,,
R A S S S R S SRS - H ] Shoulder Lift | ¥
f’ : PR M G SN I = RIS A SN AL B A O R S P O s o= a3 ' Leﬁ Wheel ""
Motor | MCB (1kHz) | Sh - . i
- A e e N i m .3 Upperarm Roll | &
& O | |
commands ardware T 2] [ronmen |
voltage | | current position velocity P O . Elbow Flex | &
. . = - N Computer .3
roprioception G| m i | Tosouin ,
4 o 3 o 3 Forearm Roll | §
N 2 - m} i
Motor Joint Encoder | | Motor Encoder O ¥ '
m N ] Head Pan ,
— L] 3 Wrist Flex 3
I o [ | ] &
o o ] 4
""'1.".""1."""’ Head Tilt WristRoll | §
Head USB | | Head RGBD Camera | { i
Communications



http://autorob.org

Motion control:

process to achieve and maintain a
desired state (or setpoint) for a joint
through applying motor commands
based on current proprioceived state

ROS Applications

SetpOintS ROS Messages
Controllervs (200Hz)
A
|V| OtO r Position _ _
vty | Proprioception
commands | Efor

MCB (1kHz)

Itage current position

Robot Applications

Robot Operating System

Operating System

Hardware
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Motion control
Robot Applications

llllllllll

00000000000000

Position

Operating System

Effort

Hlarcgware
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Robot Operating System
Covered at breadth in AutoRob

Lecture 2 This Lecture

Localization and Mapping Path Planning Feedback Control

Lecture 4

Robot Vision Motion Planning ¥ Dynamical Simulation

Decision Making
Systems

Collision Detection Forward Kinematics

Multi-robot Coordination Task planning Inverse Kinematics

Robot Middleware Architecture (via Interprocess Communication)
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PrOjeCt 2 Lecture 4

Penaularm Dynamical Simulation
Equations of motion: Simple pendulum
( Integrators: Euler, Verlet, Velocity Verlet, RK4

This Lecture

Feedback Control

PID Control of 1 DoF robot

We will put it all together later in this lecture
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What can you do with
pendularm?
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French et al.
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Monster Inverted Pendulum - K
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Bullding up to more...
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|_et's start with something fun
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@ @ file///Users/logan/delme. @ Q. Search

| w B »

ilrLike playing with physics? Click here!

hitp://codepen.io/dissimulate/pen/KrAwx

Michigan Robotics 367/320 - autorob.org
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Verlet S|mulated I\/Iass Spring Cloth

file:///Users/logan/delme, arch

* Cloth represented as a
network of point-mass
nodes

* Neighboring nodes
connected by high
stiffness springs

_________________________________________________________________

_________________________________________________________________

htto://codepen.io/dissimulate/oen/KrAwx https://github.com/Dissimulate/Tearable-Cloth
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Start with point-mass particles
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Start with point-mass particles
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Apply gravity
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Enforce spring force constraints

UG~ '-""": NG IR, - - ar el -' RSl - TERSDY ' S RN A S e
= ~g =" o g T _

spring with stiffness 1
and rest length r
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Jakobsen, “Advanced Character Physics”, http://graphics.cs.cmu.edu/nsp/course/15-869/2006/papers/jakobsen.htm

o e

Enforce spring force constraints

{ enforced through constraint relaxation
(multiple iterations of Gauss-Seidel)
3 PR ORIN ()
1 — Tg9 — T4
dy = |ldi|  Distance between particles
do — T
dy = — g ? Distance from rest
2

ﬁ (t+At) t+an 1
3 T =1 | —dida . . |
L . T 501G~ Crrection Fowards

;rg+m'] I.E-;-'-At'] — —d,d; rest Lﬁ%g%h

spring with stiffness 1 — —
and rest length r \ \

Dist. too large Correct distance Dist. too small
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%’f" Ammo.js softbody cloth demo X

O 8 https://threejs.org/examples/physics_ammo_cloth.html kg

; Go forward one page (¥#-)
Pull down to show history Ammo. js physics soft body cloth demo

Press Q or A to move the arm.

