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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine




Double Inverted Pendulum (1979)m
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Inverted Pendulum (IP)
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Inverted Pendulum

manipulated state variables measued
variable r,0,r,0 variables

. positio
driving

force

actuato SENsors

ml cos 6 %mi’?

MEl) éz C(gfzj G_EEI) €1

Under-actuated System

M+ m meDSG]lg]_l_!




Under-actuated System

SISO (Single-Input Single-Output) System

] a Dynamical

MIMO (Multi Input Multi-Output) System

Dynamlcal £ £
System pP-OuUtputs

1-output

m-inputs

m<p = Under-actuated System

controlled variables as many as manipulated
m-variables based on measured p-variables

If you chase after two rabbits, you won't catch either.



Andersen’s Approach

pendulum

position

EEELS

SISO#1 cart

driving E .

f | position.
SIfeIS actuato i sensor [

F




Position Control of a Cart

Unity feedback is used to correct the error
between given command and current position.



How to Regulate the Oscillation?
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PID Control of a Cart (Motor/Ship)[

[-Action

P—Action

Which action requlates the oscillation?
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Andersen’s Approach (Step 1)

pendulum
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Which is easier to control?

pendulum

control purpose
6 — 0

angle

control purpose
|z —r| — 0

control variable
Z
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Andersen’s Approach (Step 2)

Pinching the point, | ¢

Adjust a control gain
to stop the oscillation.
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The Same Period of Pendulums

Simple Pendulum Rigid Pendulum
T = 27T — 27T
9 3 9

Find the length ell to realize the
same period as the rigid pendulum.



[15]

The Same Period of Pendulums




Center of Impact

W\OV@

The controlled variable should be
such a physically unmovable point,
what we call, a node.
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Examples of Center of Impact
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Hit a ball to get the minimum impact on hands.
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Finding a Controlled Variable
s E L | E | g 99 @925“‘]9—- =

| mLcosOF + Fme%0 = mglsin 0
J cosfd ~1,sin0 ~ 40

RV O(s) _ —afs2)| non-
'r—l——@ 0 =
— 9 (s) — 5 3g| Minimum
ﬁz—’ 87 = 77| phase
dtQ(T_I"MQ)
J,Lz:'r—l—%(Qﬁ)@
3 . .
BET I
4y R(S) 32—2_—%
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Velocity Input Model

e Motion equation

Zz = E(Zﬁ — T’), a’r —_ —ﬁr + Ta Te
e State eguation _ —
5 3()) 1 % O [z ] 0
:: 9 0 —29 0 O
< — 4¢ 4y <
r | O 0O O 1 r T 0 \@'
3 0 0 0o & |Ll7. ™) "
\ . J L ~ e N \_‘;—_l
T A r B
e Output equation L
[ r ] _ [ 0 0 1 0]|: .
= | 3 3
0T 20 -20]]|" v_eIOC|ty
= " L L Input

This model is obtained as a sub-product.
But the usefulness will be noticed later.
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Double Inverted Pendulum

measued
variables

manipulated __ state variables: r,61,65.7,601.6

variable positio
T
driving i angle
actuato = Sensors
force | 041
F
angle
0> — 01
M4+ mi+mo m1 + 2mo2)f1 cos maof> Cosfs T
—{m1 —|— 2?’?12)&1 COS 91 —(%ml —I— 4?‘?’:'!,2){% —2?‘?’1251&2 CDS(QQ — 91) [ él ]
mofs COS 0> 2malils CDS{gg — 6'1) %mgf% I‘;ig
~ ~ ——
M) L2
0 —(mi—+2ms)f1sin616, —molssin 02605 . r 0 1
-+ 0 0 ] 2malils Sil“l(gg — 91)92 [ 9_'1 ] [ (m1 + 2m2)£19 S!['I 64 ] = [ 0 F
0  2molifasin(fa — 01)6, 0 62 1 —malagsinfy | 0] 7
g ' (:Efrl] £1

(€1.62) &

Under-actuated System
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Andersen’s Approach

