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This study proposes a novel algorithm based on model predictive control for at-
titude controller design of launch vehicles. The two distinguishing characteristics
to be considered in designing attitude controllers are uncertainty and time-varying
characteristics of dynamics. The uncertainty is caused by modeling errors and gust
disturbances. The modeling errors are differences between actual controlled systems
and mathematical models and have two main causes. The 1st one is the estimation
error of parameters that decide the motion, such as mass and thrust. The bending
stiffness is also one example of these parameters. It can have an estimation error be-
cause the total length is so long that the bending stiffness of the whole vehicle cannot
be measured directly, and the test results of each component are used to estimate
it. The 2nd cause of the modeling errors is linearization of the controlled systems.
The dynamics of launch vehicles have non-linearity. In attitude controller design,
a controlled system is linearized to make it easier to handle. This procedure drops
some non-linearly elements, and this leads to modeling errors. Additionally, gust dis-
turbances exist in a phase where a launch vehicle flies, and they cause unexpected
motion. The 2nd distinguishing characteristic of launch vehicles is the time-varying
characteristics of dynamics. For example, the mass significantly changes in flight.
This is because propellant accounts for about 90% of the total mass of the launch
vehicle, and the launch vehicle consumes it during the flight. Because of this extensive
mass change caused by propellant consumption, some parameters change significantly,
which are related to the stability of the launch vehicle. Controllers are required to
tackle them and make launch vehicles stable.

This study proposes a novel approach for mainly the 2nd distinguishing charac-
teristic: the time-varying characteristics of dynamics. The current method cannot
theoretically respond to it and tackles it with a gain-scheduling approach. In this
approach, a whole flight time is divided into multiple blocks, and controllers are de-
signed under the assumption that dynamics are constant within a block. This method
requires specialized experience and knowledge for the division. Additionally, much
time is necessary for controller design since multiple controllers are needed for one
flight. This can be a problem in the improvement of the launch frequency in the fu-
ture. The ultimate goal of this study is to reduce the number of controllers required
for one flight by theoretically dealing with the time-varying characteristics to make

division unnecessary. This decreases time and effort in attitude controller design and



leads to the improvement of the launch frequency. This study uses model predictive
control for the goal. The model predictive control is one of the relatively new con-
trol theories and a theory that solves optimization problems with feedback results
at every control interval. Hence, better performance is expected compared to LQR,
which solves optimization problems in advance, and PID control, which calculates
gains offline. Furthermore, the model predictive control can perform various control
for each control purpose. For example, robust control is performed by devising an
optimization algorithm, and adaptive control is achieved by using different models in
every control interval. This study utilizes the model predictive control so that the
robust control is performed for the uncertainty, and the adaptive control is conducted
for the time-varying characteristics. This study is divided into three steps. In the 1st
step, a robust model predictive controller and an adaptive model predictive controller
are respectively designed for the uncertainty and the time-varying characteristics. In
the 2nd step, a simulation is conducted with the controller by simply combining the
controllers designed in the 1st step. Some problems are described when adapting to
time-varying systems. In the 3rd step, an integration of these controllers is considered
based on the knowledge obtained in the 2nd step. The difficulty in the integration
is that the conventional robust theory is only satisfied under the assumption that a
system is time-invariant. This study develops it so that the proposed robust theory
can guarantee robust stability against time-varying systems. These controllers are
evaluated with simulations.

This thesis consists of 11 chapters. Chapter 1 describes the trends in space devel-
opment, rockets used so far, and the history of the development of rocket attitude
control systems. Chapter 2 provides an overview of model predictive control, includ-
ing the structure of the control system, basic optimization calculation methods, types
of MPCs, and examples of MPC applications, by citing various references. Chapter
3 describes the dynamics of the vehicle treated in this study. The equations of mo-
tion and the frequency response are presented. Chapter 4 describes the input/output
signals and typical commands in the rocket attitude control system. In this study,
the attitude angle rate and the attitude angle from the sensor attached to the fairing
are used as the control output, and the manipulated variable is the steering angle
of the actuator. In Chapter 5, the design method and response of a conventional

controller are shown. This controller is designed to mimic a reduced-order controller



of the conventional Hoo controller, and it is for comparison with MPC controllers de-
signed in this study. Simulations show the Hoo controller can robustly stabilize the
controlled system. Additionally, simulations are also performed for a time-varying
system with the controller. This simulation is for confirmation that the controller
cannot respond to the time-varying characteristics. In Chapter 6, as the 1st step of
this study, an adaptive model predictive controller is designed for the time-varying
characteristics. The ability to tackle the time-varying characteristics is evaluated by
simulation. Chapter 7 is also the 1st step of this study. A robust model predictive
controller is designed for the uncertainty. The controller is also evaluated by simula-
tion. In Chapter 8, the 2nd step of this study, the adaptive robust model predictive
controller is designed by integrating the controllers designed in the 1st step. This
controller is applied to the time-varying systems with uncertainty. The simulation
shows good performance, but robust stability doesn’t be guaranteed. This is because
the robust algorithm assumes application to time-invariant systems. This is a prob-
lem to be revised for adaption to the time-varying system. Chapter 9, which is the
3rd step of this study, presents the approaches solving the problems described in the
previous chapter. In Chapter 10, the proposed theory is shown, and the controller
is designed based on it and evaluated with simulations. Finally, Chapter 11 presents

the conclusion of this thesis.
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Adaptive Robust Model Predictive Control
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Fire In The Hole

Global Navigation Satellite System
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Model Predictive Control
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Time-Varying

Time-varying Robust Model Predictive Control
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System OIEFMTH D, KENT K o THIZEHE - MAIEOMIEERH & LTI X
TLTHS 3. TUDVERTD oD, FEPRHIBIC X o TRIRZ S X T L0
Nz, RN AT e Z2h e G 5EHE, BXOPRATL42WRT 2EELIT L
vl vy, vniy bEFEFELMEMZ Table 1.1 1IR3, _E# 4 D3HiIERE K% 5
N—73 % Global Navigation Satellite System (GNSS) Z#%§ % 4 > AT L TH5. —
7, BBODA Y R HADY AT LIIFFEHIBDAZE I AN—FT 227 LTHDH, GNSS
& X5l LT Regional Navigation Satellite System (RNSS) & M:XiL 5. Fkic D HE TH
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Fig. 1.1: Integrated space-based observing system [4].

Table 1.1: Positioning satellites.
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1.1 FHIEF BT 2 AR O

PED XS 1cFA4xDHEEEELZ 5701 EiFon-mEoficd, i i
ZERBT 27D Z L OBESCHEERST LiIFohTwa. 20— TEPRE 2]
TH5. NEPRRZ 2 WNKBEV Y 2702 HET 2729, 2014 FITHAD H-ITA 1
Fy MCTH ETOhREETHS. NIPRE 2) BAEMPKEGROEREHS T
22 HNE LTS BFoh, BIEDIERI v ¥ a v 2l X & % o F 22/ 2 it
iR TH 5.

WX, NEPRE 2] OS5 R ARAEEOMIC, AT TREREMABICETFL TV
o TeENER KA X 28/ N EORBEPBRAILR > TETWS. Fig. 1.2 I3HED
HEI DI LITBESEE L IORLEKTH 5. 2012 LI, 10 kg RO 2 DB
FDRBITEAIL > TVWB Z R R THNS.
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Fig. 1.2: Launch trend of satellites less than 500kg [5].

INBUE B M B IR FT R SRR 2 ¥R HIVICBIR I Tw 3. Ko X TRWEHRTo
FFRDRIRETH 2720, SHRH/PNUBREOMBIIERI/TONSZ EZONS. Thb/h
R, RAEERICHED, & L NEEELEREE e » 5 2 THFHZEMAST L
JFohd, HATIE JAXA I X 2 EHMEREEMNERE 7 r 7F 48 U TEEO/NEE
I T B 2W D A THOIRTWS., K712 F LOHISHETH 2 HFHNE 2R
FAE 1 S 1 oo/NIERE Y 6 DOB/NIEE c F 2 — Ty DR T O TR IR
THH, HADOFEKe v hTHE2A4Furayry b 4 5H#12T 2019 Fi2fT EiFsh
72 [6].

2 ZE TN FHEPEERIIEICRALITEZ Y, wFhdary McXkoTH
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b EFshTED, FHEAKCBVWTeY Yy MIFAIRTH S, X512, EFETIERMEA
DFHZEMADKITL HEBESHE XA TED, BeLDEFIBOTH RN, v
FOFERH LR 2 EEZ NS, SRIFFAREL T TR —TAICE>Tdary b
RSO FREEN, vry bOIT EFFERZIEZ 222D LAEESZ—HT
H5.

1.1.2 O~ v FERDEIR

1L.I1ETHERNZ L5, HET ET0RD, Z2Lonsry bEHINTE R, KIHE
TIEHAO v v FOREEZHMIRDIED, ar vy N OWKRHBEOEHRZRT.

HARZBHFE L TE/a sy MIHEROHEIC X -T2 2035 2 TE 5. [ER
HEER 2L e T 2[R T o v b e IRIRHEER 2Rk e T 5Mka sy FTHB. HED
Huign sy bOER R Fig. 1.3 1IR3, HAOB ST v POIBE D IZR)INERSIZE T
IRy Irary hTHD. FffiESeEicar v P ORFEIIHEA, 1970 FiC
HAGIDANTHEHETH 2 (B8BTA) ZL4Sary MITI ET . 20k, &b AA
DRA O — FIT EIFRAREL T37-0ICM Y —XDnuy v MBI MU —
2DHBEDOBT v b THZ M-V ary MIKBHEEEZIT EFon e B L TWiz—
HT, BARNTHEIePFESETHo. TNEMBRL, LIBFFAESDILABEE
XNB/PNEER DT EFICH LT D FIRCRIGT 2720, £ 7F>urayy OB
DRt EN. 4 Foarary bTEEEZTTERL, T EFPRAT722H0ET5 2
YTCaXMREEAGEE L. 4 Fvnrvary NIBEDERFPTHD, BRI 5 H3
oy beDOTFIFREKEZ e TERaX MeEHNE L, £ ey Susry b
(7] DERPBEEITHCTHS. DL ED Fig. 1.3 (a) IR LEEEE 7 v FOREDTHRN
ThH3.

—%, ERHRET EFEENL LT, Eifknsry XD 3T ETEDOEV S v F O
TR 3729, Fig. 1.3 (b) IRT X5 RMEa s v P OBRFEMTONTZ. HIIE7
XV A OEMEER LTINS, 1994 Fi1id H-1I vy v b ¥ U TREEEDRK
nyy hOBFEEERLEZ Q. ZLTHI vy v bEXR—XIZ, EEEOR EREI R
MEZHEHNE LT H-ITA v4 v DB INZ 9. X512, FHRAT—¥ a Uik
X2YEEEETHNE LTHIA Ry v P ER—RRZ VI VYOREELEITS 2 & T
FITRENEED YR H-IIB u sy N TH 2 [10]. BFEMEH, EAMNS L OMHaEics
WTHR L OFiF 1 EED 2 e 2HNE LTH3 vy v b [11] OBREIEITHTH 3.




1.1 FHIEF BT 2 AR O

oL4S | eM-4S | eM-3C | ©M-3H | eM-3S | eM-3SIl | eM-V |esTin (e3{khl
30m S5 A7y
|
20m }
|
ko
10m o | 2
J 1 4 \ |
om .E t
28&m) 16.5m 23.6m 20.2m 23.8m 23.8m 27.8m 30.7m 24.7m 26.0m
EEm) 0.735m 141m 141m 1.41m 1.41m 141m 2.5m 2.6m 2.6m
2% Ml(ton) 9.4t 436t 41.6t 48.7t 487t 61t 139t 1t &AL | 9570773 vEN
LEOHT Hfiekg) 26kg 180kg 195kg 300kg 300kg 770kg 1800kg 1200kg -
SSOFTEiAE(D - - - - - - - 450kg 590kg
(a) Solid rockets.
60m ON-I oN-II O H-| oH-lI oH-IIA ©oH-IIB
/
40m 6 I_
. ! |
P
| o |I
| p N
15 " I
20m a i
: =
\ 13
‘ P
‘ Il
m ’H‘ :
ik
|- [
-
om 3 » a
R 3 3 3 2 2 2
FH{m) 32.6m 35.4m 40.3m 50m 53m 57m
#i¥m) 2.4m 2.4m 2.44m 4m 4m 5.2m
N Eton) 90.4t 135.2t 139.3t 260t 285t 531t
LECH]_LiFHEN(L) 0.8 1.6 2.2 10 10 16.5
GTOF]_EVfiEn(t) 0.25 0.7 11 4.0 4.0 8.0
i 6/7 8/8 9/9 5/7 BEE A DA
(b) Liquid rockets.
Fig. 1.3: History of rockets made in Japan [12].
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ZZT, MRonsy M ORFEIMANIHE 2 AT 5 &, NEERFEOBEIMIAY, &
M3 x » ORVEE T — B AP RANTRD 5TV S, ZOREIHIGT 270D 1D
DTk UT, A HMERLZ B L ERIENEIITORTWS. 2Ot
FHFRIIIERD X 5 BAWEES R ZOHIPIc ¥ 5675, REEBEOSAD 2 ZHIET
BRI L T 5.

MR OFEAEHRFEHEIE 7 X VU H D Space Shuttle TH 3. Space Shuttle X5 H 22
BIETRITL, RXBEICHZEAN, BETLI2HDTH-7%. RKBEZEARHCIZIEF ITERIC
5720, EOIEERANETH 5. Space Shuttle 53 B%Z Db s v hOKax MbE
HiE L T T O, iInFETIIRKEICEALZVWE 1 BE0 OB AL EA TOY
%. Rz, 72XV D Space X f:D Falcon9, Blue Origin f£:® New Shepard % H[MZ
EEPEZHEICBI 2BNERICR > TETVS.

vy y FOFERE HIEL TITORL TV A% D —E% Table 1.2 12 & 5. ZD
ft, SEHAY AT A 2EICET ALY X Y MITOBET R EDPHEA TV S, Rl
HTE TIIIERDEWETE 7 v M TIEITOIR D o LIERITICERZ B TR E
ZLABINTVS. BfRflz—8ENT 5L, HRO=ZZETICTTHhIL TV S5 [13]
TlE, =Y VHFER OB EELE 2 L eS8 2N TTDOIhTWS. £/, Elke 5
[14] O#FETIE, X DEAMAMIZHILS ¥ 2 2 L=y a YTbiiTwa. 5%bH
ERALZ B LRl ofstidEL e Z 2 o b.