17

\

https://threejs.org/examples/physics ammo_cloth.html
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Pendulum Revisited
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Pendulum Revisited

Generalized coordinates

Simulate the motion of DOFs
(pendulum angle) directly


http://autorob.org

Why use generalized coordinates?

Generalized coordinates Maximal coordinates

Simulate the motion of ind\idua\
bodies (pendulum bob location)
corrected by constraints (spring)

Simulate the motion of DOFs
(pendulum angle) directly
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Why use generalized coordinates?

Equation of motion

(with rotational inertia /) Motor produces torque

16 = —mglsin () + T (angular force)

with Parallel Axis Theorem ([=mr?)
0=- 5 sin () +
l ml

Angle expresses pendulum
range of motion

Numerical integration over time
Qt+dt = Qt + Qtdt
9t+dt — Ht —|— Otdt

Pendulum of length | with
point mass m
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Motor force expressed via DOFs

Equation of motion

(with rotational inertia /) Motor produces torque

16 = —mglsin(0) + 1 (angular force)

with Parallel Axis Theorem ([=mr?)
é — = g SIn (9) +
l ml

Angle expresses pendulum
range of motion

Numerical integration over time
Qt-i—dt = Qt + Qtdt
9t—|—dt — Ot —|— tht

Pendulum of length | with
point mass m
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Motor force expressed via DOFs

« ' o  file Users/cienkins /courses/cs148 2014/ 3jsbot/pendulum/pendulur oy E—l " { ? Q "' f ID \ ol P

assume | DOF motor at pendulum axis
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Can we control the pendulum?

4 . % J P file:///Users/cjenkins /courses/cs148_2014/3jsbot/pendulum/pendulum. html C E.] Q . ‘ o . ‘n'_ ||~ ]

Setpoint :
maintain desired angle (xd) _
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Can we control the

‘ LE b J | P file:///Users/cjenkins [courses/cs148_2014/3jsbot/pendulum/pendulum. html . .

pendulum?

Q)l$ B *®, -]

Setpoint
maintain desired angle (xd) L

apply motor force
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Actuator
(electric)

SVviLS ad
egeinyg

Proprioception
(optical encoder)

Servos have:

® actuators to
produce motion
® proprioception
to sense pose Motor Controller
e controller to (4 channel H-Bridge)

regulate current
to motor
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Actuator
(electric)

Proprioception
(optical encoder)

What is inside a servo?

Motor Controller
(4 channel H-Bridge)
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What is inside a servo?

Current actuakes
tWM signal senmt | motor mobion
to H-bridge about axis.

H*bri;cige sends .
propor%&omat '

current to wotor.
motor controller
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PWM
(Pulse Width Modulation)

- : ™ ~\ r
A : )
7/~ | - WUV OI S
J v ] iaitadai o PIERIAY
! b \
. 3
I ‘. }
. /
‘ L 3 [/
[ By <N ! )
| : ! »
A y 0
I, K e
L)
I, :
/ A -

Signal
PWM signal sent

conkroller. , * — motor controller
PWM has a periodic dut ¢ ..
faster ;v cycle on gach line ’ SLOM?Q,‘T a
AT, el ' Ll ol

o Lr “\ Q l Percentage of time in '—l
on - S high voltage (“on” state) l

0 °fe determines speed of motor 20 %/,
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H-bridge has four
swibches Ehabk are
“()M,” or “O”Ff”
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motor controller |

spin forward:
A and D on

Control
Signal

\

?\ )y W e TARN ‘_,_m*
spin backward:

SV A 5. 5 | \
| ,_,.__Li. AR B and C on

OV =

H-bridge has four
swibtches that are
sx(:}mﬂ or t\c}ﬂf{:/’
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spin forward:
A and D

motor controller

spin backward:
B and C

Control
Signal

what if none are on?

