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Introduction

Experiment System at Fujita Lab.
Previous Robots
- Two-wheel Pendulum Robots
- have non-holonomic constraints
= exact verification ?

New Robots
- Omni-directional Raobots
- Improvements

(8 No non-holonomic constraints

(b) Always Stable Equilibrium
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= need todesign a Local Controller

satisfying the design specif
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Parameters
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States (Pose) from overhead camera
T Y €ER : position
8. € R : atitude
Body velocity (control targets)

12,08 €R  linear velocity
e R :angular velocity

Wheel angles Input voltages

xy
b0 b5t ER er,e2,65,c4 CR
L ) |
Length b

L (=0.085 [m]) : distance between center of robot and one of the wheel

r (= 0,034 [m]) : radius of the wheel a
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Actuator Model
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Suppose Lig :innerinductance
La,B -0 (from Product Information) Ha : inner resisor [Q]

— nk, Ko torque constant

wi(l) = —————— it T
=l Roda -+ nkonk, 0 J  :inertia of whedl
R Je— 0 B :friction
(unconsidered dynamicsdelay) Kj, : back EMF constant [Vs]
: gear rate

‘ n
Actuator Model  wu(# = ie«(ﬂ
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Overview of Controller
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Data Gotten o
from Camera

i|= k] (3]

measurement

Velocity and Position
Controller
Input value .
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rlo 1 -2 L
-1 4 =L
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Experimental Environment
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Computer

Camera
2 Image Data
3 g — (Image Processing)
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dSPACE

Simulink | (controller)

Visual €4+ | (gutput controlled Value)

W I4-

o, Control Input
£ s Wireless Device

Omni-directicnal Mobile Robot (XBee)
(on Field)
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Plant Model
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Time Delay + 1% order system Step response

R
ey i
¥ 0.55¢41" > ]
""""""""""" 2 o
Transformation and Data = !
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Frequency Analyss " High frequency
Finls) = .
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0.00101357 + 0.063665 + |
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noise

Outline
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 Controller Design

- Velocity Controller ( FB )
- Position Controller ( FB / )
- Option ( FF with StateFeedack / MPT )
- Comparison

e Summary and Future Work
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Pade Approximation

05, 2 — 20m+ 1333
T 24+ 2s+1333
(considering phase)

Velocity

Tol

PM=67[deqg]

GM=10-15[dB]

Steadly Position Error s < 1073
Gain Crossover uige £ 0.75-1.3[rad/s]

(considering phase lag, sampling rate)

Peak gain
Sensitivity £ 1.5(=3.5[dB])
Comp. Sens. = 1.3(=2.3[dB])
Band width (Comp. Sens.) < 4{rad/s|
(Overshoot = 5%)
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Design Specification (velocity)
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(©) (©)
Analysis
+ Bode plot for open loop
+ Time Step Response
+ Gang of Four

+ Pole/Zero Map a

Velocity Feedback control

r

0| Kp(s) -~{Plant

- :
Fllter = 1 k.
 0.04933:2 - 0444451 1

Bode Plot for open loop s s

£ < 60[dB] GM=7.32(dB]

—= Not satisfy Stable Position Error

- Pl control or Phase lag control
lim L > 60[dB
lim L(a) > 60[dB]

i wgc:l.OS[rajlsN
In this seminar,

£ deal with PI control only
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Pl velocity FB Cont

rol (Bode Plat)

