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Fujita.lab uses wheeled pendulum
e-nuvo WHEEL (ZMP INC.)

But its default controller has some problem...

Build practical model
Apply another controller
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Gyro
0.07(rad/sec)/bit
- Default Controller
Battery
2.4V
+ Applied Controller CPU
20MHz
+ Frequency-shaped Controller
Encoder
0.03deg/pulse
« Conclusion
Motor
max12.7mN/m(4.7A)
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Default Controller 1
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m : Mass of the body
wheel pOSitiOn M :Mass of the cart
Jp : Moment of inertia of the body
Te = 7‘(0 + ¢) Jt :Moment of inertia of the cart
ye=10 Jm : Moment of inertia of the motor rotor
bOdy pOSitiOn I :Length between the wheel axle and the
- ravity center of the bod:
Zp = % + lsing gravity Y
r :Radius of the wheel
¥ =¥ +1 ¢ :Friction of the wheel axle
Kt : Torque constant of the motor
Lagrange equation of motion i :Reduction ration of the gear

{(M +m)r® + mir + Jt +idJm}b + ((M + m)r® + Jt + 2Jm}é + cd = au
{(M + m)r? + 2mir +ml® + Jp+ Jt + Jm}d — mgl6 + {(M + m)r® + mir + Jt +iJm}$ =0
equation of state
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Default Controller 2
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LQ controller

K=R'BTP

-K |L>| Plant |L

PA+ATP_PBR'BTP+Q=0

Q(weighting matrix) € R¥**
R{weighting matrix) € R

—>

(Default value)

Fault of Default Controller 1
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Assume that there are two pendulums |

To control ¥

u=—Kzx —eps

—Kz + eps
. G1 G2 : Gain
eps = G1 x (re F— ¥) +G2 x “bref 'ﬁb) Pref : Targetsp
LQ doesn’t apply to ¥ 7
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1000
01 0 0 _
001 0]} R =500
0 0 0 10
K =(-18.7127 —0.1732 —2.3976 —0.1966)
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Fault of Default Controller 2
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Servo System
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Speed of wheels’ center
e,
Te = i(d’l + ¢r)cosyp
4 = 5(6 -+ dr)aingp
2.=0
V% Gravity center of the body
T, = lsinfcosy + z.

o yp = lsinbsing + y.

= lcos
Lagrange equation of motion

Equation of state
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Jp
Jy
Jr

: Moment of inertia of the body (pitch)

: Moment of inertia of the body (yaw)

:Moment of inertia of the body (roll)

@1 o an ] 00 0 é m
(E22)0-(4 DE-C
an am asm ) \g, 0 0 fu/ \o, 0

equation of state

[ [
d| ¢ 6
21%1=-a
dt | ¢ 2
(28 Or

Tokyo Institute of Technology

Fujita Laboratory

12

Servo system
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e=(-C 0) (f))

@ =W — Weo
I=Z—ZToo
Evaluation fuogctlon Q1 € B2
Ja= [ {'Qie+&T Qo+ uT Ri}dt Q:eR>*
Re R¥*?2
Riccati equation
T
ATP 4 PAy— PB;RBYP + ( e 5 ) —0
2
_( Pu P
P= ( P;é Pz: )
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Servo System I h l Parameter identification
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Mass of the body [kgl
Mass of the cart [kgl
&= Az + Bu y — -
Moment of inertia of the body (pitch) [kg -
y=Czx mA2)
Moment of inertia of the body (yaw) [kg *
mA2]
Moment of inertia of the body (roll) [kg -
mA2]
Moment of inertia of the cart [kg -
mA2]
u = Faz =+ Gaw + HH,T' — GaP2_21P1§:xO —_ Gaw() Length between the wheel axle and the [m]
gravity center of the body
F,=-R'BTP,
G, =-R'BTP;
—1
—1pT A B 4
Ho=(-Fa+ G.PEPS 1) ( A B ) (1
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Simulation 1 Simulation 2
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b ZMP servo | ZMP servo
i3 —proposed servo s —proposed servo

il | ZMP servo
——proposed servo.
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m Outline m Frequency-shaped LQ controller
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LQ controller...
v’ Default Controller Weight matrix is constant