\

o
' : | '
P\\ ) ﬁ!‘\'l\ \)( (VO
. | PR ———
(.‘ \‘ |
o

what if C and D?

what if A and B?

what if A and C?
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spin forward:
A and D

motor controller

spin backward:
B and C

what if none are on?
open circult
NO current -> No torgue

Signal —

\

) ;"’L"‘\ Pet N
t
PR S

what if C and D?

what if A and B?

what if Aand C?
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spin forward:
A and D

motor controller

spin backward:
B and C

what if none are on?
open circult
NO current -> No torgue

Signal ——

\

) ;"’L"‘\ Pet N
t
PR S

what if C and D?
negative torque -> brake

what if A and B?

what if A and C?
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A \
\ ‘.f ’/‘ ') \ « ¢
) [\ \ Ve

motor controller

\

————
—————————

what if A and C?

Signal ——

spin forward:
A and D

spin backward:
B and C

what if none are on?
open circult

NO curren

[ -> NO torque

what if C and D?
negative torque -> brake

what if A and B?
negative torque -> brake
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spin forward:
A and D

motor controller

motor ¢ spin backward:
5 and C

Control —

Signal ——

what if none are on?
open circult
NO current -> No torgue

what if C and D?
g secaamr . negative torque -> brake

7
/ e o
W
A, e %, %ﬁwf ,Q: p 7
ST A L
AN R
hat if A and B?
| wnat | dan ‘
§
; % "
I_ negative torque -> brake
: A PR N S -
) . 2 3 e P, ﬁ F & 2/ 7
L WowluXs {8 of 86111 <
oAt =T AL AAA g T
g, ¢
| pﬂ N %Z"w

what if A and C? Alare N
u E §9f§ y 3
S T £


http://autorob.org

motor controller |

Servo ;"
Control |

\
{
)

servo cownbkroller

, encoder sends joint
qenerates control signal

sktabe ko back ko
servo conkroller
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motor controller |

as motor turis,
encoder counkts bransiktions belbween
sensed and occluded Light
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Quadrature Encoder

ﬁ@\\ C_W . "“'""’l —Ei— . i
I S

&Y Seqr OO M0 WL OV 00 VO W\ bl -

QT r_.-__.s,.:._,__;..-,‘,....,._.... _':@_ _1 el
| S i g
$ SLC}V\OA' hbﬂh Nké@f\ . - }—t
: - — _

Light sensor sees
| LED Light source

By seq 00 O\ W\ VO 0o 0l W\ \p -

Encoders measure how much a wokor has Spun.

Quadrature encoders are commonly used., Why?
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How do we implement a
servo controller?



http://autorob.org

How do we implement a
servo controller?

sers/cjenking /courses J¢s148_2014/3jsbot/pendulum/pendulum . html

3 CHET ) (3)(#) ) (=)

maintain desired angle (xd)

apply motor force
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How do we implement a
servo controller?
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Servo

Control

Controller

Ut

Inputs

(Commands)

Ut

Robot

Dynz}mics

Robot (Plant)

>

Outputs

(States)
Lt
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Motor command used
LI within equations of motion

Ui Robot »
Dynzlmics
Inputs Outputs
(Commands) Robot (Plant) (States)
Ut Robok “FLQM&” mpmsam&s Lt

system dynamics as function
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Servo controller generates
mobtor commands based
on desired skalbe

u=T7(t,x,xq)

U+ Lt4-dt
Controller
Inputs bot (Pl Outputs
(Commands) Robot (Plant) (States)

U+ Lt
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Servo controller generates
mobtor commands based
on desired skake

u=T7(t,x,xq)

Ut

Controller

Inputs
(Commands)

Lt dt

Robot (Plant)

Outputs

(States)
Lt
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Control Policies

Open Loop Control

Desired
Behavior

Acts without regard
to environmenkt

Desired
Behavior

Controller

X

i

Robot

U= TC(X an) — ,

Closed Loop Control

Conkrol resyamds

to feedback

from environment

Controller

.,‘x.‘
IR

P .S e Os %
-
“‘,

possibte controller parameters

pussibi@. Fime d&pemd@maa

=  Robot

u=T7(x,o,t)
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When to use open loop vs closed loop?