- __pendulum #2
SISO#3 o

angle a
0

1

SISO#2 5

driving
force

position_
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Control System for DIP

manipulated state variables measued
variable r.01,0o,7,01,0> variables
positio
-
driving
force angle

actuato o

=




[23]

LTI Model for DIP

e State Equation({1 =/l =4, m1 = mo> = m)
r = Ax Bu,.’E:[‘T‘ 91 92 r 6'1 92], u=F

4] 4] 0 1 0 04 0
4] 4] 0 g 1 0 ]
4] 4] 0 g 0 1 ]
1-3.;[11-; ng 7
4] - _ O 0 0
TM+2m 14 M +4m TM+2m
12 gM+15gm 18 gM+3gm 9
4] - O 0 0 -
TellM+2e=llm 2B ellM+8e=llm 14 211 M +494=l11lm
i 0 0 0
TellM+2e=llm 2B ellM+EBe=llm 14 =211 M +4=11lm

e Output Equation

r
y — C:L" y — 9]_ ' C —
0> — 01

OO
= O
= O O
o O O
O OO
O O O
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LTI Control by LQI Design Method

w




OBC with an I-Action
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Controllable and Observable System

r=Ax + Bu +w, y=Cyx

where w IS a constant disturbance.

Control Purpose (Controlled Variables)
= Coy = CcC — t —

z SY SCM:B r (t — oo)

Assumption: S = A

C 0
For any w,r, there exist oo, Uco,

o=

Observer-Based Controller with an I-Action

IS nonsingular.

z=(A—HCy;— BF)Z — BFjz;+ Hy
Ty=2z—7r
u= —Fr — Frxj
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Steady State Analysis

e Stabilized Closed-loop System

X A— BF —BFy —BF X w
.Cil‘f — C 0 0 £TJ + —Tr
_T_ ] 0 0 A—HCy || e W
—— ~ ~ e — ~ ~— »
g Aprp g W

e Steady State
x ~1 1 | BF 1 — W
Ty | — Apr | =4EF | o ] A r
e | 0 A1 || w
—— . -~ N —
g App ™ ~wp
) o ]
= | —F7'Faoo — F7 'uco — F7 1 Fens
€00 |

4

Z—C:L';O.’L‘oo—?“
—Ff$f—>F($oo+eoo)+uOo
\ € — oo = A1

-




LQI Design Method (1)
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e Step 1: Selection of Controlled Variables
Determine a slection matrix C'¢ such that

[ g g ] is nonsingular (C = CqC)y).

e Step 2: Stabilization of the Error System
For the error system:

dlz—2c | _ | A B T oo | 0
dit | v —ueo | | O O U — Uoo Im,

~~ -~ ~~ ™~ ~~ - N——’

rE3 AF}3 LE3 BF,'S
determine a stabilizing state feedback
i=—|K Kj|aps

by minimizing a cost function

J = /0 (zp3Qprps + upsRpups) dt,

and then calculate B
ror)=[x &[4 5]



LQI Design Method (2)
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e Step 3: Calculation of State Observer
To determine the gain H in a state observer
t=(A—- HC)Z+ Hy + Bu
by solving Riccati equation
FARE :TAT 4+ Ar —rcfv-lcr4+w =0
on [ > 0, and calculating
H=(C'vint.

e Step 4: Calculation of LQI Controller
Base on Cgq. F, F;, H obtained, calculate

Cs

OmXﬂ Ome

L - A

. A— HCys— BF —BF H O
.CEKZ[ M I]£H+|: nxm

—Im

I

-

sl

A
uz—[F FI]SUI{.
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Double Inverted Pendulum (1979)
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Outline

LQI Control

Linear-Quadratic- controlled object
Integral Design of of LTI type
Linear-Time-

Invariant Control

LTI controller

controlled object of LPV type

LPV Control
Linear-Matrix-
Inequality Based
Design of Linear-
Parameter-Varying
Control