Table 1.2: Studies for reusable launch vehicles.
ZE prax
(s DR U rTREZZ A EM BAFE, K D Zefffize p B B3
Mg | BREMIBIRE, XV T F RO 7 7 A2 EE L&

lIKES HEER ~ 2 X > MEDOWET
il HRARCAEERF QLS 7 L 3 X 285

1.2 O%7 v bofE - FE - &l

WhHW 2y b ORI IERICIIMIE - FFE - Flll eI D 3 SoEEER L TH
b, FEHIER NS, 0ry b OFEGIERO 7T v 78R K% Fig. 1.4 ITR7.
RIIEADAE R HE 72 IR 25 - #HEE T 2 MEETH 2. FEIIHEPUEICEET 2
eI EL BEES2EH L, HEHEICFTEDOKEE TIRAT 2HETDH 5. RIRIC,
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1.2 1%y k Ok - F5E - fil{H

HIENIFEE D 52 5N HIFEER 2 FZB T 570, 77 F a1 - \DiERHEZZH
TOKARETH 2.

. Guidance Control
Navigation . :
Measurement and Calculation of Calculation of
B . . > the target attitude angle the actuator input 7
estimation .
of the rocket's states required to reach to reach
the target trajectory the target attitude angle
Vehicle

4

Fig. 1.4: Block diagram of guidance and control system.

R BE R B IREANICE TR SN TV 2 BEMIEE £ 5 Tl WIEE L
Rl S, —fiz, FEBRHERICIZEEMES GPS ik, REWiE DD, B
ORI BENIEDS D 5. BEMIECHY S 2 B HEHHIZEE (Inertial Measurement
Unite: IMU) O EHFEEICHEY, 1980 AR E S BMHEMEIEH I ATV 5.

FHEHOEHEZ DEL72H D% Fig. 1.5 17, FHEIHAMEHBELEOAZHHT
LHL— TR, FEREROREREEZ 7 4 — NNy 2L, ZOMEZFHL TEERES 5H
N—TFHENRDH L. MR, BRAPKECKEEE 2 £ TIIEBN R ZAEEL2{Th
T, A—=THEERTS. —H, vy vy bOF 2 BLUBEDZES /N WX ETIEEL—
THEBER(TO e TEBREOR LN L. L — FHEIMEAE SR e EEHE K
OIS, BHEFEREL — FFEIC X B 7 I FEEIC A U TREENAE U R
JIFAHBEICRTHIETH 5. —7F, EEFEEEZe sy P OBREOREZ IR L
L, IvyayEREZMESELRELRIEN L T2 2 mbEMEZETIETH 5.
%B, EEFGETD EMICRELRMEZ M  REFEEL H < K CRITHNSE BURE
ZETRE T 2EREA TR PN,

filfEa s v s OEERELZ R L TiTbh . flifERoRE L Hica s v b ol
WISHEN2HERD RE L TS, FHllld 1.3 #iicdhR .
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Fig. 1.5: Rocket guidance methods.

1.3 O v bDOZEEAHE
1.3.1 HIEHESANDEKERE

0y v b OFENIFEHIEMZ TS 2 FEEOHE 132 BR2HLINH 5. Zh
BEXAFI 7 AORHEMPRLR S 2 IWWERT 2. vry b FHEDRHH % Table 1.3 12
Y. FHRSRERZR O AHEERE T T LR d R s kv, £, FHZEMTIE
FHEE DR REA L HR T ARLEICT 5 & 5 BAMELIXTFEE T, BIKOREZII RN
V. —F, ary MIERMICEHST AN LERBIREZ LTBY, 51222544
DHBERZT 5. Lieho THRIRZB L REI V570, HEREHE L) b o5
TR NOKREVCXEZZER L 2T R SRV, Thbh, FHEBIDEZ®-LD
TH?S L HERZHN L, ZBOBER EIRDSENZ—HT, vr v MIHEEEDH
BRI D BBRLINE LB 2 LEIEL e hAERINS. DFD, ary hOXH
HHERIZISEE E ZEEDH TR KRD 5.

Table 1.3: Spacecrafts vs Rockets.

TR =R

R HEESETHE R | IOE R

PR ZE TIE NETE
RFRE X Ru TR

ZZT, WEELEROFIE L THEHOEIRZE X TAS. L—F U I%TD
56, B 100km THETT 2356 £ FHE 20km TETT 3G ETRIEDO B LI D ER
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1.3 a4 v b OZEGIHE

{VL—=—veBEITE2. —F, L—rF—T 2755 EKRHE 100km TETT 255 L
M 20km THETT 2 HE TIEIMBEAINELE Z T 728, BREDHD X D BEERELZEI TR S
L—YOHUMIRES Z MR TE S, DF DR#E 100km ETRHICIZISEEDP R W—H TR
EMEPE DR L, KRR 20km EfTRHICIZIOEEDBN—TLEEIR V. DLEOA
PHEZLND LI, IWEEL ZEMIMER T 2METHE. vry POEEIIE, %
REBICOVWTINEE e ZENEER T 2HEDD D, HIHRZETOBRIIZZONT VR
AT EEY 2 5.

1.32 AT U AD%H

0y b OZEBFIHRFETOBICE B TNE XA F I 7 20 ZKFHIIAHEEN & A
MTHhs. Zh#E Fig 1.6 1ITR7.

{ REeE M } (£ qpzex | [ g ]
[ AwmER | [ mr ]
| omEm | [ s |
'd }%i% Y

Fig. 1.6: Rocket dynamics’ chracteristics.

XA F I 7 RAHEENEDAE T 2 RN E T UERAERPHELTH 5. BT MLEREL
FHIE R 2R ET L LTRIT 2BICRET 2, EREETLVOMICFET 204
DZETHE. ETMEARZRIERAEE RPN R EWNROEF ZRET 5837 X — X 2
ET 2 ER, IERBREAF I RAEMIBALT 2 & 2ITHRET 5. HEHRENFET D
NIRX =Dl UTHIERINEDRH 5. Zhude sy FrORREBRWDEZEZHIE
T2 TEY, HL X TERBIHMERABZITY, ZORE W THEEEOIM:
EHET 20BN DH LD TH 5. MIHHNPHFELREZEMRICHETZ RN, £
TV YT 287 X = ZI3HWERENFET 5. £, BTy DXL FITR
BIERIEEZ B L TH D, #ilflldsZikat 3 2R Tz e it L T & b B Thunse
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FTWEIC LT b HHEDORTZITS. 2 2 TS X > TIERBEELRRIE ST 2 7=
D, EBOBIK LRI L 2 EF AR ET ULBEENEET 2. U ED XS5 REFL
MO, FHEEEOEMINNERDD 5. HlZ1X, vrv DRI 5 Z2rixze
SOFET 2720, ZENLAEET S, 20 &5 BRIMIERIC X > TEEIHEE L B
LEENERT VDD,

XA FIZADKEHD 2 DHERENTH 5. REMIIEAED T X — & L BIRD
NI RA=RENEFIFET 5. BIEAO—fFle LT, RAFICEEOEENKEZ1L
THRIeAHITFoNE. Zhudus v OLBARERON 9 BlEHEEREN LD TED, %
DOHHEEZHBE LB OMAT 2 2L CERT 5. Zo#EREHEIC v RS> HREOZL
&b, BEPLOMESCEMERERR CBADOZENEICERT 237 X — XD & 42
KELENTZ. —H, ary SBT3 EAFEERENO—Fl L THEDENLD S.
U, EREENEEICE - TRKESERSZ Z 2 ICERT 5. HlfdHiEbl g7z
A4 F I ADORHEENE KB RREEEZZERB LN S, WEEL ZEEDONNT V2% b
52 ENEREINS.

1.3.3 #HIEEROEE

HIE R AR 1950 AU BHIEEERR, 1960 EUSIERHIMEER, 1980 FERIcr N2
& HEER R SN, S Tz RS, aoNR MRIEEEEROSHIE D B 5 R e B R E L, I
ke & OFET H 2 i BHIEEG B AHIEERS B AR MEDOBE,» S HEFEIN T
% [15]. ZoflEHEwmoRE i, vr vy bOZBHIERFFTFIEDILMLTER. v
7yt OFIIRZENCB Y 2 HE A & HE AN L TOMKFIEOFKER Table 1.4 127K
T. HAOEKE R 7 v b Tl 80 FREHFINTER L7z M-3S v 4 v b OFfHl £ Clddiit
HilfE %, 90 FAE HUNCTERE L7z M-3SIL 2 e 7 v b CRERHEIHVS S X511
707z [16]. 2L T 90 IR FEH» HIEHE L7z M-V v 5 v » DT Hoo fllf#EISe p Hilf# &
Wo 7za N A Z WG ThbTw3 [17]. 7%, #iovsr v b HREE
WCHIBIRERET O FEIFFE L T E 7 [18]. BfESH 1 BREEARITER 7 ny =7 b LT
#EATWS CALLIST iIZB5W T3 Hoo filfllZ W2 Z e EEI S TWD [19]. X7,
AR ARREE M LT a2 S I LA E S & D TR IG S 2 Fik [20] ax
2 MAHBERD 1 D TH B A T4 7 4 > 27— FiilfEie PID ilffl & #)oH# % a5 b
B2 Z & THELRE T VN O RHEEMITHIG S 2 FEZR SIS Tn 3 [21, 22]

A BFIEDD 2N MIHOHFRTH RIS Hy SIENIELL FIHEATWS. Ly
L, Hy fillENIEABEROTEIHEFRAIE 2 ORHZET 2 Z e ARERE LTHITH
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1.4 a7 v b OfilfE & o8 & DA

Table 1.4: Development of control theory for rockets.

HEFE | BAHE |/ S FE

THETE 1 ATEERAICHE BICE R

B FAYRrYa—Y vk

N5, EFEZ ORBANCEDS SED ZRIET 572018, 73T X — X B RoiE il i<
BEN7ALT) ZLDBFHINE R EBRPHEA TV [22, 23], [23] TIEHIEREGHC
BT AR 2 HITR T 5 72, Hoo Ml D85 X — ZFRHEITEIRII T VTV X L%
AW ZE iz S Tn 3.

MEDXS1284F 37 ZOPHEEMHITH L TOMBFRIZBAS RTINS Z LT,
PERICHARTHIEISRHGHCB I 2 @ LR v icdEE SNz, —7, REEICXIER XD
FAVRT I 2a—=) U IEZHOCTHLT 2 ZEBIEFEAETHE. TAVATT a—1
Y ETERAIRRZ X4 F I 7 20Z(RIECT7ay ZIZXYh, &7y 7123l
THIERZHET T 2R0ELH 570, RELFHEET 2. ZOFERE, EEERICH
PITHbNTWEHEMHE ey MZbHVWS TV [24]. Lo L, EERAEe s v M
BT B 7 = =X T TRLEEMET = —XHFET 2729, IEROFETIEEZ < Ol
WMERETTHILELDH Y, ZREKMEFHEZET S, ZhEde s v ofT LIFHEZ M
LR FTHEE LS. L, CORERZMRIRT 2 XX FI 7 ZADRHZ
LIz HHG S 2 HilH s OMET L EAAIEEZ K 2L, DEDHEEL TOVRVOMNIIRT
H5.

1.4 O7 v hORE 7% & DR

04y b OHIBENCER XN B HEE L Z DO FIENRICER X W 2 HRER LT 5 72
B, FEHRICBITBHIEROERE X UZHUSH L TED & S5 RHIFEBGREH X AT
Bh%EBRS. Fig. 1.7 ICHIERSR e Z0EH ATV 2 HIEERZ £ L =K% R
T DI HIEN ST O W THIFIRA D ER & Z UG LT 2 Fil#EIHER I O W TEE
RPN
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Fig. 1.7: Controlled systems and control theories.

[ J Eiﬁi
HEHE R CIOAE AR AEER(LSHAICB AR > TW 5. HEHOEIIX
R, R, BRED 3ERFEICHT B e TE, RIA iy Al fIcofkE s
DEGFITE>THEILL LI 0-5 D 6 EFEICTITSNTWS. 2L
X7 X h BEEEAT S (Society of Automotive Engineers : SAE) 12 & o TER
b0 THY, MEMICERERoTWVW5. RETHRDEBESIIIEDLD
ZH, HARTIX 2023 4F 4 AIZL UL 4 DOLNGETOEIT 2 7R % SEE R SGEED
MTEN5 [25]. LUV 1, 2 OFEESHRICET 250k & U T e m Lo
el —rF—FRREO ENERE L CHEEES ORIEI HIF SN D, B
D 7= D OREEANEL TR HIE 21T 5 BEDE T ILEEADRE L LT, vz Ml
RSN TWS. LUV 3 DIREISERRENEORRA - HIWrOHETd Al 2T 5.
L7230 THER R 7 A4 NDT o TOW B TEN OB AR R THEZ 6 K5
ANETIVCET B, & U TETREEDORETB X CBIEICET 20 EA &
%o TWb., RSBV TIE T A TRIRKIENZIE T D & U 7z THIIHE < i #
PEA XT3 [26, 27)].

o BEIM Ay b
AR, BLUEESY — P REICBIT 2 ANFARRZMRET 2 5@ oRER e LTRH)
Ry b, FHCARETORY ORI - ENRDBIEP > TETWS., BEETIEAM
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1.4 a7 v b OfilfE & o8 & DA

V) OE R ER 2 T2 e TALHBET 272D BEAINT VWS, ZDfth,
- RETOHIBEHRY FOEROENLP->TETBD, 773IV—-L X+
YTEAOROYICEHET 20 Ry FHBETLTVWS. BEInRy M2ETT
WHTzoT, FEBETH, RFEBERIE, 727 F2x—-2G@# BT TED, &
7 2= RIZBVWTIHADPEATHS. BEInRy FOETICHID, BEITETT
% 7= DIITERIREE 2T Tl <, N2 & D -BEEY) % B3 2 RS A Rh
WETH 5. FEEAERZITI BRI, HIMICEES 2 £ TORMSRBRZ ED
FL—FAT7REZZZEHPRETHD, TNEERT 2 -DICREGIEITTHI
22D RINTH 5. Fiz, BINEEY E OEZLE BT 72012, THEIGI#E
b .