Open Loop Control

Desired
Behavior

Acts without regard
to environment

Desired
Behavior

Controller

X

=

Robot

U= TC(X 7a>t) — ,

Closed Loop Control

Conkrol resgamds

to feedback

from environment

Controller

’,‘(.
I
< ot Sl RIS i ..
: o= e e S . .
R .
l‘,

possibw_ controller parameters

pussibt@. Fime d&pﬁmd@y\ﬂ@.

P Robot

u=T7(x,o,t)
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Vehicle 2a

+

Vehicle 2b

N/
_._
7 | N\

Vehicle 1

Which uses
open loo F?;?
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Furby

Open loop

Hasbro
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Types of Feedback Control
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Types of Feedback Control

Feedback Control

Desired
Behavior Nonlinear u X
— ™| Controller (Policy) » Robot 9 ! u= TC(X SO, 1 )

T
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Types of Feedback Control

Feedback Control

Desired

Behavior Nonlinear
_ > Controller (Policy)

T

Robot

Negative Feedback Control

Ufb

Xdesired Feedback
I+ﬁ> I Controller

g

Robot

u=mx,o,t)

u="7n(x-—x, ,0,t)
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Types of Feedback Control

Feedback Control

Desired

SRNIavIOr Nonlinear

™ Controller (Policy)

Robot

PID CQME

i Negative Feedback Control §

Xdesired '(? p.| Feedback
- Controller

Robot

u = 7(X,0,t)

u="7n(x-—x,,0,t)
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Types of Feedback Control

Feedback Control

Desired
Behavior Nonlinear u "
»! Controller (Policy) > Robot % u= T (X a. t)

PID CQME T

i Negative Feedback Control

X d esi Uib — ( . )
dw&’ﬁ?" Controller > Robot [4—— U=TUX— X, Q&1

Neg. Feedback & Feedforward Control

U= chb(x ~ X s 9aat)+ chf(XdeS ,(x,t)

X
Robot * -
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PID Control

Proportional-Integral-Derivative

md(t)

Plant / o) . e(t)
Control » pant/ I >

Sum of different responses to

P Ke(t) |=
error u(t) ”
+
Based on the mass spring and <7 Ki/tem)da <
damper system ot "
. de(t
Feedback correction based on D K%

the current error, past error, and
predicted future error
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PID Control

: 5| Plant / e(t)
Error signal: Process I

e(t) — Ldesired (t) — -/I;(t) u(t) P Ke(t) |«
+ . |
Control signal: /
t D K%Y
U( ) (t) _I_Kz/ 6(@ dOé—I—Kd%e( ) 4
0

| Ke(t)l |I K/ I D Kddd_f)l_

Current Past Future
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Consider PID wrt. state over time

Time


http://autorob.org

State

Desired State
(Setpoint)

> x; Current State

time=0 time=t Time
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State

Desired State
(Setpoint)

Xd
€ = Xd-Xt |P er(t)l
Xt .
Spring error a applies force
%Qwarcis esired
X0

time=0 time=t Time
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State

Desired State

(Setpoint)
Xd
€t — Xd-Xt
Xt
Integral iterm adds force
until ierror is zero
X0

time=0 time=t Time
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State

Desired State

(Setpoint)
Xd
€t — Xd-Xt
Xt
I Kije(f)dfl Sum c:wf all Ems% error
Inteqrali berm adds force
uhtili error is zero

X0 :

time=0 time=t Time
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State

Desired State
(Setpoint)

— Xd-Xt

Xt E
Derivative term applies to
rate of change of error
X0

time=0 time=t Time


http://autorob.org

State

Desired State
(Setpoint)