LP\Vcontroller
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Spinning Body

manipulated state variables measued
variables W1, Wo variables

T1 W1

actuato SENsors
Dé W w2 W2

Jiwy — wo(J1 —J3) =11
Jiwo —w1Q2(J3 — J1) =12

Under the z-angular velocity variation,
requlate the disturbed x&y-angular velocities.
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LPV Model

e State equation: ~ Varying parameter

. I’ 0 J1—J3 ] 1
w1 =@ J1 Wiy - | T
W2 { —‘]1;‘}3 0 W2 Ji | ™
e 1 d, e —
T A(Q) T B u

(Qmin < Q S Qmaa:)

e Polytopic LPV Model:
T = (p1(2)A; + p2(2)As) x + Bu
A(2)
where A1 = A(2min), Ao = A(Q2maz) and
C2 — Q2 € — S22,
p1(2) = ——= ,p2(2) = e
QLmar — Qmin Qmazr — Qmin

satisfying p1(2) + p2(2) =1
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LPV Control

T = £P1(Q)A1 + p2(Q)A2)jU + Bu
r = Aix + Bu A(S2) r = Arx + Bu

stabilize stabilize

“ 1P u=— (p1(Q)Fy jpz(Q)lexu 2

The interpolation of two Vertex controllers
doesn’t guarantee the closed-loop stability.



Design Specification

[36]

e Spec.#1.:
T he closed-loop system is internally stable.

e Spec.#2.
The Lo-induced gain of the operator is bounded
by ~.

(23] . Y1
P($2)
—>
U L1
<7
o0




CLPS by LPV SF
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e 2-port representation

(&= A(Q2)x + Biuy + Bousg

C @) 0]
P(Q) : ¢ H]:[(J]H[O]“ﬁ[f]uz

e state feedback
up = —F(2)yo F(Q) =p1(Q)F1 + pa(Q) Fo

Y1 C1 D11 D1o
L=z — |
A(2) = p1(2)A1 + p2(2) Ao

e closed-loop system

N

Y1 —

(= (A(2) — BoF(R2))x + Biuy

C
) | *
C1—D12F(S)
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LMI-Based Design of LPV SF

e Minimize yonY =Y"'. 21, 75
subject to Y > 0 and
LMI-SF1,2,3,4 for vertexl
LMI-SF1,2,3,4 for vertex2
(LMI: Lnear Matrix Inequalty)

e Determine the State Feedback gain
for each vertex Fq, F»> by
Fi=2y"1
Fr = Z,Y 1




LMIs for SF
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<0

e LMI-SF1:
AY — B>Z + (x)T < —2aY
o LMI-SF2:
—rY AY — BQZ
(*)T —rY
e LMI-SF3:

sin(AY — BoZ + (x)1)
| —COSO(AY — BoZ — (x)1)

cosO(AY — B>Z — (x)1)
sin0(AY — B>Z + (x)1)

e LMI-SF4:
" AY — B>Z 4 ()1
(=)
C1Y — D17

By (!
I ('
Dy, —I

Im

<0

<0

Re
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No Control

2.0

Qmin< Q< Qmax
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2.0

1.8

4
O

1.6

1.4

T < = T & R

0.0

LTI Control (SF)
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LPV Control (SF)
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Arm-Driven IP (ADIP,1997)
) 4y,
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Equilibrium States for ADIP

controllable

uncontrollable

0% = QF
g = 15°
0% # 45°
1

07 = 90°
O 1

The horizontal movement s reduced.
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Wide-range Stabilization of ADIP

manipulated state variables measued
variable 01,6,01, 0> variables

driving
torqe

actuato Sensors

dmil3 4+ 4mol?  2molils cOS O { 01 ]

2?’?’12@152 COS 921 %meg

] + [ —(m1 + 2m2){1gsSin 6y ] _ [ é ]T

—mgfgg Sin 0>

—2m2€1€26:’§ Sin 0>1
ngflfggf sin 051

Under-actuated System
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LTI Model for ADIP

e State Equation(#] = 0)