EAMZER (Fr—2)

IR ZEHOICH D EATY S, BEICB Y 2 HE e MEP K ERG T
DGR ERISHETH 5. P ZRANT 2 2 &b 562G IELITIGREET S %
WERDH L. Fizy, AT LAONHEEEDEZERT S Z 2h 5 v R MlEFAH
ThTW3 [28]. F/, MFBRELR AL % L 2T 2 Z 2R LTRET A YRy
Va—) Y ZENEHIATWD, BEPLUEETCCIEREESIEIH D L
T3 [29].

fiizerk

FZERRIIBEEREZ 1T S5 M ED S EEMNATEZIT O 1 /7 km OEE £ TRV EEZ
WiAT3 5. L7edioT, MZEEOIAN T 2 BRI & g2 b L, ZR&UERE D
e icZ s 5. £/, HITEED —ETERL, BEeHicZbss2z2en5
BAEDZ T 21 NEIRETH 5. ZhoDRENICHIET 2729, 4 &
Y a—0 Y ZHENEH I ATV [30]. 7z, 8T X —XORHEEENDIIE
RHEHBOIE & L COmMBESIEICB VLTI e AR MlfEEA S hTw 3 [31].
FHIE

ANLEESPHEER L Vo L FHRIE, RFMFHEBEETIMET 2 2 e BRI S
—HT, —EITEFTLES b BHETERVE W R H 2. (5 OIIELFE
A LGEICDERICHES 2 1D RIS EE Y 72 5. it SEN
W X2 HIEE & U QGESHEIE [32] e N2 ME [33] AEFsns. F
7o, SRR LTH e X Ml#EERAIATWS. 512, FHEICHNETET S
K2 LT 2 REIC OV TR —RICT A Y A7 Y 2 — ) Y 7N & - THsE
TW5 [34].
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1= Fram

M Eoi@y, SHIENRIIHT 284 R ERZ M2 5701l PGRN» 2 < ERAbX
TW2H, 87y bDOXIIIEA F I 7 ZADONHEENE L KIS RFE M 5 AN OX S %2 B
KT BHIERNRITL L, vFry MM TR ZHIENSRTH 3.

1.5 AFwEXDBH B

A TIZOr v b OERBFHIHRFZIICBNT, X4 F I 7 2ADORMEEN & MO
FITHIET 2 7= DITRE L 72 o TWFRISPRMZ KR T 2 2 2 HNE 35, 1ERFIL
EARMETIRER T 2 FiE% Table 1.5 1T, ERFETEIRHEE I L Tdr R
MR 2 EA 3 5 2 L CRATH RO P ZRS L, KO MRRIREFVTETVS
#ﬁfw%ﬁkﬂLT@m%kﬁm?%;ZMT%EDK®,#4/27y1~v/7&
ZEHALTED, —EOIT RFIn U TEBIE ORI 2 36T LR Uz o zwn. AN
FECORMBEFIEE, PHEEHIH L TIEsiHE o X Mill#Elz@EH LoD, RZEMITHL
THERINS G R BE A IO HIE 2 IS 3 2 2 & TRERTFIHZSR ORI T 2. Z OflfH
ZAT D 7o DITARMFETIZE 7V TRIGIE & FREh 2 LR U WG 2 W 5 5.

ARFZEDTERL L 7z BEICiE, —RIOFT P ITnt U T B RT3 { b 2 & Tt
WETARFMEER L, XD EHEOIT L ICHEraEe 2 Z e pifFEh .

Table 1.5: Conventional methods vs proposed method in rocket control.

o B 1E HASE AR M| BERFEE

THETE 1% FATERERAYICIHE BIcER | BICER

B R np L e SERE
EXD-I—T%) b
S22 85 ' 12

X DK Z REDORFKRIRT. AETEFHHERO ML NETHHINTE
vy vy b, By hOZXBHIHROREDORELEIZOWTIARN . 5 2 ETIEE TV FHIH]
HoME Y LT, HIHROMK,, 7 A THMEOREE e 2 DIsHENZ DWW TECE Z
SIALBRD N T 5. H3ETIIARMETHIBIEDOXA FI 7R ZDETIMUIZD
W%, 4 BECREMERE LTrsr v FORBFIHERICBIT 2 AHAESE, K
Kia< R, ¥Ial—Ya &R onWTiR3, 5 ZETIXER T 2Hl#EZEOL
B & U CRET L2 EkHIgR oGt Rk e 200 E s, TERH#EZR e LT Hoo i
HER BT U2 I 2 5 3 2. 26 6 TR DSE 1 Efs e LT, #lIfEdsRo
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1.5 ARG D HIY & #EK

REZ M IS AT REZ2 I B8 & U CEISE 70 THIGIE B8 0 8%E T Tk L Hilfigs 28 /H Lz >
Jal—YariERERT. BTETIEGISHMEAIEOE 1 BfEFe LT, fENRoFR
file M IS AT RE /2 HIfHIZS ¥ LT N2 b ' 7L T HIGIE S8 03T Tk b HiliHgs 28 L
7o Ial—ya iERERT. F8ETIIMEDFE 2K LT, F1 BB TXRILE
filHgR 2 HASDOE THEICE ANR M ET L THIfER 2L, TMEEE2E T 5RE
AT LCHEAT S, ¥ ab— a VITTHMEEN e AR S ICHGREETH B Z 8 %
RY. —AHT, AL TV a X MIlEERSRZE S 27 LG L TWRWZ & 2R
L, BIETRELEZRT. HIECTEHAECTR LZHRERICH L TS L7 e —F%
Y. 10 ECIEREMRIVICIER T 26lHMER 2~ L, RS 2HlHEGRIcHE W TEE
L7 HilHER OINE 2R L TIREFEOEMEICOWTIHAR S, RiRIC, 5 11 ETAH
X Difam bR 5.
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E2E
E 5 )L T I

AR THAH T 2 EFATHIEIFEICOWCTOMES X CICHBIZRT. T TRIGIE
DEAZEZHIZOWTHALED ., ZOREZDBEIGE T AL THIEIRE, aANX e
FOLFRIFIENC DWW TIRAR S .

2.1 ETILFRAFHOEE

E7ATHIFIE (Model Predictive Control: MPC) {ZFFHMBIEUE 35T L, FRXEmE L
RHAEZ Z e THIA I Z2TE T 2 HIHTFETH 2. RETEBIC BT 2 filHgRREHET
HB7H, Hoo fillfll7s ¥ ORI TG T 2 7E LD EBICHKITT 2 Z & 03A]

ReL 72 5. [AIRRICEHERISCZ Sl b U CHITAL A 1 23K D 2 FEOREN L D L LT, #7
XA L ¥ 2 L — & (Linear Quadratic Regulator: LQR) 23% 4. LQR & Tk
BLETEZ M Z 2 THIEA I 2 KRD 2 —77, MPCIIHIEE Z 2 o RKkoIbE = Tl
L, THREFH LR SREEITEZM L. Lzd> T LQRICHART MPC 1344 L7z ¥
DAMEEMEIHIEAIHETH . £z, MPC TlIREESLHIICET 252 E B L aH
LEGE{CETE R ML 728, flHZRREHCBY 2 T EEHIRTE 5. —/, 77XV v b
ELTRBERELGGHE 2B DGR I X PP REVI B TLNS.

LY 7 7 > bR EHEBESNPEW a2 REEADISHABER DD TH - 72
35]. L2L, sIET7ZAITV X LAREHEKOM EeHic 4 BFTaRy FPRERHD R Y
N 72 CIRERE DN WA BB A - TETW5 [36][37]. & HICEFIXHBIH
¥EFUCBIY 2 HEEIEF T 2 L TZ < MPC OIERABPBE N TW3—HT, RFAKAD
BHIEIRIZ R BEBID I DODBTIRT D 5.



2.2 HllfH R

2.2 HIEIRIEBRY

MPC iR D> 27 ¥ % Fig. 2.1 1Z7R3. MPC filffids i3 R bt B & THle
TOLLIHIN B HIENROET AL EZHLTED, L@, SREREDOHEEE, HIMENR»
LI EZITIS. BEEE 11, o HIBEGRNEICE T 2 THIE T V2 A LT
LEtEZRE, BEEZRD 2. NENICE T 2 FHlE 7LV REbET R IOV T TIZ
WG

Reference MPC controller |Manipulated | Controlled system Outout
Y S /| wvariable |rTTTTTTTRTTTTTTTOS utpu

: Optimizer : > o l
B : Vehicle : : Sencer :
| Prediction model | e T :

Fig. 2.1: Block diagram of MPC system.

221 RBE{LETEER

HARW I MPC Tfrb 2 BB {LEIEICOWTIRN S, —ICHHlREE 0 & FAZME ©
HolwE, BEROKEX, BIEROBNMEREDPZFRINS. 2T MPC OHEANR
BB R AEERT 20, Y274 (21)0dbeT, HEM:HOORES X CHERIER
DELEEZ R LR (2.2) 2F 2 5. 22T, (I+ill) 3RZI1cBF 2 i X7 v
THROBL | + i OEEERT 5.

y(l) = Ca(l) (2.1)
V(U1) = Vy(U1) + Vau(U1) (2-2a)

subject to
3 i{w [ri(L+ 1) — gL+ D))} (2.2b)
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% 2 B £ 7L TRISIE

N, H.,
Vau(Un) =D 0w la (1 +ill) — d (1 + i — 1|)]} (2.2¢)
j=11i=1
AHEREEL (2.2) 1ICBWT H, & H, 30 2h TR A XY, iR 4 X > 2 FEIN
BRENTIRX—RTHB. Zhd% Fig. 2.2 187, mELEIEICBVWT, FHlAI A4 X
VRISE R TS 2%, HIERS 4 X REENE T 2 W2 £ T, HIEKS A
XY H, 3FHKRIA XY H, KDEIFRESH, Xl +H, —1—- |+ H, $TO#HFE
BIEI—EMETH 2 REL THIDTFHRTHAIS.

Manipulated
variable u

I-1 l I+H, I+H,
(Present time)

Fig. 2.2: Outline of optimization in MPC controller.

BUALETE TR AR (2.2) 2 R/MEFT 2 ERZ R 2. RBLEBE U =
[a()" --a(l+Hy, —1)T) TH 5. KX (22) 3REEHE T2 TRk (2.3) KEET

2.
.
(1) y(1) (1) y(1)
V(U,) = - . Wj R
r(Hp) y(Hp) r(Hp) y(Hp)
. (2.3a)
Au(0) Awu(0)
T . Wiu
Au(H, —1) Au(H, — 1)
subject to
Wy = diag(w{ ,wy,, 7w:ZlLJ,Ny7 o vw%p,lvw%p,zv T vw%p,Ny) (2.3b)
WAu:diag(woA,mwoAga”' woAJ’l\Lf e wflu—1 17“’1% -1,25°" " 7w[%:—1,Nu) (2.3¢)
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2T, Au(l) R y(l) BEhEhR (24), (25) L LTHRT I LHTE 3.

Au(l) =u(l) —u(l —1) (2.4)

y(l) =Cz(l)
=C[Axz(l — 1) + Bu(l — 1)]

-1 I—h
=C {Alm(O) + Z A"B |u(-1) + Z Au(m)] }
-
=CA'z(0) + )  CA"Bu(-1)
h=0
-1 1—2 Au(0)
+[§:CAH3 S cARB L. CB] e
h=0 h=0 Au(H, — 1)

RN (2.4), (2.5) ZFIHAL TR (2.3) 133 (2.6) KRBEF T2 N TE 3.

V(U) = (cy + SuUn) "W (cy + SuUn) + UL WR,Un
= UX(SIWESu + WX)Ua + 2<C;—Wy28u>UA + CZWf,cy

.
- (1) - - (2.6a)
= UpkauUa + 2 Re +u(—1)" Ky + x(0) Kz | Un
r(Hp)
+ cZchy
subject to
ey = Sz(0) + Sypu(—1) — [r()T - (H,)T]" (2.6b)
CA
2
5, = | 94 (2.6¢)
CAHP
CB 0 <o 0
CB+CAB CB e 0
S, = (2.6d)
H,—1 H,—2
>, cA"B Y. CcA"B ... CB
h=0 h=0
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CB
CB+ CAB
Su1 = (2.6e)
Hp—1
Y. CAMB
h=0
Un = [AuT(0) -+ Au'(H,—1)]" (2.6f)

R (2.6a) kb, FHHEBIED RECER Un BT 28PIHE ZRIHICTRBITE L2
WHhb.

MATLAB ®F 7 %L b @D Y )L N—X active-set solver d L < & interior-point solver
DVWTNLTH 5. RIS TIE active-set solver i (FE) 2T 5.

Rt R A =23 7Y v U, FHEREB O EAREK W, W, TR 4 XY
H,, iR 42> H, TH%.

222 FRHETIL

FHIE F I EREZN TN 2 Bl LETEIC T, RO DIRE % T3 % 722
Eh3. FHIEFLORNIC &L - TEED MPC, #it MPC, KFZ MPC IZ7%ET 5 2
ENTES. INHDEVE Fig. 23 1IR3, BED MPCTlE>¥IaLr—>ayoff
FHlEFME—TIEL Lz w., —7F, S MPC Tk, HlERORHEEES D 2 EER
TEXNTHENTOEITHIET 3720, SREZICH»N 2 RELEITE S v Iic Tl 7L
D2 $ % (Fig. 2.3 £X). Fig. 2.3 GRUTRTIZ MPC 13385 MPC %2 X HITHES
BbDTH5. i MPC IEHEELETEDBARDILE 2 FHIT 2 DIcHH 3 2 Fill€
TIUP—ETH 2D, KZE MPC I THIOMIZS FTHETAHNENT . THET
NOZECDHTTDI 0D o TV BEEITIE, FZE MPC 25 Z & Tk D filiEREZ H1F 5
ZEMNTE D [38].
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2.3 &7 VP HIIE O FEEH

________________________________________________________

Parameter
O
Parameter

X+20 X+25 X+30 X+35 | LX+O) W 2 143
@®: Normal MPC O: Adaptive MPC ¢ : Time-varying MPC O : Adaptive MPC

_________________________________________________________

Fig. 2.3: MPC variations.