Tokyo Institute of Technology

Gain [dB]
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Pl velocity FB Control (Step Response)
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—case (1)
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case (3)
—case (4)
8 9 10
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Time [s]
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Pl velocity FB Control (Gang of Four)
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Pl velocity FB control
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T v T
o Ilme response
N g i Overshoot
—040f1 [
% ( + o8z be |/
Case(2) o /
Bode Plot N T D v S B B
GM=103/ds]  3ang of Four
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PM=663[deg] | o~ . .
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PI velocity FB control
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Outline
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r v
ﬂ-PIant . PoleiZero Map Pade appro.
[Filted o e}
_1 ]
Ky =045 (1 + o.aza) i .
Case(2)
o] : © « Controller Design
Movie &5
- Position Controller ( FB / )
At prer - Option ( FF with StateFeedack / MPT )
! - Comparison
3 e Summary and Future Work
' %IF!&'I[;I 8 7
Position Feedback control P position FB Control (Bode Plot)
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Design Specification
PM 2 20[deg]
GM = 3-10[dB]
Steady Position Error €s < 1673
Gain Crossover wge< 0.778[rad/s] Analysis
Peak gain
e + Bode plot for open loop
Sensitivity & 1.5(=3.5[dB]) - Time Step Response
Comp. Sens. ~1.3(=2.3[dB]) - Gang of Four
Band width (Comp. Sens)< 4[rad/s] . pyg/7ero Map
(Overshoot < 5% )
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P position FB Control (Step Response) P position FB Control (Gang of Four)
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P position FB control P position FB control
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r v i
. . F2 E PI: Time response

// Overshoot
§ 08 / 5%
K4=0.60 AmME Ky=060 . . .
Case(2) without friction support,
4 Include 5% Error
3 Real Response .
Bode Plot Gang of Four ™" I (Wlth friction support) Pole/ZeroMap  pade appro.
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Outline Feedforward controller of 2DOF
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Model (simulator) Design
- Close loop system : Stabilization
- Design state feedback controller

(following ref. signal + ideally)

; : idea input o
; 1 : ided output in
+ Controller Design Zar: inner states of model input and output of model ; %%

to Real Feedback system
Resal Feedback System )
- Option ( FF with StateFeedack / MPT ) Model Following Control

- Comparison

e Summary and Future Work
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State feedback controller
Plant model Approach
ettty ' - State equation of plant model
Sl ds cer®
: 0.55s+ 1" F=Az+Bs  TEL
_____ - y=Cxz ¥ER
Pade aopro. (Controller Canonical Form)
(quadratic)

Model (simulator)

4 :idea input
¥ :ided output
TM : inner states of model
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{A, B) controllable
(A, ) observable

rank condition :
A B
rank[c 0]=3+1

4

State feedback design is usable

w

LQ regulator
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LQ optimal regulator

Servosystem X =[aT q]"
! ] I= f (XTQX + T Ru)dt

#X _|[ A D B 0
=" |- u[x"'lnl"'"lll' J minJ
y=[Co]x g w=Fz+ Ky
w—FctKky HERYER Compose the simulator
. . , Q =diag(0,0,0,9) R=1
ner :statefor following Bode Plot of TF from T to ¥
- reR : external input =
- q MH;“I“‘Q:

Model (simulator)

;

=

Itspossbleto

u; : ideal input %5 ideal output  design band width arbitrarily E
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Velocity 2DOF with state feedback

Design
- weight matrix R=1
J=LD(XTQX+¢TRU)#

Q = diag(1,100, 250000,60)
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State feedback controller
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Feedback model (velocity and position following)

St_ate .
: .
M odel (simulator) Servosystem X =[sT %]
X_[Aa|ly, [” n
A P | & o] =+[2]=+[2]-
: 9 v=[C 0]|X w=FztKy
i [C-¢~(=) LQ optimal regulator
S _ _ J= K (XTQX 4+ wThRE)d
This performanceis equal with u; :idea input R=1
| one of using transfer function a ¥i :ideal output -
Position 2DOF with state feedback Position 2DOF with state feedback
Design Input Analysis f. . Input -
- weight matrix R=1 — = ot ’ :\ ’
—_— " i .
J—F(X QX + »T Ru)ds signal shaping L b
Q@ = dlag(1, 100, 250000, 60) Limited line? (rectangle, triangle, trapezoid) ¢ \ Limited line?
State REITEAN | ' ey sy sy sy g g g g = same result I S o o
'il 1 input value Y
| ouput " over-input (limitedinput) oy
=3 m = = badrising 4~ e
: input met "
) . hod /
= 1 velocity output system =/
B 2output system  fa. || /
(velocity / position)  ** |}
Change weight-matrix =
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Overshoot : 20% '('t'oo large)