.’.L‘:AQ:’—|—B’U,,:E={91 92 91 92] s W =—T
0 ] 1 0 0
0 0 0 1 0
12elllgmZ+6elll gml 9elll gmi i
— o 0 —
HHJE ] HHJE ] HHJE u HHJE ] '|'|dE ] -|-|un ]
-6elll mi-8elll ml -6elll mZ2-8elll ml -6elll mZ-%8elll mi
18 elllgmi+9elllgml -18elllgmf-6elll gmd 9
0 0
-bellliellimi-Belllelliml -6elllellimi-28elllielliml -belllellimi-8elllellini

e Output Equation
01 1 0 0O

y=Cx, y= 0y — 0, , C =



Velocity Controlled Actuator

[48]

manipulated state variables measued
variable 01,065,601, 6> variables

velocity
commanpd
SENSsors

U

i‘ _ L & ?”;g=2€1$|r191, Ty —’r’yel, ?”;,;—T’y91+?”y91 .

dtel = —7-01 + u ( ry = 2{1 COS 01, 1y = —7,01, Ty = —7.01 — 7.0

. 4 .. . : = . 3g

cosOrr, + —l>0> = (g+ r, )SinoO> z = z—7
\._.\1,._./ T 3 (Q \.\0}.!./)\7_/ g=r$+%€?9 4£2( J)




LPV Model for ADIP

e Motion equation

[49]

39 _ ) i 1. K,
= —(z—1y), 1, = 1,01, —01 = ——0 -
e State equation } _ _
[z ] :9 1 % 0 [z ] 0
d | 2 2 0 =2t 0 3 0
a Tz O O 0O @ T + O
g 1 g K(&
. 61 _ O 0 -7 | 5 91 i T
N ~ _J = ~ a /\' s = a .
v A(ry) * B
(*r'y <ry <7y, Ty = 2{1COS 1)
e Polytopic LPV Model: _ _
&= (p1(r,) A1 +pa(r,)A2)+ Bu  Varying  velocity
A(r,) parameter iInput
where A; = A(ry,), A2 = A(7,) and
Ty — Ty Ty =Ty
p1(ry) = %Jpz(?"y) - —
Ty — Ty Ty — Ty

satisfying p1(ry) + pa(r,) =1
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Control System for ADIP

manipulated state variables measued
variable 01,065,601, 06> variables

velocity
commapd

SEeNSsors

scheduled by ry, = 2£1 COS

LPV controller




Arm-Driven IP (1997)
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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine




Underwater Vehicle: DELTA

Wide-area survey:
Towing mode for wide scanning
Self-propulsive mode for local investigation




[54]

Underwater Vehicle (DELTA)

manipulated state variables measued
variables T, Y, 2, @, 0,0, u, v, w,p,q, 7 variables

gE _= J(gE)gB (e = [:L‘,-y}z?qj{)?{}}d) ]’Z"? (= [ug'v,’w,p,q,r ]T)
MEg + (C(¢p) + D(Ep))ep + G(ép) = F
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Control System for DELTA

manipulated state variables measued
variables T, Y, 2, P, 0,0, u,v,w,p,q,7 variables
fﬁ_+-FbE

/ actuato Sensors
Fy — F5

controller

<_



Exp#1 (LQI Control, 1992)
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Exp#2 (Manual and LQI Controls) E
. 2\

y

/
/
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Diving by Linear Control

(DDecreasing thrust

@Increasing thrust
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Diving by Scheduling Control

(DDecreasing thrust

independent of \
the target depth

@]Increasing thrust



Physical Parameters of DELTA

[60]

L=113, d=0185, p=102,9=938

V=53.24/1000, x,=L x(-0.088495), z,=L x (-0.04956)

Xg=-010555+0.0015, z,=-0.04254

m=(5182+w,+w,)/98, dn=05pL*d x 0.02434
Xgw=(-51359+0.4787w;-0.4368w, ) / (48.9469+w,+w,)

Xc=(m-dm)/m Xg.+dm/mx,.., z;=(-15536+0.075w,+0.075w,) /(5182+w,+w,)

| =032323+0.075 (W +w,)/ 98 _
| =054778+((0.47872+0075%)w, +(04368°+0.075%)w,)/98, | = I . +dmx,.? Hydrodynamic
|,,=086779+(0.4787%w, +0.4368%w,)/98, | =1 +dmx, >, 1 =0 Coefficients

24

A,=05pL"d x0.0843, A, =05pL"d=0.4499, A, =05pL"dx0.0

X, ~05pLd x(-04062), X,,=050Ldx(-0173x10)), X,=05pULdx0.4944, X, =05pLdx0.2017
Y,=05pULd x(-9901), Y,=050Ldx788, Y =05pU L°d x0.24618, Y,=05pUL*d x4.7369, Y, =05pL°d x17.695
Z,~05pULd x(-7.726)x09, Z,=05pUL’d xZ.