2.3 ETILFRAREHOES

MPC EFHlE 7 e RE(CHEGEZ TRT 2 2 LT, BEEHIES e N2 2 A RE
L5, KR CHEMT % EEE 7 LTSI (Adaptive Model Predictive Control:
AMPC), v X +EFILFHIEIE (Robust Model Predictive Control: RMPC) 12D\
TCEFDICHMZRT.

2.3.1 BRETILFRIFIE

AMPC X MPC 0—fTH 5. #ED MPC t® 4D, a>v ba—JNiZHE>TFllE
TR L BT 2729, HIHRROZICH L TE D a AR R EEE2 -5
TEMTES. AMPCIZBWT, FHIETLVOEHIZA Y 74 VT AT ARIEET S
ZETIIHENZ .

FRC, RHIDRAZER T X —REFTDISATLEF Y74 VTHEEL, ZOT AT A
WXL Ta R MEZAT S BERE DO KR TIE A > 7 4 YHEED HIEDPHEF I TV
[39][40][41]. Tanaskovic & DFX [42] TIEX A F+ I 7 A —EDH A TRRZT %
SATLAEELTWS. J I FIITRAT L EBRIFETE Uk o] f@th % RaE L, K
FHIRRIT 2 22T MREMEHFIE LTV S,

DED X352, FiEEHZ2ET 3RAES 27 LWL 2 RE U 7= REANC b RFZE
b3 2 RTL2EMELTOWAMEDERETS. L, WINSRHEZIEID 2 EE
[RoNTED, X4 F I 7 AR T 2D T X — X ORFEZL 2 8E LT
BTV I DODBEIRTH 3.

21



5 2 B =7 OV

2.3.2 ONR METILFRIGIE

RMPC & MPC O—fTH 3. REZRT 4, b LLEANLPLY 2T 2 DRHEEMIZ
I ZaNR MNERHRT 2-DICHEAINS. aNZ NEEENEBE LRI,
MPC Tr NN Ml 247 5 5E T ZE LRI ISR 3 2 K2 v, ZEMZ REE
T BHBEIEIRD &5 BEBOBEERHD. s E2HAGDOETHIEIZIT S Fikd e
INTW3B.

o HRURHIKY - MKima X b
e tube-based D& 2 7
o Hoo fillfill ¥ DA EHE

FIsHlR 23 2 FETE, BN —EREENPINENIBTLELEEL 2 e
TES7 A4 UDIFET 5 & 5 RIS ZRGH L, &EINTIREBRE D RET L 7R & D#iP
MIZINE 5 Z e 2HllRS 2 2 e CREWEZRIES 5. £/, AL TERINSZ
ERZWVIGEa X M, FHIORKRDKZIDOFHIBER D EAZ Z 1 X T DFIFLIT DR
B (AT —Yax ) OEAL BB I2EABEPBZHRET LI TR EZNS Z e 2z HIN
L TEASINS. Pluymers 5 DfSE [43] TIEBE AR b MPC TR0 B D DR 2
hRfilfE HWTREEZ RIS 52 MPC OFERE L TEHHE I A MERSLEEEH %
HALZHGmMERSINB D, REHmEZENIRFICTIHMEiL TW5.

tube-based I TIXFEINS > R T LDAHEP IR L TFHIFT 4 X > DRMEICE
D35 RTOYEDOHEEKT. PuBZ Al EEESPNCR B IRES X KA IR 2 KL D
FEm e D B Z e TR AR MUEEKT % [44]. tube-based DF X ZFH L T
2—flicEEa Ry FOfENRD T NS, THES D [44] TEAELFET 2%4TT
b ZIRHIE BT 2 X 5 RHlETTONT WS, Gonzalez 5D [45] TWEA 774 Vi
THRIA—RONMEENZZERB L ZICEEL S 2 NEEZ TOHRELTEE, Z0H
FHEGIE LTEZ 2ttt EE 4> 74 Y TRHE L, EBEOBEIFIMERET 5. K
MZMT 289 X=X LTRAYDRY v THBRERINT VS, 2T 2HHZD
HDIIEETHY, ZO—EDHHANT NI X=X ZT 2L LTEEINLTVS.

Hoo filffl & #lAEDE TV S HE L TiE Orukpe 5D [46] 23H 5. Hoo / NV LIZEHT 2
Hiliy 2 B Lt B oM RS e LTEML, LML ICE L CRiELEHREZ M X, SELIC
XP3 % a N MlfEEFEB L TWa. Bortoff & [47] TIZEMKZICHBIE LT~ F
b — PRV IO SN T WS, KX TIZ Hoo / V4% il o 7= illi 5t 2
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2.4 17y MRS 2 e 7 TRl O

AL THRECEREZE DTIER L, Hoo v—7EBEIC MPC ZE AT % Z & THHL
WXL TaAX M Rflle =R 2 2 eAREtEnTns.

ZDMk 472 a NZ b MPC 2Maf STV 323, WINDGED MEEHDOFET 5
#HPNIRAZTDHY, D25 EDHPHDT T KT A —XDIHZENT DS AT LENRE
LTWa.

24 O v bCd3ETILFAGIEOER

EEF MPC oA LTary "ADIGHEZRE T2 EATETWS.
AULREDFIE B DRE N A EIcfEy, MPC O X 5 ICERR#ELETEZ R 713 ) X
LEFVR—FNETEZ IO KRN 1 ODERNTH . Rz, FE T v I
® MPC OB S 22805388 L TWw5. Mukundan & @ [48] IXEARE a7 » b
DifEa~vY FERHET 201 MPC 2B EMET L7BITH 5. I F X=X L #ff
TN L TAEFREZZR L7 ETr AR Mill#l 217> TWwa. Benedikter 5@ [49] 1
07y MZTRAB—=FDY VY —R%(TH EERXRT—YDiFEa~ Y FOFHEIC MPC
DFEHZRA LHITH 5. 2512, RAERHEDO L Y FTHHL2HEMHA T v i
DWTD, HfEY = — XOFEFHIEICHN LT MPC OEMH %M 2 HEBIGFET 5.
Guadagnini & ® [50] Tl MPC #RX—X 2 L72FE 71T X0% 6 HHEROET
MHERALY 7 b2 0T 4 Y IANDIGHZRETL T3, Vignesh 5 ® [51] TIXIERRIE
MPC Z#H T2 Z e PRSI TV 5.

MED & 5 2RAEAD MPC OEAMRE S HIRD T\ S5, REBUIDIR L, HE
Ty ZIRNT BB THD. X SIIRAMEDRIE T H 2 2N & A HEE M 7
WAIGS 5 2 S ICHERER Y TRMRIER L, REZEE L XS X—&22350EE, b
LA EORVEHFHANTET 5 2 WS MEEHZHEEL TWd. — /T TARIMRITRE
M FHEEEDOTAGITNET 2 Z e ICERELYTHDIDTHS.

25 XEDXC®

AETIEZETLTHIHIE (MPC) OE Y LT, HIEROMK, EANLEELEIHED
Jik, MPC offifd, Z L TZofh MPC O Z OISR OWTH IR E5IH Lk
BOMAN LIz, THIET LD X - TEA MPC ZE MPC 2% 5 Z 2 Z/RL, 3
T X =R LTO7 Fr—FiEe LT, BTG L Tw #Eis MPC &, 1t
T AHREMRIIIET 22N N MPC23H % Z & 2Nz, s DT wInd 2
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% 2 B £ 7L TRISIE

TR D HEERIRSNTE D, KEBRRRZ AHEEEOM T 2 A LT Al
NMREHE LT NZ ebrd. £, ary ML To MPC O@EHND
WTHEML, B7 vy PORZIZFMTDH 2 X4 F I 7 ZDIGEN & AHEEME DM T IR L
T7 7a—FZWaH5Ee UTARMAEDPHREZAE L Twa 2 ZibRT.
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E3E

i TEIXT R

AFETIEIERIT LT e ry VOB 1 BEERETS. ZOF 1 BEMHATEZ72—X
TiEr sy MIZESHEZRAL, BEoEEFLDOIEERL XD RARTHICAES 57
B, BHARETHD. Lizh->7T, HlEIERHEIZERIIC UTARERR D /N X W B IR
TYATLEREIRDZZIROOND. —F, BIKDEZ A F I 7 2 FHEE DT
T 22D VEERDEETHS. L UIBEEL o2 M REMIIHK T 2 Bk
TH3770, ZOH 1 BIIRSFIFEISRZRGTOPRER 7 = —XTH 5. ARFFLTIX Fig. 3.1
WRSFHEIN (¥ y FHN) TOEHDOAZERT L. 1B, WBEOMHMEL S Fig. 3.1
RS EHANOEHTH 2 ¥y FilEE e Zh & EELFHANOEETH % 3 — 51 0EH)
WXEETH 5.

3.1 AL

BRD RS X —XIZAARDERT 7y b THB M-V ury hESEICHRE L. K
AT %87 X=X 25k BITRT. Zofth, FFHEZLLRW ST X —& % Table 3.1 12
RE. BB, ThASOMES M-V ary 0Bk [52][53] BHEICHE LR, U ETHREL
TeR T R =R % BUT 7 XN DIETERER S JR B R EUER, PRIt 2 B3 5.
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______

-
-

4

U
!
6

Fig. 3.1: Vehicle

Table 3.1: Time-invariant parameters of the controlled vehicle.

Length

Diameter of the vehicle
Length of the 1st stage motor
Fearing length

Position of IMU cencer
Nozzle length

Nozzle bottom diameter
Nozzle mass

Nozzle thickness

Motor case mass

Motor initial inside diameter

model.

L [m]

30.8

2.5

11

3

22.3

2.7

2.5
3.5 X 103
20 X 1073
6.0 X 103

0.3
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3.1 BRI AR

J ZVDEHRERIZLLI T D X 5128 T 2. Fig. 3.2 IRT X RMBEEIREEZ S L
T2, oA OBEHEE—XT b Jry, 13X (3.1) 2 BD.

JRng

// (rsin)? - p - rdrd
/ " / pr3 sin? Ydrdi

4 (3.1)
Z( —Ry)-p
"
= [+ R)

Fig. 3.2: Geometry for getting the moment of inertia of ring shape.

J ZVDIBHRER J, ZRD DI DHTo T, BEEE p, ZKD 5. 7 X%z FHIZH

¥ Fig. 3.3 (a) IORT & 5 BRBARCGELTE 5.

ZOBEOKBEIZT ALVOER

ZEZ 2 L THEER p, ZEET 22X (32) DL S1TR5.

B M, M, M, (3.2)
Pr = il-2nD, - A, 7wD,A,  7\/I2+ D2D,A, .

Z 2T, /RLHFig. 3.3 (b) D &

BUI2¥Eridr: 2= DT L,
JAMHERD o BiE D OEMEER d

dJ, =

SIRMEIEIRE LTnwa e d 2L, ZHl LOfE 2 12

BT B0, 7’:2%; ViE 2 128
JRng WERE (33) DEHITKB.
1 2 2
JI2 4 (0= A dm (3.3)

PATEIOER 2 EH T 5 2 & T X #iE D 0 ZVOBEMERER J, 3ZXR D@
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Ly
JIn

(dJ,, + dmz?)

J
Ln _1 1
= / Z[rz + (r— A% + 2% dm
o L |
Ln _1 7
= [ = 2 (- A (3.4)
o L 1
Loc )
"L e 21, .2 My, 2 2
— P4 (r—= AL+ 2 crt —(r — Ap)°ldz
[ O 8 e Al - B
_ M /%”FV%+@—A)ﬂ+ZQV?—w—A)ﬂ@
VIZ +D2D,A, Jo |4 " "
VA
[ /
A, L,
D,
2rD, A,
(a) Sector shape. (b) Nozzle shape.

Fig. 3.3: Geometries for getting the moment of inertia of the nozzle.

PEDFHBE LD 7 L OEMEER J, 13 5.06 X 10° kgm? ¥ 723,

ERRITREERNIRRAEZ B & ICRFNER N REBUER 28T 5.

HERR I REUERNIFR AR D MR DNIZIZE D SR WERT 2R T 1 8, FEEE D DR & 1IHT
HENNE K BRoTWEDZ 7 =27 V) Y 7E7 & LT 2 D23 CHatize a5 5. 1%
Wh, ZLTHERNCEZ2BIRHREZE— X POREXIDF—X—DSEER L —HT
5 XD WCHERE LD S RFTESIRBIER ZE L Uz, 238, AR TR M OEER
EIENE 1000 & U TRFTERIBREIERC LIS DRI E 21T 5 72, KD 7 iEMR 1R EUER
DfEZ 8% B @ Table B.1 IZ/R7.
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3.1 BRI AR

BAADHIME ET1E, RARBIEROEAREEED S He TH 2 IREL TY Y 7R 2 KD
5 TEMNTS. A TCIEEKRe v P E2EEL, BARITHFETEIRIFETHS
35, ZLUTEBEDED Z L ICHOZEBOENKEL RT3, oL, #HERKON
EZE O fIEIEE D, & Table 3.1 IR L72&95120.3 m 2§ 5.

FARD B ATEDH 7= D DEE p, IXXDED .

Po

o (3.5)

~ (D2 - D2)
I I CTHRAEIERTOMHEEDZER DR D,y EWIH_KE—X Vb L,, FtHT 5.

4p
2 P2 _ *Pmg
Dv qu - TPy
5 (3.6)
D2 — D2 - mq
mq v TPy
_ T4 2
Imq - 6_4<Dv - qu)
s 4p
- D4 o D2 mq
64 ( ! vt T Py ) (3.7)
16py

BKENE RIS BT 2 IREOEH JETRE w,, HEEEROZEMDE Dy, WHEH _KE—X b
g ZRIHT 2 28 TRIEDY Y VR E Z2KRD 5.

Pq " Wm
E = 51'1 4 (3.8)
mq

RN OHEEIR D ZEM O, WiH - RKE—X ¥ P ZFERICRDZ e TRT VT v LT A
ILEXERRD B.