Rising response : bad and delay a

Overshoot : 20% '('t'oo large)

= Hybrid predictive control Rising response : bad and delay
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Predictive Control

Predictive Control

1) Solve optimal control of fine horizon by the state =g at the time &
2) Input thefirst step of the obtained input now
3) In the next time step, return 1) and repeat
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Utility Function
Constraints

min (O TEU + Bix)U™
MUY < m{x)

Hybrid Predictive Control (MPT Setting)

Plant model

E_ ::Ell3

q Azt Lcx .
y==0x y € R : velocity

Transformed System (*)

ala]=[:%08][2] (2]
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MPT system

model

Discrete system (*) (7=0.1[9])
constraints

Input u e [0.74,0.74]

State Tp € [-0.64,0.64]
Evaluation parameters

5
L

(Input, state, termination, ...) r’=["]=[uc;' 2]["] Steps N=10
¥ = "
Sae oy o= J,- Weight R=1
o R S DD S s =[= = = Matrig) = ciag(1, 106, 250000, 3)
Predicted state icted state Predicted A=T 1 1 i
Slaetraieclurt);a’emory ate Iraje[?oﬁory (updated)» trgj Ecwlfc): (U;fja;z‘j) 7= T::;i: Model (S mul anr) = OUtpUt wel ght
N ;. =di
ot Input sequence u In%‘pfaq(sgme In%‘pﬁﬁ;me C" = 6-1;;1 LA 0y dm(lw’ m)
=i c (o) tracking mode
0 ‘ INI—1;\I ‘ I IN‘—]‘N ‘ | 0 ‘ IN‘—1;\I I Tn=10 10
061
Tokyo nsitutet Technology w Tokyo nsitutef Technology _M
Hybrid Predictive Control (Solution) Conclusion (comparison)
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Simulation Experiment &  Small eror Velocity Position
. velocity ” position / Pt (A) ! (B)
» : i w A T —— -
o o / s W7 Ve
- % o8 Change 5:, VA e ’
£ * é v controller E,, 4 /
) - i | 82
fast speed =m0 | geishabd Y L/ -
LI P R e i I R B % CI t: ”5 -.u r‘ﬁibé; ’ —.Wx;!.n aty i 3 — & i o3 § i PP ==
o input we[0T8,07 o e COMTOLEN s PI Feedback (A)
o o = Improve follow-ability / Stability ~ Time constant improves 15%
3:' 1| Time constant (compare with P feedback)
o3 0 (compare with PI feedback) (B)
i | 0 Lower Overshoot
o xd | “u 2DOF Improve 37.5%
% s " | . State Feedback  Improve 62.5% (compare with P feedback)

Tokyo Institute of Technology

Tokyo Institute of Technology

_M

Summary and Future Work
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Summary

Compose Experiment System (cooperation)
Design Local Controller about Linear motion
( velocity and position : nominal model )
& &

Omni-robot has high reproducibility.

Future Work
Design Loca Controller about Rotation motion
Robust performance of Linear motion
Verification of Linear and Rotation maotion
Installation of Encoder (Identification)

w
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Appendix
System Expression
- Kinematics Model

- System Dynamics ( Motion Equations )

Controller Design

- Velocity Controller (2DOF model )

Application

- Cooperative Control ( Adaptive Cruise Control )
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Kinematics Model
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Rigid Body Motion
HEEE=IE

R(p.) : Transformation from¥p to ¥

Transformation

from body velocity

to wheel angular velocity
ér 0 -1 —L
| 11 0o —Z v
| | P 1 —L 5

B -1 0 -k

System Dynamics
Tokyo Ingtitute of Technology

System Model : Two-dimensional Plane Motion
Motion Equations ( with Euler-Lagrange M.E. )