K, =05pUL%d x(-03254), K ,=05pUL’d x(-0.3336), K,=05pUL’d x0.0029953

M,=05pUL%d x(-08822), M =05pUL’d xM .

N,=05pUL?d x09939, N =05pL°d x(-6.9564), N.=05pUL’d x(-0.7028), N, =0

¢ y=0306, ¢,=Lx(-01211), ¢,=Lx(-01593), z,,=Lx0.08496, ¢ =L x(-01209), y;,=0306
b=-04352, ¢=09383, e=08662, f=-01054;
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Parameter Sensitivities




Parameter Uncertainties

/
ZCI

1 T
16 roessiermisinian , ................................................................................... 055 +
J T T T T N «—
] M -—
t525 I '..'. ......................................... g065 . .
j T s ¢ 0
“q | 0 %
3 iR e e ol g e R et 0.7 b " f
0 0
3|5 -.-‘............n.............‘..‘. .................................................................. 0'75 I R " 3 ~. 3 ~ Ve
4 | | | | | 08 | | | L !
01 02 03 04 05 06 07 0.1 02 03 04 05 06 07

Reduced Freq.

Red ucéd Freq.
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Control System for DELTA

manipulated state variables measued
variables T, Y, 2, @, 0,90, u,v,0,p,q, 7 variables

I+ o

—>

Q-LPV controller
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Exp#3 (LQI Control, 1m to 3m)
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Exp#4 (Q-LPV Control, 1m to 3m)E
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Exp#5 (LQI Control, 1m to 4m)
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Exp#6 (Q-LPV Control, 1m to 4m)E
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Exp#7 (LQI Control, 5m to 1m)
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Exp#8 (Q-LPV Control, 5m to 1m)Eg




Exp#9 (Q-LPV Control)
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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine




CHIKYU Deep sea Dr|II|ng Vessel

Open the new frontler of earth and life
-science for future of mankind
by revealing the system of major

earthquakes, global changes, origin of life

Length : 210m
Breadth : 38m
Gross tonnage : 57,087tons

©IODP/JAMSTEC




Dnill pipe
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CHIKYU: DPS & Azimuth Thrusters




CHIKYU: Drill House

TEE
e




CHIKYU: Operations

HE H 28 DI 1E
lrﬂw 7

% ‘-I.-‘ '——‘M "

Drilling Operation from Driller's House



CHIKYU: Landing Operation

s

o

T, T
3
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CHIKYU: Reentry Operation

sl

R

a0
e

unknown deviatior
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CHIKYU: Reentry Control System

Current
Command l Position
7 Tc. Control 1, 1 i
: DPS—> o9 —§ THR —> Vessel T>
- Allocation Oc )
Upper—End .
< R
Inclined Angle ISET
Automatic
Lower—End
Controller

Position CAMERA
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Why the reentry op is difficult?

moving moving
vessel vessel

Center of
impact

entry point entry point



Reentry Control Problem

Vessel

How to realize
the stability and
the performance
of reentry control

Riser i
under no wind,

| Nno current and
| surface current

DPS not to be
| E modified
LMRP& -

BOP
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Control System for a Riser

manipulated state variables measued
variable r, Q]JQQV"?’fav q-].vq-Qa”' variables
ro X, x
command positio
to DPS w(z, 1) r
ctuato SeNnsors _
e end poi
w(L)
———OL

controller
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State Variables qgi,qg2,...