AR DOIREIE— FICBT 289 X — X TH 2 IREN D EH E R w EERIEHER DM
HRBRICEDIEESN S, AR TIXEHOT y £ XA 25 279, #MERENT 1
RE—FDAZEERT L. HIEREOD 1 RE— FIZBIT B85 XA —&% Table 3.2 IF &
D5, BB, ZOMEEKDDA y ICBT 587 X =& (£— FEY, —MBALEERE ¢)
WERET 3.2 ICCHIBHT 5.
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Table 3.2: Parameters of 1st bending mode.

Natural frequency at max Q w [Hz] 5

Damping ratio G [-] 0.05

3.2 EoOHFiRS)

Btk o BIEIRBN ST & RO RO M PRI L LTEBT 5 2 L A TE 5. lFRHO
%L [54] #BE L LTUTOMD CTh 3.

o SR
) 52
{Q(m,t) + %d.ﬁ} — Q(z,t) + f(x,t)dx = p(x,t)dx %(tﬁ’t) (3.9)
e T—X 2}
{Mz(x,t) + aMg—Ef’”dw} M. (x,1)
+ {Q(m,t) + %m dz + f(m,t)dx%‘” ~0
(3.10)

M/NTEHIZEHATE 223252 RK (3.9), (3.10) &b, RoiiFIRE oMo AR
R (3.11) IR 5.

2 2
PO+ 1) = ooy
EEE—FERDZ720, A1 f(a,t) =0 L LTHHIREIZE X 2. ZOHE, 2b
Ay 1 —IACEERE ¢ ¥ = — PR Y % B C 2B v Ref B 2Bt L, y(z,t) =
>, Yi(2)g;(t) TRETES. ZITEOEARIEDS w THB LT 5L (3.11) 13X
X (312) DESKEHT 2L HNTES.

L lEl(z, ) dz;;g”

~3 [El(x,t) (3.11)

_ 2
s | =t ov e (312)
I, BEU p l3RAIP, RREICKFEL TET 20 E ITHRNTED ARV PRV EE
Z, TZTR—ELT2eRXADES51Tk5.

i [0 2| =@ (313)
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3.2 BT IRE)

T AU 2 T RBOERE M TR L 72 D, B U RO — MR TEE L3\, S o il
HC—HETH 2 LIRELTHRERD 2 T2, R (3.13) EAR (3.14) O & 5104

FTHEILHTES. o
d® [d°Y(z)] 1 I
_ P 14

daﬂ[ dz? }Y(a:) Bl (3:14)

:Cf%; Bt r¥3eX (3.15) »ELNS.

dj;gﬂ——ﬁ4Y(w)::0 (3.15)

i (3.15) O—fyiRiEX (3.16) IRTH 2 5.

Y (z) = Cysinfx + Cacospx + Cysinhfz + Cycoshfx (3.16)

HHWICBIHEASLEMFIE MMFE—X SV FBIXUOEAMNDZ 0 TH2729,

R =0, S| —0THE. COREEIR (B17) RT &S

IiEXzR/oN%.

{Cl(—sinBL + sinhfL) + Cy(—cosBL + coshBL) =0

Cy(—cosBL + coshPBL) + Ca(sinfL + sinhBL) =0 (3.17)

C MY AEREML 22T, B FEMY BT 33 (3.18) LIEHEAER (3.19) 2
S50 3

\

o E— N

C
Y = il +1SmhﬁL [(sinBL + sinhBL)(sinBx + sinhfx) (3.18)

+(cosBL — coshfBL)(cosfx + coshfzx)]

o iR
cosBL - coshBL =1 (3.19)

E— FEBOGEK O & [ pY2de = m 53 ERILEHEZT5> 28T, O =
I BRSNS, K7z, FHEARK (3.19) BEIENICRD B BESD B

e, =a—tr IV rERHOWTEAME S Z2KD 5. DL EOFTHE X DEEE— B
BY; 13X (3.20) e LTHELHNS. AFETIEHIREIDO 1 RE— FOAKDS.

1 : . . :
Y; = cosB, T — coshB I [(sinB;L + sinhB;L)(sinfjz + sinh/3;x) (3.20)

+(cosB; L — coshf3;L)(cospjx + coshfB;x)]
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3.3 BiFEH

BAEOEH BRI Z 7707 v WS 75 0y 2 0EH FERNICTER T 5.
227509 2 DEFTBERNZEERKFEETRDOONSE ZEBFHTH 5.

331 S5O 7Y

0707V ARBEH AN K ERT VI NIRNFTF o ZHVWTA=K —0o
WTRHENSE., 977007 yeHuniEd R —RIEEE g BXO—K&IETT Q
ZHWTIH (3.21) ODLSICKT LB TES.

d [0\ OA
() -a (3.21)

3.3.2 EFAER

PR E FEARRICB W TIE 2 1IZBIT 5 y HRDENZ 2(x) £ FT5&, RDXSITK
TIENTES.

2(z) = (z — 2¢)0r + y(z) = (z — 2¢)0r + Z Y;(2)E; (3.22)

ChzkEMr T2 e TROONIBZERDOHEE 2(x) 135X (3.23) D& BD.

i(x) = % (- 26)0r + Y Yj(2)§
j (3.23)

= (& — @)k + (z — 26)0R + Z Y ()

J

BAEDELOMEZEER L LTZAAFEERS. J ANVER SEEOES) = 1
AMNE K ERTVYSYNVIXAFX o, JAVOEHTILF K, Zxhzhi (3.24) -
(3.26) D& SICREZ. ZIT, KT VI Y LIRAFEMFE-—RXV MCXBZ0TAT
FAXETHY, MIFE—R > b pld p(z) = BI(z) 2820 cxans,
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o J ZNZRLBADEE = 1L F

1
K==

/ " p(a) ()

p(x

3.3 B ES)

2
[xxGeR+($$GeR+ZY ] dx
J

I ,
(& — 2g)?ded% + = 5 /0 p(x)(z — xg)*dzh%

2

) [Z Y;(@)§

dx

p(x)[2(d — ig)(x — xg)]der0R

p(x) 2<x_xG)ZY}($>éj dzip

(3.24)

(m)gj dz0r

‘j d:ZJQR

(z —zc) Z Yj(x)€

(a:)fj dz0r
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3 HllfEN SR

e RTF VI ¥ ILIZAILF

o J ANDEF T FILF

1.
K, = §Mna:g +

;M i% + ;I <9R+Z {dY@{] +5)

LI bED T3 ¥ % & —I{CERE O, &, Or, & TIRMD Lzd 0k (3.27) -
vBD.

1 ; y<o>

(3.25)

(3.26)

(3.29) @
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o J ZNZRLBADEE = 1L F

0K
0K Lo :
ol ACLICDY Y (@)§;] da
L, .
" / p(x)(x — xg)Yi(x)dxbr (3.27b)
0
L,
+ /O p(x)(& — dc)Ye(z)dzOr
OK Lo .2
S = | @ = e s
L, .
+ /O p(x)[(& — 2¢)(x — xzg)|dxlgr (3.27¢)
L, .
+ /O p(a)(i = ic) Y Yy(a)é do
6K LU 2 .
el R CCEEBRR
L,
+ /O p(@)[(i — i) (z — 76)|dabn (3.27d)

Lo .
" / o) — 26) ;w)@daz
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o KT V¥ ¥ LT AT

oo [
0 j

06,
Jo

dx

dx? dx?

6.~

do
00r
do
g,
0K,
O,
0K,
3
0K,
00r

0K,
90R

o J ZIVODEH T A ILF

oK,
&k
0K,

08
oK,
00gr

0K,
g

CCHEEE—- FOBERMEX

dYk (93 +Z {

.

=0

-t (o T [150%] )

J

b (3.30) , (3.31) BT 3.

/OLU p(z) Yy () Z [Yg(iﬂ)fg} dr = /OLU p(x)Y2(x)dzé),

J

(3.28a)

(3.28b)

(3.28¢)

(3.28d)

(3.28¢)

(3.28f)

(3.28¢g)

(3.28h)

(3.29a)

(3.29h)

(3.29¢)

(3.29d)

(3.30)
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d:1:2 dx2

o v dZYk(x)

—EI/O |: d$2 } d:Lfk
PLEED, 975007 v &AL OR, & TR L7=d D13k (3.32) , (3.33) 1
MENBEBHTDHS.

(3.31)

° QR T{E%ﬁéﬂ\bfi%@
0N 9K 0K, do

90n  00n  00n  00n

L, L, .
= /O p(x)(x - i‘G)Qd:L'QR + /0 p(x)[(x — 1‘0>(IE — :L‘(;)]dl'eR (3.32&)

+ /O ’ p(x)(z — ig) Z[Y](aj)&]dm

J

oA oK 0K, Oc
+

00r 00r  00r  00n
L, L L, .
_ / p(@) (& — 2)2dxln + / p(x)(x—m);mmfﬂdw

+ /O " o(@) (@ — 2¢) (@ — i) dzn

(0 + Z { ] + 5)
(3.32b)
_ (/OL (@) (@ — zc)?de + In> On
+

L,
/0 p(x)(x —zg)(E — 2g)dxbr

L, . . .
+ ( @)z~ 26) Y Wi@glde + 1, Y {d}:;f)sj})
I
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o { CRMPL7zdD
ON _ 0K 0K, 0o
0, 0&  O& O

_ [ dYi(@)]’
_—EI/O { o }dazgk

Pt} (1) / {dm@] " ot

(3.33a)

B
D (t L,
- -0t [ ve(aases

dx?

= —EIBMLE, = — M, (H)wi(t)&

oA :8K+8Kn_ Jo
0, 0&  O& 06

Lv . LU .
— / p(2) Y2 () daéy, + / p(0)(@ — w6)Ye(a)dobn

+ /0 " o(@) (@ — i) Ye(x)dafn

50 (i3 [0 )

dx
J

= [7 szt

L,
+ (/ p(x)(x — zq)Yi(z)de + I, d?(O)) Or (3.33b)
0 x
av;(0)

+ / " p(o)i — ) Vela)dad + 1, T 2 {7@']

J

de(O)S

dx
L,
= M, (1) + ( / o) ( — 26)Ye(@)dz + I, df’}ﬁ) b

Lo A4 (0) < [dY;(0) ;
+/0 p(@) (& — d6) Vi (x)dzbr + L, C’;l(, )Z{ di )SJ}

+ 1,

I dYy(0) 5
dx

L7 - TR (3.21) wwn @B S EADAAIEN (3.34) , (3.35) ITRTdDLKRD.
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i(ﬂ) ﬂ_i(&KJr&Kn_ 80)_(8K+8Kn_ 80)
dt éR 00r Cdt OGR 691% OHR 00r 00r 00r

L, _ L,
</ p(x)(z — xg)3dr + In) Or + / p(x)(x —zg)(E — 2g)dxbr
0 0

1)

= [/0 ’ p(x) (& — ig)*drOp + /0 ’ p(x)[(& — d¢)(x — :cg)]d:EéR

+(/OL plz)(z — z¢ Z[Y x)&;]dx + I, Z{

— éR

L,
/0 p(x)(z — xg)dr + I,

+ /0 v p(x)(z — xg) de + 2/0 ) plx)(x —zg)(E — ig)da:] Or

[ L, L,
+ _/0 p(e)(r —zc)(@ — dc)de + /O p(z)(z — zc) (% — fc)dﬂcl Or

o

| [ o - vo) Y ¥esds +1, 3 df;f’)sj]

L,
+/ )z — zq ZY x)€jdx + 1,0
0
(3.34)
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5 3 HIE SR
i( ) i<6K+6Kn_8a)_(8K+8Kn_80)
dt \ 9&; A 0% 0&%  O&
d : L dY.(0) ) -
= pr [Mv(t)gk + </0 p(x)(x — zg)Yi(z)dx + I, CZE )> Or

oo Y4 (0) — [dY;(0) ;
+/O p(2)(& — i) Yi(2)debr + In 5:15 )EJ:[ dag )&}

+1, 2205 - o udos
L,
= /0 p(x)(x — zq)Yi(z)dx + I, d):zso)] Or (3.35)
[ L, L, .
+ /0 pla)(x — x6)Yi(z)de + 2/0 p(z) (@ — :va)Yk(:v)dw] Or
+ /0 pla) (& — ia)Yi(z)ds + /0 p(a)(@ — r’ée)Yk(w)dx] Or
+ o + 1, 20 3 W00,
) Lv . .
+ / (@) V2 (2)érdz + My (D)l (s + I, dﬁéo) 5
0
—75, @R (3.21) 0fHLF (3.36) , (3.37) D@D.
L, 3 _
Qo = qS/O CNaz0z(x — xg)dx — Tcosdy(0) — T'sindzg (3.36)
Qe ya§ =F, Zyjc@ E,Yj,
(3.37)

= qS/ CNaweYi(z)dz + Tsind Yy (0)
0

ZZCRANIA a,, HEEDRbAAEER L XVAE §IZLITOR (3.38) TRT
BOTH3. X512, 7 ALDREIAA 6 EMINMITHD, E sind ~ 6, cosé ~ 1 AT
5235,

_ 0Y(a
- AT R % (3.38a)
] 9
BADEbAMEER L RABE 5 =0+ % (3.38D)
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3.3 B ES)

2 (3.36) , (3.37) 1T (3.38) BfCAT 22T, XK (3.39), (3.40) L LTHEFC
YTED.