Damping opposes motion |
and releases ener '7 l
Sv et-et.dtzde/ dt ;

time=0 time=t Time
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14 = o _ L o o R B |
State | Setﬁomt (a step) | | | | | |
/ \ : : llkcceptablle stabil t|y and mfedlum fastness (glood compromise)
1P+ - e S - — — — — - —'— — — - - - — — e i —
7 ' | : : : Desired State
[\ ¢  (setpoiny
Xd —
O. < = A € A — — - — — — —
Xt
0. — — — — — - =
Oy - - < - - — - — -

Mgl oppﬁbses mm&mv\ T

na - releases- e%ergj - -
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| | I [ [
| |
|

--]'-

__—Very fast response (good), but poor stability (bad)

[
|
|
|

PID Converenge

| | | |
| |

| |
}Setp:oint (a step) | | \ :
| ___Acceptable stabilitiy and medium fastness (g|00d compromise)
I I
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| |
| |
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— | | |
| | | |
- — — — — - - — — — - - — - — - —_- = - — = - = — —
| | | |
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I | l |
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| | | |
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http://home.hit.no/~hansha/documents/control/theory/tuning_pid_controller.pdf
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PID as a
spring and damper model
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PID Control

fcd(t)
: 5| Plant / e(t)
Error signal: Process I

e(t) — ddesired (t) — .’L'(t) u(t) P Ke() |«
+ . |
Control signal: /
t d
u(t) = Kpe(t) +KZ/O e() doz+Kd£e( )

| Ke(t)l I K/ D Kddd_f)l_

Current
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Hooke’s Law

| P Ke(t) I

® Describes motion of mass spring
damper system as

F = —kx

® Robert Hooke
e (1635-1703)
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Hooke’s Law

| P Ke(t) I

® Describes motion of mass spring
damper system as

SETS 7
<~
~d N A8 S ~ g
P .= - VN SO
RO ®0z W te' OY ) S
. v Py, . g
ATRY/ PP ARY R X S v
P ‘ : THUE ) - -
y-". - PR > - A B =
Y. 4 QU Al - .
- (‘,' s Y
gy, N d 4 ¢
y / N 4 _‘ Q
D o ., N
B - N\
A N .
o ‘ln
A‘ o

far& moving erMg “distance from
spring towards rest  stiffness  rest displacement
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Vertical: Force acting on spring
e A CELLOL ﬁfm*{‘;@.

relakion

Force

o Linear
Horizontal: Position from rest P approximation
C OMpPression El QI1g ation (—kX )
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Position

1 Ko |

0.6

0.1

= Reference
overstity (k=1.6) s

(k=1.1 )

- Time
10
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PID Control

fcd(t)
: 5| Plant / e(t)
Error signal: Process I

e(t) — Ldesired (t) — ./I;(t) u(t) P Ke(t) |«
+ . |
Control signal: /
' d dde(t)
u(t) — er(t) -+ KZ/ ( )da + Kdae( ) D K.—

| P Ke(t) I [ K /Ote(a)da | D Kddd—f) I

Future
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Spring and Damper

assuming constant set point,
vei.cacﬁtj Ls derivabive of error

e add damper to
‘release energy
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Kq

d

1.5

ae(t)

Position

0.5

Kd=05 Lless clamped

N

Q_” 2 =3 r-

reference signal

Kd=2 wore c:&ampeci

i — - e R R g e W YIRS O By RS O3 T N PR

Kpn=1 Ki=1 Kd=1
moderate damp:lhg

Time

10 12 14 b 15 2(]
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PID Control

fcd(t)
: 5| Plant / e(t)
Error signal: Process I

e(t) — Ldesired (t) — ./I;(t) u(t) P Ke(t) |«
+ . |
Control signal: /
' d dde(t)
u(t) — er(t) -+ KZ/ ( )da + Kdae( ) D K.—
0

| P Ke(t) I [ K /Ote(a)da | D Kddd—f) I

Past
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Steady state error

® Steady state error occurs when the system rests
at equilibrium before reaching desired state

® (Cause could be an significant external force, weak
motor, low proportional gain, etc.