w(©0,) =0 w(zt) F o1 N ® +[p2N2® +Hez @ + -

______




Motion Equation

+ i - ]

[le Moo | | G D>1 D22 || ¢ O Koo || ¢ I

M1 = Mi_i_ My + (m + my) L
My = / (7 4 ma)T(2)dz + Myd™(L)
0

v = | e+ ma)é(=)dz + Myd(L)

Ve = [ 0+ ma)s()67 (s + M1 (L)

D1 = /OL CfVigldz

Do = [ Gl e (Voet(2) = i 4 (2) = Vel(2))
Doy = fo e

Do = [ Do) (e

L
K2z = Mygd(L)d T(L) + [O $(2)(u(z — )¢ (=) dz



Velocity Input Model

M>17 4+ Mo2G + D217 + D22+ Kooq = Fy

. T
U Mo =diag{M>1(1),---, M1 (N)}, 1y = [ 1,---,1 }
17 + M5{ Moo+ M1 Do Moy Moy (Ini + M5{ Maog)
: T :
+5v1511 K22M521M21151m + M51 Mo2q) - 5\4511 K22M2—21M211M
—A21 £ Aoz
= (M5 Do M54 1y — M5EDoq) 7 2y '
g 1 Yoo Moy Mgl N — Msq 212”“+M21 q V.E|OC|ty
) . P2 w2 input
§ = A21§ + Ao + Apzr + Bor + w2 varying
I g= My Mxn(¢-1y7) -~ parameter
p [ 3 | 0 Iy 0 I 3 1 [ 0 | 0 |
21 &= | A4 A22(|Vier]) A2z | | € | + | B2(|Vierl) @-l- wy
r 0 0 0 r 1 u 0
B . L] | . 1 ! _
T A x B w




Experlmental Set Up (5m)

Stereo Camera




[88]

Riser Pipe Unit Model (5m)

CHIKYU: 210 m length Riser: 2500 m length
Vessel Model: 3.8 m length Riser Model: 4.8 m length
Scaling factor : 1/55 Scaling factor : 1/500

| !

I':\

<

<

<= (Current

<

A\

It 2nd 3d o 4th
1/+/55 period
Dynamic Similarity Geometric Similarity

_ <=
1/55 deviation




Exp#1 (No Control for Riser)

(]
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Exp#2 (No Control with Current)

(]
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Exp#4 (LQI Control)

(]
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Exp#5 (LQI Control with Current) g
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Riser Pipe Unit Model (1m)

CHIKYU: 210 m length Riser: 2500 m length
Assumed Vessel Model: 0.2 m length  Riser Model: T m length
Scaling factor : 1/1000 Scaling factor : 1/2500

m Current

| !

A\

It 2nd 3d o 4th .
1/4/1000 period 1/1000 deviation
Dynamic Similarity Geometric Similarity

ttt 11
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Experiments by 1m riser model g




Concluding Remark
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Control Tech.

Ocean Eng.

Having control technologies as the second
axis will expand your engineering ability.
Thank you for your attention.
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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine
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Thrust Components and Moment
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CA Equation

n
Tg+Top 4+ The = ZT@':}?:X
1=1

n
Tiy+ Toy+ -+ Tny = ZTiy:Y
1=1

n
Ni+No+-+No=) (-Tiwvi+ Ty v) =N
i=1

— - — Tlx _ — -
1 o --.. 1 O le X
O 1 .- O 1 : = Y
L —Y1 L1 - —Yn In 1 Thnz L N 1)
A(3%2n) CIny | 2(3%1)
N ——’
T(2nx1)
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CA Problem

Position
T 1, 1
c. GControl ‘¢ I

Ne
—_— —_—> — =
’_? "R e~ [FR —> Vessel

Ty, =T7C0OS0;

Command

le i Tl Sin 51

Tho = Ty COS On,
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General Solution of CA Eq.

Singular VValue Decomposition of A

A= U\[ ¥y 0 H R ]T

D) VT
General Solution of AT = 7

T = v,y T 4V © arbitrary
-l 2 (2n-3)-vector
Norm of T

-1
T2 = 1270 7|12 + ||e))?
Minimization of ||T'|| (¢ = 0)

T =Vviy7tuts
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Conventional Method

By norm minimization, each THR is apt to play the
same role with the same thrust & direction.