L,

= qS/ CNawtsz( — 26)dx — Tcosdy(0) — Tsindzg
0
Y o Y(a) y
=qS CNaz |O0r — 7+ —— pe (x — xzg)dx — Ty(0) — Tozg
0
L, o .
=g / CNas (eR — >) (z — wq)dz — Ty(0)
0 611
0
7 (5 N &) e (3.39)
ox
L
v dY;(x
= qS/ CNas (eR —y+) 535 >§j) (z—ze)dz — T Y;(0)
0 j j
dY;(0)
~T |6+ zj: ¢ | we
Jy dg;
=F,—=1F, Y. —= = F,Y,
ng @/agk Z Jdé- yLk

Ly, )
= qS/ CNaz0zYi(x)dx + TsindYy(0)
0

L, o - 3
= qS/ CNax <9R -7+ g;)> Yk‘(x)dx + T(SY]’C(O)
0

Y 0 .
_qS/ CNax <93—’}/+ g( )>Yk(3})d$+T<(5—|— Za/;()))yk(o) (3 40)

Lo dy;
e /0 Cvas (eR “+3 C;f)gj) Ye(z)da
T (5 +3 df’f)@) Yi(0)
J

MDEEXDS 75007 v 2HCTERLEEHEII (3.41) , (3.42) ITTRE
ns.
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B IR

o [l {AEHE]

Or

L,
[ | e =zopas+1,
L, L, .
+ /O pla)(x — zg)’dr + 2/0 p(x)(r —za)(@ - ﬂfG)dfC] Or

L, L,
+ /0 p(z)(z — z6) (¢ — ig)dr +/o p(a)(z — ze)(@ — CﬁG)dfC] Or

L.,
+ / p(z)(z —zg) ZY f]dx—f—l ZdY ]

—I—/ )z — z¢ ZY Qd:{;%—[d
0

a5 [ Oxs (eR 4y %ﬁ"”’)@) (¢~ wa)ds — T 3 Y;(0)¢

J
dY;(0
( +3 czi)@)xc
J

o

(3.41)
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o GHIENRE]

Or

L,
[/ p(x)(x — zq)Yi(z)dx + I, d?(())
0

[ L Ly :
+ /0 px)(x — xg)Yi(z)de + 2/0 pla) (& — ftG)Yk(x)dw] Or

+ /0 " p(@) (i — o) Ve (@) da + /0 " o(@) (i — :'c'G)Yk(.r)d:c] o

+ [ My(t)Er + In—- iy (3.42)

_ dY;(0) S dY;(0) - ]

J

* / P@) V2 (@)éxda + M, (02 (0 + I, T

dx

L, :
= qS/O CNazx (63 — v+ Z dgix)@) Yi(z)dz
J

§

+T (5 +) digx(o)gj) Y;.(0)

ICIT, BERELAEAZECBVTHET 3720, MR o R CHmEE
2 M, (H)wi (£)E), BINT 3. Bkm it iRE 2 £ EFH A RERIR (3.43) 1I0RT D
DIZT 5.
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dYy(0)
dx

LU .
[/0 p(x)(x —zq)Yi(z)dx + I, Or

+ /0 " o(@) (2 — 26)Yi(@)de + 2 /0 " o(@) (i — gsg)yk(x)dx] On

+ AUb@ﬂi—mﬂmwwx+é1?@Mi—hﬁﬁww493

. dY(0) <= dY;(0) -
+ Mv(t)gk+jn ;x Z ng fj

+ 20 M (E)ewor (1) (3.43)

J

Ly, .
*A pa) Y2 (@)endr + M, (R (D)6 + I, 2O

dx

LU .
= qS/O CNaz <9R -7+ Z %jfj)fj) Yk<l’)d£l]'
J

+1ﬁ(5+§:digw§)5%m)

§

TR I FTNVDEBMDPODIREDAZERT B I L OIEERA Yy DXL F I
ANFEHATE NIV TS, £z, HEIMIED 2 M7 ic BLT/ ZVRERAIAD 2
BEMSY 6 IR T X 2FIT/NEIVWE T 3. X512, KFRTIREFOL Yy £ 22T
370, IRENE 1 RE—RDOAEERT 2 2o, #HBHERIN (3.44) , (3.45) O
X211k 5.
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3.3 B ES)

o [l {AEHE]

[/0 ' plz)(x —xg)?de + 1, | O

+

L, L, .
/ plx)(z — xg)’de + 2/ p(x)(x —za)(d — :)'sg)dx] Or
0 0

px)(x —zg) (& — 2g)dxbr

b : diﬁ(O)gll (3.44)

_|_
S~
&

+

ho\

p(x)(r — re)Yi(x)rdr + I, T

+ p )(z — 26)Y1(2)érda
0

L,
= qS/o CNax <9R + le( )§1> (r —zg)dr — TY1(0)&;

T 5+dY1()1 T
o+ 52e)

dx
o SHIEHRE]

[ / " gl @ — v Vi(e)de + 1,0
0 xXr

Or

L, L,
+ /0 plx)(x — zq)Yi(x)dz + 2/0 p(x) (& — 2q)Y1(x)dx| Og

" o(@)(& — 20V (2)debn

A@@é+m(ﬂ§)>&

_|_
h
h

(3.45)

+ + 2C1Mv<t)wl (t)él

+A p(a)Y2(0)erda + Mo (£ (D)€,

qszf CMM( d“<)&> (2)da
+T(5+ (0 >§1) 1(0)
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3 T IR

i
gl

3.4 REZEM

ATEICR D AMEE X (3.44) , (3.45) ZIRREZEMRBUICT 2. RKEEL LT,
MAEBI DLEEA 0 B XY, REIZ KT RILEED & WS, £, LTk
VY TEHIE N ZZEA Oy, HIREBOLZEM 0, IREIZER T —MRILEED ¢ 2 H
W5,

HBENX (3.44) , (3.45) ZRIAERDLEEA O, REIZRT RILEZD ¢, /X
NDIRAIA S IZOVWTZENENEHE F D5 R (346), (347) DXIIWTiR5.

o [l A EHES

[/0 Up(x>($_$c)2dx+ln Or

L, L, .
+/O p(z)(z — za) daf+2/0 p(x)(x—xa)(it—ftc)dﬂf]91%

L,
+ / plx)(x — zg) x—xg)dac—qS/ CNaz(x —acG)dx] Or
0
(3.46)

L,
dY1(0) | =
+ / p $—$G Yl( )dl‘+In 1< ) 51
0 dx

Lo dY; dY1(0
—qS/ C’Naxﬁ(x —zq)de+TY1(0)+ T dl:i >xG &
0
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3.4 IRAEZE[HE]

o GHIENRE]

L,
[/ p@ﬂx—mgmwwx+h@2@)éR
0

L, L, _
+ _/0 plz)(z — zg)Y1(x)dx + 2/0 p(x)( — :'cg)Yl(x)dx] Or

+ /0 ) p(x)(t —ig)Y1(x)dr — qS/O v CNaxYl(x)dx] Or

+:Muw+lﬁ(dnan)1él

dx

: N |
{260, (8w (1) + / pa)YE(@)de | €,
0
L,
+ Ah@wﬁ@)—qS/‘ CMMQ%§QYN@¢r_Tdm0nYN®>§I
0
— TY,(0)5
(3.47)
KA METT IO ERMKILOT D, R (3.46) , (347) & ZRLAR (348) |
(3.49) D & 512 KHT 3.
o HIAET) .. | -
Aglr + ByOr + CyOr + Dy&1 + Ep&q + Fp&1 = Hyd (3.48)
o BEPLIRE) ) | -
Aelp + BeOp + CeOp + De&y + Ec&y + Fe&y = Hed (3.49)
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2L, BREBIILTO®DTH 5.

L,
Ay = /0 p(x)(z — xg)dr + I, (3.50a)
L, L,
By = /0 p(2) (@ — we)d + 2/0 (@)@ — 20) (@ — i) da (3.50b)
L, L,
Co = /0 plx)(x —zg)(E — tg)dx — qS/O CNaz(r — zg)dx (3.50c)
L,
Dy = /0 p(x)(z — zq)Y1(z)dx + I, d};lm(o) (3.50d)
L,
Ey = /0 px)(x — zg)Yi(x) (3.50e)
Fg = —qS /OLU CNOM%J(@(@' — Qﬁg)dl’ + TY1 (0) + Td};lago) Wite! (350f)
Hy =-Tzxq (350g)
Ae = /0 " o(@) (@ — 2o Vi (2)de + T, d?ﬁgo) (3.51a)
L, L,
Be — /O o(2) (@ — 2 Vi (2)dz + 2 /0 p(2)(& — i) Vi (2)da (3.51b)
L, L,
Ce = p(x) (& — ig)Y1(x)dx — qS/ CNazY1(z)dx (3.51c)
0 0
b= i+ 1. (240) -
L,
Fe = 26 M, (t)1 (£) + /0 () Y2 () dx (3.51¢)
L. . 3
Fe= 000 =0 [ Ovaa T vite -2 00 s
He = TY(0) (3.51g)

R (3.46) , (3.47) 13X (3.48) , (3.49) ZHH T 2 Z 2T (3.52) @ X 5 I iKAEZERH
ELTRTIZENTES. BB, RKillilRboZ® £ DIRZF 1 13EKT 5.
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0r] [A1l A12 A13 A14] [0r] [B1

br|  |A21 A22 A23 A24| |6g|  |B2

¢ | 7|43 A3 433 asa||e |t |B3|? (3:522)
é A4l A42 A43 Ad4| | § B4
[Orvu|  [C11 C12 C13 C14] [D1]

Orvmu C21 C22 (€23 C24| [Or D2

0r | _|C31 €32 €33 c34| |6g| | D3

or | = lca1 ca2 ca3 caal| e | T |pal? (3.52b)
3 C51 C52 Cb3 Cb4| | € D5
¢ | o6l ce2 €63 C64) | D6 |

FREATINIA TD e BD.

All =0 A12=1 A13=0 Al4=0
91 — —(CoDg — CeDy) 99 — —(BeDe — BeDy)
—(DyA¢ — DeAy) —(DyA¢ — DeAg)
—(Fy D¢ — FeDy) —(EgDe — E¢Dy)
A23 = =
’ —(DgA¢ — D¢ Ap) A2 —(DgA¢ — D¢ Ap)
S £ (3.53a)
A31 = A32=0 A33=0 A3a=1
Ae — _
41 — —(CoAe — Cedy) g — —(BoAe — Bedo)
D@Ag — D&Ag DgAg — DgAg
a3 = —Fode — Fedo) g — —(EoAe — Bedy)
Do A¢ — DeAg DA — DeAg
GoDe — GeDy GoA¢ — GeAg
Bl=0 B2 B3=0 B4 3.53b
—(DgAg — DgAg) D9A§ - D§A9 ( )

3.5 REIRESFHE

ANN%ET77F 22 —XDAE, HOEEEDL U HFHIIT 2L ML Lzt 2D
BILEDS> B, /TR T LORMZE Fig. 3.4 12, mAEITERA (X+35 B) 128
WTHARRIIMEZ 0.5 5L 2 DO REEMEDFET 52 A7 4% Fig. 3.5 ITRT.
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Gain [dB]

_120 1 1 1

Phase [deg]
©
o

-180
-270 : : :
1071 10° 10? 102 103
Frequency [rad/s]
| X+15[s] X+35[s] X+55]s]|

Fig. 3.4: Frequency responses of the rocket at X415 [s], X+35 [s], X+55 [s].

Fig. 3.5:

Gain [dB]

_120 1 1 1

Phase [deg]
©
o

-180
-270 : : :
10! 10° 10t 102 10°
Frequency [rad/s]
|—EIx1 Elx1/2 Elx2]|

Frequency responses of the rocket with uncertainty at X+15 [s].
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FAVBKEANTHET7 7 F 22— XAEIINT M OREZBMOLREZERL,
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Fig. 3.6: Effect of vibration on the rocket dynamics at X415 [s].
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Fig. 4.1: Target attitude angles of M-V 5th rocket [58].
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Fig. 5.8: Example of low pass filter.
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Fig. 5.9: Example of 2nd order notch filter.
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82 + 2 w1s + w?

GNotch(s) ==

$2 4 2Cwas + ws  w?

w3

s2 4+ 2(3w3s + w3 wy

i (5.1)

$2 4 2Qwas + wi w3

Table 5.1: Parameters of notch filter.

wi | G

w2

C2

w3

G3

W4

G4

22 1 0.3

18

0.8

38

0.15

26

0.37
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Fig. 5.10: Time responses of notch filter to the system with bending stiffness X 0.5.
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Fig. 5.12: Time responses of notch filter to the system with bending stiffness X 2.
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Table 5.2: Parameters of lead-lag compensator.
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GLead—lag(s) = m (52&)
72720, T e T IERTERINS. )
T=—= 5.2b
wvT ( )
1 — sing
I'= 2
1+ sing (5.2¢)
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Fig. 5.15: Time responses of notch filter and lead-lag compensator
to the system with bending stiffness X 0.5.
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Fig. 5.17: Time responses of notch filter and lead-lag compensator

to the system with bending stiffness X 2.
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6.2 KEEDIHTE
MPC I8 COFTEIIZIRER ZHH T 2. KL TEHIENR» X MA[L — b L
BEBDAE T 4 —F N 755720, ZOMKEERIII LY 7 4 VEZEHCTHETS

%. AMPC I3 Tld MATLAB OBEED LV —F > [59] ZFIHT 2 2 & TIREEZHEE
L.

6.3 FHMERSEE & UHIFISRMA

SRR (6.1) (R IHEME Y BIERAIN O TTiibns. R (6.1) WRTE
BY, HARELREROZRIIRF LT + 252 5. BBLANILERO MPC &
Bz, BIRA S A 2V HIETTC KRR EEE IV 5. BIEROKE X OHINEE 5° &
BETS.

Hy H,—1
gl(llr)l; I +ill) — g +alD)y, + ;O [+ i) —al +i— 1)y, (6.1a)
subject to
Umin < ﬁ/ < Umaz (61b)

a(l + i) FREZ LIS TIRE SN B IERDOARKMEE, g(l + i|l) 13RE DIFEEDEIIN X
NIGEECTHINEZHIIRT PLERL, RECEBIIIRFEOZRLRE T3, HFT3
F X —ZRF@EHED MPC LRI, > 7Y ZFElE, FHlRS A4 X, §lffliks 4 X,
HARBMTH 5.
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MPC designer & M3t 2 Ul Z HWTEREITZ 5. MPC designer Ol 72 i 5 %1
[60] ICCHERR ST 22 N TES. I XA—KXHABRORICEIREICEZ RBRBoF 2 —=>
JTEDD, BEBINRF 2 —=VIHARETH 5.
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MPC 7H1F—
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MPCI/hE5: mpccon =] FTNEER: i B o T [ ANE al
| A sn =5 w2 B30 WMI-5-0 IHD-5-0
Lmeccon.s T gimisqAv: (2 I~ o . o EE  BE  IJN-h~
JYb0-5- W1 FE HRERAE BB =
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‘ 107 -
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v I3 //1
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B¥fa (7)) B¥fal (7))

Fig. 6.2: MPC designer.