® PID integral term compensates by accumulating
and acting against error toward convergence

gr&viﬁfj !

0 5 10 15 20
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Position

0.5

> %3 g - g By - o\ PR - . ~- bk

.
Ki=?2

very fast response, but poor stability

\Kp—1 Ki=1 Kd=1

acceptable stability and medium fastness

Kl 0.5

very stable, but slow response

Time

4 b & 10 12 14 b 15 2(]
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Gain tuning

® |mplementing PID algorithm will not necessarily produce a good
controller

® Selection of the gains will greatly affect the performance of the
controller

® PID gain tuning is more of an art than a science. Choose carefully.

d
) = Kpe(t) + 1K || e / a)do +ae(t)
P Ke(t)l T K/O do] D K%
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PID controller

From Wikipedia, the free encyclopedia

Effects of increasing a parameter independentlyl’4]

Settling Steady-state

Parameter Risetime Overshoot _ Stability!!
time error
Small
K, Decrease | Increase Decrease Degrade
change
1€ Decrease @ Increase | Increase Eliminate Degrade
] Minor | Improve if J{ ;
K, Decrease .= Decrease | No effect in theory

change small
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/Zlegler-Nichols PID tumng

Controlled Controlle
process cL:th
vanable (load A
Reaction
curve
gy R
Td
8
EXPLO T@. 0 M »(—— Step change A
vOMT' OwaaiA : E

Time
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My approach to PID tuning

(take it or leave It)

Start all gains at zero : Ki= Ko =Kp =0

Increase spring gain Ky until system roughly meets desired state

* overshooting and oscillation about the desired state can be expected
Increase damping gain Kq until the system is consistently stable
 damping stabilizes motion, but system will have steady state error
Increase integral gain K; until the system consistently reaches desiread

Refine gains as needed to improve performance; Test from different states
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Putting it all together (Pendularm)
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Putting it all together (Pendularm)

This Lecture

PID Control of 1 DoF robot

. Feedback Control

Lecture 4

Dynamical Simulation

Equations of motion: Simple pendulum

PI’O]GCJ[ 2: Pendularm Integrators: Euler, Verlet, Velocity Verlet, RK4


http://autorob.org

Putting it all together (Pendularm)

This Lecture

Feedback Control

PID Control of 1 DoF robot

Lt dt

Pendulum Dynamics

' é:—gsinﬁ | 4
Ty = |04, 04] 50)

feedback state Integrate over time to next state
for next iteration

ml?
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Putting it all together (Pendularm)

generate motor force
towards desired angle

Za = 0a, ba = 0] Error PID Controller
€t = T4 — Tt ut:ert—I—KiO;)eada—l—Kd%et

Pendulum Dynamics

: é:—gsin 0)
Lt — [9757975] l ( )

feedback state Integrate over time to next state
for next iteration

desired pendulum state
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wWarning:
Changing system -> changing gains
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Other types of systems”
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Cart Pole Balancer

¢ T s N2
(M +m)x — mlbcostl + mld”smb = F

() — gsint)l = x cost!

_’

M F >

/////////;;////////;;/////////
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Enfield Technologies
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https://www.youtube.com/user/EnfieldTech?feature=watch

!

https://www.youtube.com/watch”?v=ad4c7AwHFKT8 Enfield Technologies
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https://www.youtube.com/user/EnfieldTech?feature=watch

https://www.youtube.com/watch”?v=ad4c7AwHFKT8 Enfield Technologies
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https://www.youtube.com/user/EnfieldTech?feature=watch

Differential Drive Inverted
Pendulum
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https://www.youtube.com/watch?v=hpCwdu0e3i0 techbricks.nl
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