Therefore for the small sign change under the weak
disturbance, each THR must always rotate for the
forward and backward commands.

OV

Forward Backward
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CA with Rotated Angle Constraintsg

Conventional Compensation Proposal

vsitut 1 + Vo e = 77

A s
- —
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Toy Problem on CA




CA Simulation of Toy Problem

T1

T2

T3

O1

02

O3

Tl

T2

T3

01

02

03

1.0

0.0

1.0

0.5p

0.0

1.0

0.5

0.0 : — : T
0.0 0.2 0.4 0.6 0.8 1.0
time / TO

0.0 0.2 04 0.6 0.8 1.0
time / TO

T1

T2

1.0

0.5

0.0

1.0

0.5
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I time / TO
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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine




[111]

MOMOTO Model

disturbance w

Measured
" Variable

Manipurated
Variable

Time lag

#(t) = —r(t) + 5E — )+ w(t)

where

T=Hr) K = Y)W < U< U

Parameter Uncertainty Velocity Variation
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Scheduled MOMOTO Model

e Nomoto Model

P = —gr + 50
where

_ L U g1
T_UT, K_IK

e Nominal Speed U; < U* < U,
L v _U* 71
T = WT , K* = TK
e TIme Constant and Gain Constant
__ U™ _ U
T — 7T*, K = WK*
e Scheduled Nomoto I\/Iodel

NGRS

K(U)
T(U)
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Scheduled MOMOTO Model

Nomoto’s Model

Nomoto’s Model

2 /
r{r)-—i‘i f(f}+(%)£ /

Uu=U.,

e
"‘-l-._.-l-f\

Nomoto’s Model

/ 2
\ . ru}-—i?imﬁ(%)ﬁ*

S (0




[114]

Sate Equation

° l\/lo_tion equation

Y =r
72 () e (70
e Rudder Dynamics

6 = —%ac? I ,l;;‘;"‘u
e State Equation )

m i 0 1 0 T - .
Y Y 0
| U\ 1 U\2 K*

7: — O T (Ux) T (U>k) T T + I? U
0 0 0 _1 0 T
= - - L Ta 1j = v - - a -
! A(UU2) b
e Output Equation
(&

g=[roo]r

] & ] ) |
N —
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LPV Model with 3 Vertexes

t = (p1A1 +p2As+ p3A3) 2 + Bu

A(UU2)
where A; = A(U1,U%2), Ay = A(Uz, U3)
Az = A(Us, Uy Up) with Uz = Y1t%2  ang

_ 1 U-Us  Ux-Us |
pl_podetzUz—UlUQ U22—U]_U2=
pz_POdet ] U]?—U]_UQ U2—U1U2 | ',"’le]
_ 1 ger| U —U2 Ua=U | e
p3 = pg det Ui —Us Us—-U? ,,,fg;].

Uy — Uy Up—Us P
Uf —Us U5 —U1lz | &
satistying p1 +p2+p3 =1 03]

po = det
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LPV Control System 6

y = G(Uz, U)u
y = G(U1,U?)u ‘1, /
472

y = G(Usz, U1Us)u

4 1
4
’ 1
, ,
4 -
#1
;

stabilize
scheduled by
Up U< Uz
stabilize s stabilize
/," <
#1 o T #3

w= K(Uy, Uy T uw= K(Us3,U3)y



Design Specification
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e Spec.#1.:
T he closed-loop system is internally stable.

e Spec.#2.
The Lo-induced gain of the operator is bounded
by ~.