AFFETITo 2 F 2 —= 77t 2% Fig. 6.3 1”7, Fig. 6.3 1R MAUTIAW,
BRTRXA—=BDF 2 —=V T k{To 7.
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A
MPC Designer #2&)

MPC HBETEE

TSR R~k

SFUA RS

HFIERE

A
YT, ERRSARXFa—=2Y

A 4

BEHEYF1—=2T

avrA—S5%EF

<l #7 >

Fig. 6.3: Design flow of AMPC controller with MPC designer.
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BrhH2%. FHIAX MRBODICARERE D /NE LR 2 KH5HEETHIART A X
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o HEARK
BTV IR, HER T A XY, FRIKRT A4 XU REICTHE L ThH 5 EBAREK

BT L. BRTRX—EANE X 2HEr Zh 2L TIORT.
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JEEMICRDEERGEZBRTRA—RTH5. Oy & 0r 2T 2 L, Of
WEAREZ 2D, F—nN—Ya—+Z2HLODONEENEL 5.

— ZEML— b Ou, Or
HARMNF 2, ZBEMBHIEL KL, IWEEIENLT 3.

— bk, bAL—FE €
WINICEAR G2 THbAIR L THRBOEENH S, KEREALES X
% & HIEIRENC BV CHIAES D EEL T 2. HIEIRENCHIAEE) 2SBEEL L
TWBIRIZ, MIfAES) & EIRE) o EA EREDSE S 2D, InEERHL L T
WBEWSISIKRNTHS. —FT, NTEZHENIIRENDIZ D2 E LK
W, DIEERERL, 1 B THEEREDEET 2 X51ICF 12—V 7 %175,

— J ZANEAL—F A
HARGZ 3 L BEENEML OO RD, HEREZ RhrhrZElT 5
EMTERW,

MU EOWKMGFIHEZEZERB LN SR LIz N7 X —&—E% Table 6.1 IZ/RT.
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Table 6.1: Parameters of adaptive MPC controller.

Step size (Sampling time) 10 ms
Control span 30 ms
Prediction horizon 300 ms (10 steps)
Control horizon 150 ms (5 steps)
Orvu 0
O1mv 0
0 1
Weights for stage cost Wy 0 0
13 0
3 0.02
Waw | A6 0.1

6.5 BEXTLICERALEYZaAL—2 a3 VER

RET U2 HISRERAE S R T ACHEA LY I 2L —> a YR % Fig. 6.4 1ITR-7.
(a) DAL Mz, (b) PEREOHMEREIZ, () PMFEZRT. (a) &b, flHgRR
FTRTH2 X+ 35 LA THa~ Yy FICEBALENI LI N TETNWS. ¥k,
PRIRD LB 2 XD ANLEICT 2K TH 2 HIEHRE b ZENMTETWS I (b) 25
AN S, 512, MPC BRI ZGICE B L LA S RELGTREZIT) ZehTE L%
D, BERIHINOHEHBENTANZINT VDI D (¢) KD bh 5.

TZT, (a) WEHT2,, X455 DURBICEEDPELLTVWE XSITRZ 5.
Fig. 6.4 (a) IZBF 2 X+30 25 5 WHEOIEE & X+60 25 5 BEONE %
Fig. 6.5 12”7, (a) HHlHEISRRET R X435 MIHEDIRE, (b) 2% X+60 #h & OIRFHE G
ETH5. (a),(b) 2T 2L, X+30 2513 1 HTInERa~ Y FIGERTET
WBDIZH LT, X460 B2 6138 2 W TIEENa~< Y FITERT 2 X518k oTHED,
JIVEMEDETELL T s, ZHUE X+45 RYLIREHEN DS KBRS L Tw 2 Z e R
Kl TEZLNS.
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(c) Manipulated variable.
Fig. 6.4: Time responses of AMPC controller to the TV nominal system.
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4 : 4
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ECIRR g0
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Time [s] Time [s]
(a) X+30 F-X+35 . (b) X+60 B-X+65 .

Fig. 6.5: Comparison of responsiveness.

Fig. 6.6 ICAWIFECTHMA LN ORRINT — X 2R T . AENEREIM-Vary bz
ZELLTED, X445 DLIEOHENBREIFRENTH 5. M-V ar vy ME 1/2 Bk
CEH2Bu Ty FORKERIKICITS 774 74 ¥ R— e B 7EET N2/
LTW5. 77474 ¥ k=) (Fire In The Hole: FITH) M3 % Z & TEHEIEK
ZRBLIT LR 2R ETE 5 —)5T, UBEERICRE ST 2B RE L, HlEHT v TY
R L DHREREE TIIISEEN DK Z WATH) ) XU K 2 BB DRI IR E 2 2 LU uER A
BEDOHLEIEL [61]. 774 74 Y FR—ITIIHEITTHIRRDFERINICZEL S 2 D TIE7R
, BELDPIHP LN SEHPRIMI L Z R THs. AR THEHLET—
RTIE X + 45 LD 7 7 4 74 Y R—=VESITHY L TB D, PERFIHEIZE TIlELE
ZREMNSELIEIREELVEDTH L. ZOXIREAFITZRZHT 2HEBICEV
T, OB TOINERE LD bOTHrERSEALEONZ DD T7ITa~ v B
TETWS AMPC HlfIFHIEMTH 2.
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Thrust [N]
N w
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O I I I I
X+0 X+15 X430 X+45 X+60 X+75
Time [s]

Fig. 6.6: Time-series data of thrust.

22T, FHIETADELZVEE DT T AFRIGIE , 5T 7L T8I % w85
LcRDINEZ RS 5. IREZLT 2 Sl RN U-C ikl #Es 2 8 H U 7R O InE s
F% Fig. 6.7 1IR3, THETANELLARVER D MPC T, Hoo il % R ZA L
VAT LA Lz 2DINE Fig. 5.18(a) & FERIC X + 55 LI ILEEN S L T
W3, —/T, AMPCZ X + 55 LS RVIBENEZ RS, ZofRED, FHlET
W RFEZ LS8 5 Z & TRBIZIC K DIGATREE 722 5 R 5.
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Fig. 6.7: Comparison of MPC and AMPC.
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6.6 FHEEHZBIZIATLICEALEYSaL—
faR

RET U 2= E 28 2 AR E 05 DS AT AWCHEHA LY I 2L —Ya VERE
Fig. 6.8 IZ/RT. (a) DAL M %, (b) DK OHIEREZ, (c) DERIEEEZRT.
Fig. 6.4 @/ I F AT AT LDIELHET 2L, FHIZ (b), (c) WKHEFIRIHENT
W5, kD, KREEZGIEAHEEEIINT 28X P EERITELTOWRWEEZR 5.

6.7 XEDXC®

AETERE L BICX A F I 7 2T 2HENRICHIET 2728, #EIHE T THl
HlfEgs (AMPC HilfHes) 2#%G L7z, FHEFAZRRIFT — X TE52TBL LT, &
A ORBELETE S L IcFRlE TV EZ(L I B2 I 2L —2 a2 VORR, #EEET L
FHIHIE (AMPC) I2& > TXA F I 7 ZADORKEEICHIEARETH 2 Z e o h o7z, —
FTEAF I 7 ZAONHEEMICEHR S, RFEM  FHEEE DO T IG5 ICER
T+ ThBrEVR D,
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Fig. 6.8: Time responses of AMPC controller

to the TV system with bending stiffness X 0.5.
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INR +ETILF RIS

HIE R O AHEEVEITHIE T 5720, 7 A THRIIEZFH L 7za X il (Robust
Model Predictive Control: RMPC) 2175 Z & Z#at3 5. AETI, it L7z RMPC
HilEds DMK, ZEMERIHEGRSCRECFTREO T VTV XL, Fa—= v 7Tk Z Dk
B, ZLTyIal—yaryoiEReRT.

RMPC 1Zi3kk 4 2 FEDFET 203, MPATHIAEFRICTE S €2 FEeMHT 5.
ETNVDOAEEEEAELIIN LT P —FTE 2%, Hoo il HAEDEY)
BHBZEREDND, IDFEEZREBIERLTVOHDTHELEZARLDTDHS.

7.1 FIEHZRDEM

AT TEFT 5 RMPC #ilffiz MR % Fig. 7.1 12/r3. RMPC #ilfHlgs T3 FHlE
TOUCHIIZRET R TH 2 KRBTSR (X+35 ) O/ I F AT AT e A EEREET
B2RATLERE52%. BELEERTIIOANR NP RLARIEHRT 5. FEEEL2#
&L CHIEES 2333 2 2 T, HIERRORHERIH L Tr AR s REIEECT 2 2
YITES.



7.2 BN R EVRRE R A

Robust
Reference |____________ I_\/_II_D_(_)_C_JRr]t_r_o_II_e_r_ ____________ .
N 1| Manipulated
Optlmlzer_R variable Time-invariant Output
(Robust algorithm) i . system
L uncertain
> Prediction model :

nominal model

1
i Time-invariant
1

Fig. 7.1: Block diagram of RMPC system.

7.2 ONR MRZEMRILESS

AWIFETIERAR VEEWEZ Y 7 77 7EBIC L o TRAES 5. ABIZETIE [62] TRD
STV ZENRIEE G Z (/S 5. KRETIEZ DRAEERICOVWTR D 5.

BRI SUER (7.1) IORENS &5 ROED F—F Q ORICHET 3 LRET 3.
[A,B] € Q (7.1)

ZIZT, MRV =7 Q=[AB &K (72) ®@HYTH 3. X (7.2) TBVWT hIEFRY
=7 DiRERLTED, h=1THONIFTEEEDHRNVWI AT LTHE I ERT.

Np NP
[A, Bl = M[An,Bul, Y =1, .
h=1 h=1 ( ’ )

h=1,2,...,N,

AHEER Z R (7.3) & LTERT 5. HlEHNRICAMEEDBFES 256, sHOBEROME
X1 DIIRE S0,

Ve (1) = Y {2 +il) 5y, + el + i)y, } (7.3)
1=0

L 72h3 o ChoB L, FHmBE o EREZR/MET 2 I =~y 7 XME (7.4) £ 72 5.

min  max V. (() (7.4)
U(l) [A,BleQ

K (7.4) GEBHES CEEHTH 2729, R (1.5) O&MRHET X5 BEE V(z) =
2 Pz (P>0) 2EAT 3L CRIEABEMHZ 2.
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V(@@ +i+10) = V@l +ilD) < =lla@ + i), - lad+id)li, (7.5)

K (7.5) OiL% i = 0-c0 TTHEMS &, R (7.6) L% 5.
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AT, BIEV ASTEMEER Ve © FRICRB L ARLTED, K (7.4) ORI
X (7.8) O &S ICHEEMNLT 2 2 LD TE S,

151(1;)1 V(x(l]l)) subject to Eq.(7.5),P >0 (7.8)

R (7.8) OREERMEL Z LIk D, BAIIT P L WS MAEsNELT 5. 1 (T.5)
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X (7.9), (7.10) Dk (7.11) BBALT 5.

T T -
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Fig. 7.2: Design flow of RMPC controller.
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Table 7.1: Parameters of robust MPC controller.
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Weights for stage cost 18
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Fig. 7.3 @ (b) OHHEREZ BT 2 e WIThOEEd Lo h e RELTETWVS.
—7F, (a) DEBMELKT 2 £ v A2 MEOBRIEICS L TREHICENEENE 8
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Fig. 7.3: Effect of uncertainty range on responsiveness.
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Fig. 7.4: Time responses of RMPC controller

to the TT system with bending stiffness X 0.5.
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Fig. 7.6: Time responses of RMPC controller
to the TT system with bending stiffness X 2.
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Fig. 7.7: Time responses of RMPC controller

to the TV system with bending stiffness X 0.5.
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Fig. 8.1: Block diagram of ARMPC system.



¥ 8 B EIS N R N TR

82 INTGRA—RFa—=4

RE(LETEAE 7 ED RMPC flfligR 2 H—TH D, it T X —REH > 7YV Ik
fH, FHERERIC B 2 EABM W,, W, THIETLVONHEEEDEHFHETH 2. RMPC
il fH 88 & [ UAHEE Mo @i » 72 2 WM 0.8 f5oE 71, FlE 1.2 f50E 7L DRERS
F—xE2FHEFLE LTEZ, 7Y 2 ZHZ 0.03 B e L, FHiRE% o E AR
E—DY e L. EARZfE% Table 8.1 IZ/-7F.

Table 8.1: Parameters of adaptive robust MPC controller.
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max x' (I+ s/l +s)Px(l +s|l+5) = max @' (14 s|l)Pa(l + s|l)
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25, ZAIRAIFICO TR RMEET 2. UL, ZORMZRIE A, B DR
ZALICHERTIEF TN E L, PHEEMEE LTIRZA 2 EREL, Ao € QDL T LT 5.
2FD, R (9.11) QDT AT TN LTHRILT 2 2 25&HR e LTEZ 3.

9.1 fiix Ik, X (9.11) 2 XKIEHLTEZ 5.

Q- %QWQCQ - %ZTWyZ > (Ao + ANQ + BiZ]TQ (Ao + ANQ + BiZ] (9.12)

22T, WA WS TRDEDRA L + s TBWTETAIRETH 5, Thbb, R
TRDIEDA | + s DFRMAZIL TN TES, LI RADHLT 5 2 & 2EK
5.

1 1
Qi — EQleQl — EZzTWyZz > [(Ao+A16)Q+ By 21T Q; (Ao + Ay s)Q + Biy s 7]
(9.13)
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COHDEIRILY 270D T05fFe LT, X (9.14) ZEMNT 5.

(Ao +A)Q + BiZ]TQ (Ao + A)Q + B Z] >

9.14
(Ao + A+s)Q + By s Z] T Q7 [(Ao + Arys)Q + BiysZ) 814)

Wik Q25651 %, Q=QT BPRITZILEEHATII L TRDEIEH TS
MTED.
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9.15
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{ Q MmeQ+&ﬂ<
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DEMEDRZ VDD YIRS, X DEEE — (LT 51257 o TEREZI ARSI K 2 WIGEA
DHEGFRILRDINETH 5.
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T MR IEIE T 2 72D T o RN DWW TR L. EY X T ANDHA %
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B39 EOME LA TR LETEFICS AT AR Z (LR VwZ e Z2RELTED, F
MDD BZBERE SN AT ANOBRAICE L2 TH o7z, RETITE HIHGR
DA 2GRS 2 2 2BV L TRIBLATETICS S A7 ADZLT 2 2 e 2T L
TR R 5.