My = F, My : The whole mass
My = F . : Moment of inertia around the center
I+ Dp = Fy D, : Viscosity friction coefficient

Identification ( regression mode! )

BHIHEH

Measure with overhead camera isinexact

Solution
install Encoders

38
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Velocity 2DOF control

Analysis and Design
Change to the left block diagram

Transfer function€s from ¥ to ¢
G=F4 FS(P/M—1)
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P(s) = (Plant) x (Filter)

If Pai M or s(w) — 0,
then Feedforward is effective

Design of Feedforward F
- Feedforward controller f7: Stable

- FfM : Stable
ui !deal input [Theorem]
B :ideal output Suppose P stable.
+ Real Transfer function G¥ F = PR and R(s) isstable
% <> systemisstable.
Filter
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Velocity 2DOF control (1)
Time response
'.-"}; Ove;hoot
R A
0.447: 4 0.813
F=Ple}—b——— /
Pl 0.055s41 I B
Gain Plot Band width Real Response(Mowe)g,
3rads]
R - y .f\@\
_ L S
T t | I;‘/ |1|
™ 11/ '
- o adandn)/ N

Froquacay pacin]

40
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Velocity 2DOF control (2)
Time response
¥ i et S &
F= 1 ’ ‘ I.-"lf
T 0.00863 1 0.1262 + 062} 1 —J
Gain Plot Badwidh  Real Response
3[rad/s]

N, s Sy o TN'T‘.‘J
g \ : . }l / Sl TN U |

" _ 5 ,...__.J'/" AR

: Foemecy ) ” "

Adaptive Cruise Control

Adaptive Cruise Control

a system which controls arelative distance and velocity from a
forward vehicle and is fascinated with the congestion aviodance
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purpose
to realize a autonomous-distributed system which achieves driving
such as minimizing a crash risk. (crash avoidance)

Problem Settings
Single lane driving problem
i de i dz i dsy ]
Mt 3 (1) b= 52 (1) bt 1 (1) St (1) 5 gAVEDY
' ."‘: - i '
I S22 L._.__'.:_._. f‘;. y = 5
) ! L8
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Adaptive Cruise Control
Problem Settings
' dy '
:_'—'- via(l) U= vy, (1) ) - ogven

| dha  dha F‘—m
L) = | X
0 X3 X2 Xy
Follower agent A gets .al;. (leader) controller

distance and velocity o

of the agent .Ag_1 = =

Filter
Simulation parameters
Initial distance: 0.3[m]
Initial velocity : 0 [m/s)] Pi—
Finish distance : 0.4 [m] v
Leader velocity :m =0.2 [m/s]
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Other (follower i ) controller

Simple Controller
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Simulation

. Relative distance .. velocity

N
|Ill \

PR )

Velocity [m/s]

Velocity [m/s]
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String Stability
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_T.f_ _@T:IT'L@"‘L’
Assumption System

+ LTI SISO plant/controller * LTI MIMO plant/controller
- Each loop has relative degree - Each loop has relative degree
» Homogeneous loop - Homogeneous loop

Sufficient Condition

=2
& 1{s) [«

The perturbation doesn’t
propagate to following vehicles

String Stability (including Time Headway)
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Transfer function from 2input ¥§—1, Pi—1 to ¥

— 1 i
%= {4 PE,F) PR + Kyfal oroit Kes)

§ simplify

2; = {To + (e + 1)S, T.FKp)- -

M+1
w =(Tp+ (hr+ 1) T F Kyl 1
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String Stability (including Time Headway)
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: 1
Analysis xr=m N
Velocit Position
&= (Tt (B + DETFKy) 2L

y = (T3 + (e + DT F Er, fis+1
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Controller with String Stability
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Simulation

Relativedistance ~ Same velocity Achiere
' distance String Stability

Velocity [m/s]
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