Uil X Y1
P(U,U?)
—>
U L1
<y
K(U,U?) [~
O
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Interconnection with Integrator g

ZU]’ (AJ] -
| E
T & U
| o
1
Wrxry = w; S _ Wy 1
r 14+ GKopr 5 1+GK
Wg S
1
WnY — wps GKOE — wps GK
r ]_—|—G'f('ol ?V’”]-_l‘GK
T
T




CLPS by LPV OF

° 2 port representation

i AW U2 o[ « 0 B
S =D B[ n B 8]
) ~ g o N——— SN———
] A(U.U?) B, B,
wrry | _ 0 Wy x 0 0
{ wDy.’]_ wDCA(U,Uz) O ][xfl_l_[()]r_i_[wDCB]u
L - — 1, —— R - I,
_ Cl Dn Dlz
y | _ | C O x 0
S=6 2]+ o)
) N ~~ 4 N e’ A(U,U?) = p1(U,U?) A1 + p2(U, U?) A2 + p3(U, U?) A3
Cs D, Ag(U,U?) = p1(U, U?)Ag1 + p2(U, U?) Ao + p3(U, U?) A3

\ Bi(U,U?) = p1(U,U?)Bk1 + p2(U,U?)Bg2 + p3(U,U?) Bgs
Ck(U,U?) = p1(U,U?)Ck1 + p2(U,U?)Ck2 + p3(U, U?)Cks
Dy (U,U?) = p1(U,U?)Dg1 + p2(U, U?) Do + p3(U, U2) D3

e output feedback
g | _ | Ak Bk TK | Bg1 O Y
;L;“I R 0 0 Xy -1 1 r

L. " - \_v._/
4 Ax(U.U?) By (U,U?)
uZiCK DKQ]J[:I;:;]_I_‘[DKI 01[2]

Cx(U.U?) Dy (U,U?)
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LMI Based Design of LPV OF
e Minimize ~
on R = RT,S = ST,AR’i,BKi,CI(i,DRf@' (1 =1,2,3)

subject to [ k1 ] > 0 and

I S
LMI-OF1,2,3,4 for vertexl

LMI-OF1,2,3,4 for vertex?2
LMI-OF1,2,3,4 for vertex3

e Determine the output feedback controller
for each vertex Ay, Br;, Cr; (?, = 1,2,3)

Agi = N7 HAg; — S(A; — BoDgiCo)R — By;CoR
—SBoCrei)M ™!

N~ Y(Bg; — SBaD;)

(Cxi — DgiCoR)M ™!

B,
CKi
where I — SR = NM?!
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LMIs for OF Design

e LMI-OF1:

Im
AR+ B>Cx A+ BoDyi(C e R I
Ax SA + BrCh ]"'(*) +Q[I s]<0
e LMI-OF2: i 6 R
. R I AR+ B>Cx A+ B>DyiC5 - 2 Re
I S Ax SA+ Bg(C>
<0
T R 1
(+) - [ I S }
e LMI-OF3:
sinf@ cos@ AR+ B>Cry A+ BoDgCo T
[—cose sin ®l A SA + BiCs ]"'(*) <0
e LMI-OF4: _
AR+ Bl A+ BaDg(Cs + ()7 By + B>Dg Doy ()"
Ag SA+ BrC2 SB1 + Bx D2 1 <o
(%) —v21 (x)!
| [ CiR+ D12Ckg  C1 + D12DgC> ] D11 -1 |




Scheduled PID Controller

[122]

Consider a PID control presented by
t
5= Kp(tpe — ) — Kpr + K, /O (e — P(7)) dr

KK,

Assuming K; = 0 and defining w, = 7 (=
1+ KK, . .
—2\/m, the following relation should hold.
1 1
- <wn\/1—2C2+\/4C4—4C2+2< -
R l1od moti ’ 22
ship motion controlled motion steering motion
Thus the PID gains are calculated as
Tw? 2T Cwn — 1 Wn
Kp = " Kp= , K= —K
P K D K I 10 P
Schedulled PID controller is implemented as
2
U\ T* ,
Kp(U) = (U) T u?
2
U\~ T* U=\ 1
Kp(U) = | — 2 — | — | —
p(U) (U) Jox 20wn (U)K*
2 3
U* T*
K (U) = “n
U K*10



LPV Control of MONOTO Model
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Applications

Underwater Vehicle
Flexible Riser
Azimuth thrusters
B Nomoto’s Model
Wind Turbine
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