. *Weak in phase-lag
v -
Applied Controller -Weak in uncertainness

« Frequency-shaped Controller

« Conclusion

Frequency-shaped LQ controller
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Evaluation function
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| Evaluation function |

J=1 f (67016 +57Qab + 4T R} dt
27 Jy

A 2

é,w, u is Fourier Transform of e, @, @

@1, Q2 : constant

R=DTD
4 =Di

m System

Define
D1 z=Fz+Gv
"u=Hz+ Mv
v |2=Fz2+Gv | y |2=Az+Bu| Yy
— I — —
u=Hz+ Mv y=Cx

equation of state

1 f® . 5 apa 5 A 0 BH % BM i
J== &TQ1e+ T Qoo + 070} dt & k2 F =2 — T
o J, {&" Q2 } fl=-co o a|l+[ o |» @ =W — Weo
3 0 0 F 3 G F—z— 20
1 Time-domain representation P P
o) I
J= / {eTQre + & Qoo + 7T ) dt e=(-C 0 0)|&
0 18 z 19
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System System
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Riccati equation H
s
CTQlc 0 0 - =
ATP 4+ PA, - PB,R'BTP + 0 Q 0 | =0 (PoiPE, I (m) p-1
0 0 0 o, - -
w ¥ i=Fz+Gv | |t=Ar+Bu| y
+ © u=Hz+ Mv =Cz
Define - v=
P Pz Prg
P=| Py P» Pm
Py Pz Pa
Pby, Phia Py Py | P2
Pb= P Pb. = P3y Psy | Py
21 22 Py Ppy | Py
Fs= —GP31
Gs=—GPs3y xo
__ —1pT
Ls=—-GPs3 A BE o\~ /o v=Fa+ Guw+ Lz + Hyr — (GoPpys Py Gs) | 20
Hs=(—F,+CGoPpsPly —La+GPpPE, | 0 F @ 0 wo
c 0 o 31
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l l Simulation
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Suppose that sensors have discrete property

0.07(rad/s)/bit
0.03deg/pulse 10ms
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m Simulation (Constant vs. Frequency-shaped)

Tokyo Institute of Technology

0.1 constant
. —frequency shaped

2 ) ) costant
[ 4005 1 90000 _

90000

jreswm

cutoff frequency : 48[Hz]
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Simulation

Tokyo Institute of Technology

D™ is calculated in micro-computer

.

| D-1 is discrete system

p-1

i=Fz+Gv |, |g=Ar+Bu| y
——»

u=Hz+ Mv y=Cxzx
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Simulation (D™": discrete T=0.01)
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0.1 - —continuous
. —disorete
0

4 —continuous
—discrete

e

90000

E ’

—continuous
—discrete

cutoff frequency : 48[Hz]

—: D7 is continuous
—: D! s discrete (1=0.01[ms])
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0
SHE
0

5% 4 400s + 90000
N 90000

cutoff frequency : 48[Hz]

: D" is continuous
—: D' is discrete (T=0.005]ms])
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—continuous
—discrete 2|
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Simulation (D™ discrete T=0.001)

Tokyo Institute of Technology

0.1 . —continuous
. —disorete
0

SHE
0

52 +400s + 90000
90000

—continuous
- —discrete

—continuous
—discrete

prrowm

cutoff frequency : 48[Hz]
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—: D7! is continuous
— : D71 is discrete (T=0.001[ms]) q.b w 27
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v’ Default Controller

v Applied Controller

v Frequency-shaped Controller

. Conclusion
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Conclusion
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Conclusion

® Viewed problem of Default Controller
® Applied another controller

Future Works
® Speed up the control cycle
® Apply another controller

29

Tokyo Institute of Technology