10.1 IF:

BN M ETATHGIE OB ZRE S X7 JHEHATTREL T 2 7-DIHRET 2 1ICH 7
D, WERIZ2OTH 2. HER L ZHIH L TOMEREAHTHENRS,

L A7 ADKHEZLT 5 2 I & DBt EICHEA T 2 FHET L e FHEERED S X
T LZEREPEL 5 e TTHREMET L, ZEMZRIEL T 2B —iRH
WAES 2 Z EDRERTH D L. ZoMKEe LTHEHHET AV TRIRIE TR, K
ZETALTHMEZEH TS 2T, THKEZALELXES.

Fig. 10.1 ICRIE XTI > TWELET AL TREIGIH Y, AZECTHEHHAT2REE
TOTREIENC BT 2 FRIET L OEWE R TN Z /RS, #5E 7L TRl E
DEEFEE DL RO EIC TR T ANET 525, —EoRkELatEHIc
FHITZ2ETNE L DOATHS. —F, REETLFRIHIECE—EoRE
FHEAICH FHIEFADNENT B 22T, REZAREWEEICLTHlEF L E
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EEDS AT L DRER/NZILFTRAZIENTER, AT LEER LTI LT
REETHORELZDIT 2 ENTE, 84 HITTRRZBFEOHRTIZMKEL 72
C (7.10) DIRRALT 5.

6

2

O : Actual controlled system
@ : Prediction model in ARMPC

System | o Q B : Prediction model in TVRMPC
parameter _o ........... . ....... .___ _____________________
} } } } } » [
l [+s-2 [+s-1 I+s [+s+]

SU+s—11D) o

State * R(+s|D
x (D) .
®  R(+s2]) |
i i i : i »
l [+s-2 l+s-1 I+s [+s+]

(Current time) (Next optimization calculation time)

Fig. 10.1: Comparison of prediction models.

2. BZEFATHRIGIHZEHT 2 120, 2 I FUISEHOLCHHREE L 25, =
L I FNIEENCHR T 3ERTH 2, u R MEOERIENLEL 22
JRATH 5.

Fig. 10.2 (a) WCBHFO AR MHERICBI 2 02 MEERBOMER 2 /RS, BE
FOOANR IR AES AT L 2HRE LTWE Z e h 5, H{bitE0MA
TR Z T2 TRT 2 ICHY T 2EBRAT A X UHIEITH > THa AN MMEERE
RITZMEIRAZETDH 5.

—77, HiE 1 THREL XS ICREGETREZHERA 7 A X D% xREET LT
FIENCHEER L7238 0 m N R M HEESRIEOME X % Fig. 10.2 (b) 1R3. HRAE
74 X UHHETIEARAE TIRZ F CreRltitEo PR e L, 2 H5IEEET
ATFHTETFUOMETANEIT B, L7d - TR bl BRI D & RANE
TRAETOERI AT LI L TEANR MERERT 2 Z 212k 5. ZAUIEKRT
BZERTHZ 7 I FINEEOLHICE)S.
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ZIZTAMATEEREIIA I VHIHLOEGRKI A X VHIEICEE S 5.
Fig. 10.3 12, BZEEF L FHHIEIC CTRBELFAEZERERI A X LR
DuNR MERIBOMERZ /RS, BREAZ A XV T 2 2 & TFRIOHF
FRETZZEAREE 2D, AR MEL ) I FUREROERD AT >V 2%
I eahEL 72 5.

A A

e
2 2
(V] .
=2 E Wide
2 I Narrow ©
© ©
O | e N o

> 1 - - I oot > !
Flight time Flight time
Il I
Prediction time Prediction time
(a) For time-invariant system. (b) For time-varying system.

Fig. 10.2: Infinite horizon control for TT system and TV system.

Prediction time

I Narrow

Parameter

Flight time
Fig. 10.3: Finite horizon control for TV system.
DEZEFEFZT, REETATHIGIE L 2HREZ7 A X VHIEOFHE 7 VTV X 4

ZRE U7, Fig. 104 2R LEHZ oA VXL FHIEEO 70 v 27N 2R
Fig. 8.1 3R EDO 72 ) Ao B X UOFHETNVORNDEIZ 5. RETIZENK
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KL RETRICOWTR LEed e, AIRIERGE - ZE RO WTEHIIL, &~
2 ab—Ya YIZTHIEE O MREZ FHES 5.

Time-varying Robust

MPC Controller
Reference ATy  Manipulated
Optimizer TVR '|  variable

(Revised robust algorithm)

Time-varying Output

uncertain

system

————————————————————————————————————————

Prediction model .
nominal model !

: Time-varying ; i
e model with uncertainty jChanges even during one optimization calculation]
L

A4

Fig. 10.4: Block diagram of TVRMPC system.

102 HE7ZIIVXL

PR 2 X (10.1) & UCaEtd 5. FHiiRA% =X (10.1) o ko weERT 2L, 7
NOAREEMIINT 2 X MEER (10.2) TREINZ EIH BRI =< v 7 X[EEZ ML
ZrickoTELNS.

H,—1

Vi) = Y A&+, + el + D3y, + &0+ HadDly, (10.1)
1=0

i Ve(l bject t U 10.2
1[1]1(11131 [AI’I}BE%Q +(1) subject to u € (10.2)

ZIZT, H, TR 2HHERI NIXA=—ZDTFUETIA X THS. K (102) 13 =
<y 7 AMETH D EERS IIIEHETH 2725, R (10.3) OEMEEHZT & S5 LB
Vig)=x"Px (P>0) 28 A32 2 CTHEEMIZBICEEIRZ 3.

V(@ +i+100) = V(@ +il) < =[l&0+ i)y, — el + i)y, (10.3)

R (10.3) OWA%E j =0-H, — 1 $TOMEL D, Wild»5 ||z +Huyl)||%vf Z5l<.
IHIEHRIC -1 22T 222 TR (104) BELNS.

V(@ + HalD) + V@) + 20+ HalD) |3, >

HiZl - ) - A ) (10.4)
> U@+l + Il +in)E, } + &0 + H)ly,
=0
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R (10.4) OANFFAMEIE (10.1) TH 2 Zeh 5, MR D LRI (10.4) o A4
TRIZLHTES. 2 hX (10.5) 3.

=V(@(l+ Hu|l)) + V(@ (1) + |2+ Hu|1) 5y, > Vi (1) (10.5)

Z 2T 7.2 HioHEkD RMPC OZEMLRIEE & RO IIRE T 2729, K (10.6) %
HBAT 5.

0> =V (@(l+ Hy|l)) + [l + Ha|D) 3y, (10.6)
X (10.6) BRI T B35, K (10.7) BKILT 5.

V(z(l|l)) > max V¢(l) (10.7)

[A,B]eQ
K (10.7) 1F, BV »FHHRER V; o LRIck s 2 e 2R LTHED, K (10.2) ofHEL
R EALHIZI (10.8) ORI H(LT 22 e TE 5.

Igl(llr)l V(x(l|l)) subject to Eq.(10.3), (10.6), P > 0,u € U (10.8)

XHICZhE LMI CHETEZHIRET 2D 2 ()Px(|l) <n ZEAT3Z
&, X (10.8) omELITEIFK (10.9) ITEETE 5.

I;l’llgl n (10.9a)
subject to
Eq.(1
Eq.(1
' (I|)Px(I|l) <n (10.9b)
uecU (10.9¢)

DT o@h, #2430 (10.3), (10.6), (10.9b), (10.9c) % LMI Tt TZ 3 ICEFH
95.
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e { (10.3)
HlfEE =13 7T B RBICIKE 7 « — PN ZAI (I +4|l) = Gia(l +i]l) iIT& o T
paEEhs ey sy, ®X (10.10) BE5h0 3.
&' (L + i) Arri + BiyiGil, — B+ |Gullfy, +Wal@(U+il1) <0 (10.10)

X (10.10) 2XWVWFhD ¢ > 01T LTS 2 72H12id, R (10.11) A3l

Ru.
[Avti + BiviGillp, — P+ [|Gilly, +Wa <0 (10.11)

COEFEFTEREROBOENEET 2728, MRETHIARERX (Bilinar Matrix
Inequality: BMI) & & D figd ZepW#ETH 5. 22T, DREROAZLRICHIT T
X (10.12) ZEAT 3.

P=nQ! (10.12)

Q>0ThH27:D QoL LETK (10.12) ZRATZ. X5
Z=GQ rEE#HZ 322 TR (10.13) DL LMIKEFETE IR TE 3.

Q 0 0 AiiQ -l/- B2

0 nE 0 Wa'?Q

X 0 JE w2y >0 (10.13)
QAL +Z BL, QW.”* ZTw,”? Q

X (10.13) A FHHITTOND H, AT v TOBMODETDI AT L (/ IFILTRT
LERHEEWZHT 2 AT L) IR LTI LRITIUI RS20,

BB, YATLIRY) P=TFRHAINZDLETOI AT LI LTK (10.13) %=
EZBREDIZL, O OETOHMATR (10.13) LT d L QO AETOT R T
LATHALT 5. R (10.13) 25 Q OETOHATHILT % 21EX (10.14) 2SEALS

5L THS.
Q 0 0 A;2Q+ B 7
0 nE 0 wa'?Q .
0 0 nE Wz = (10.14)
QAL +Z"B]. Qwg"? zTw,”? Q
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102387 LY X A
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X (10.6) IFEZT T2 TK (10.15) D XS IEFTZ 5.

&(1 4+ Hy|l) " Wia(l + Hy,|l)

B0+ Hall)T (P — W)l + Holl (1019

<z(l+ H,|)" Pz + H,|l)
>0

INREDEI R (1 + Hy|l) I L THRILT 7291250 (10.16) & &4

35.
P—W;>0 (10.16)

DTz B I DN IR E A W DIRDTTITHKIFT 5.
o :{ (10.9b)

X (10.12) b Q =Pt >0Th3. ZhEHn3ZrT, X (10.9b) I
K (10.17) DX S WEETE 3.

LL‘TC(QW) ‘”(i“)} >0 (10.17)

e X (10.9¢)

BERHINE LT TR (10.18) X5 2#lEHRT 35,
(! +i|l)] < Umas (10.18)

a(l+ill) = Ge(l+i|l) = Z,Q; 'z (1 +i|l) ¥ L TIRERIRBREEZHVTRT
YHATEZZEEFMAL, R (10.18) ZRERZH - HICRET 5.
BIEORERYL PR LERKROREROBEBIICOWTRIT 5. R LR
W (10.9) AIRETH B T2, K (10.3) HKLT 3. OF D, HELTOKEE
B x| p < ¢ Zifi7ztE, BETHSNRER &1 +40) & |2l +i|l)|p < ¢
7. Lo T, BMe, ={z: ||z]lp < ¢, ¢ = ||z||p} FHETHE N
RERBONEHEEL 25,

ZOBUEDIRER & THIL 72 RKROIREEOBFREZIEHA LT, X (10.18) AIKAL
T3 kOt (1019) 2182 2 TE 5. 7238, X (10.19b) XHAETHI
SNTREEPFALEEGICNE L 2%, K (10.19d) Za—>—2 2TV DR
FX JaTb| < |lal|||b]| &, X (10.19) X 2" Q12 <1 THBZrEZFALTWV3.
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max|a(l + 1) = max|ZQ ™ &(l +|l)[* (10.19a)
= max|ZQ ' z|? (10.19b)
zEey
= max|ZQ™2Q™/ 2z (10.19¢)
z E¢
<2V TIPIQ™ = (10.19d)
= (2@ T2 2TQ = (10.19¢)
<[z~ T|? (10.19¢)
=2zQ7'z" (10.19g)

X (10.19) &b, X (10.20) ZHieT X = X" PFEET 242561, R (10.18) &

Wilzxhs.
{X Z}ZQX§u2

ZT Q mazx (1020)

Y EOREHORBE, <A RELHEER (1021) O L5128 5.

milgl n subject to Eq.(10.14), Eq.(10.16), Eq.(10.17), Eq.(10.20) (10.21)
n,

10.3 RAIFRM4E{REE

ROECETE O AR 2 RAE T 2121%, BIEORA L IS TRDIRBRRAT v T 1+ 5D
R LETE D4R (10.14), (10.16), (10.17), (10.20) /=3 2 e B +oskfFe k3.
ZDEGEMRITOVTRRT v S THRBER LS BIILT 22 2RT.

o X (10.14)

DKL 1+ s THHILT 3 L&, AT LDHFD Q) TlERL Uyl I8IDo
THHLTHEVWS e TH3. Fig. 10512 ¥ QO OBEFREEZRT.
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Fig. 10.5: Relationship of €2; and §2;4.
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x' (14 s|l+8)Q; ' x(l+ 5|l +5) < [AI%E]LXQ & (14 s])Q; '&(1+ s|l) (10.32)
yblety
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259 T+ s CHBVTHEER (10.17) Bl &ha. LEdo>TR (10.17) 1@
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7eind.

DUEoREt & b TR % (RS 2 BE(LEEIE R (10.34) OMED £33,
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DEICEDOTINEDHNT 2. RERLHBEIRXA IO ML —FAT72EZELLEDS
INSWHED S FTHEET B

o THIARZAXY
RE(LFEOR T =Y aX V2R Ty 7HRETCTHLEERT 20T RET 5837
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Table 10.1: Parameters of time-varying robust MPC controller.

Control update span 100 ms
Prediction horizon 150 ms
Model change span 1s
Qo 1
Qg 0
Weights for stage cost Q¢ 0.5
Q¢ 0
R 0
Qty le-4
: : Qtg 0
Weights for terminal cost
Qte le-3
Qt; 0
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Table 10.2: Comparison of controller design methods.
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Fig. B.1: Time-series data of slope of normal force coefficent.
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Table B.1: Time-series data of slope of normal force coefficients.

Time [s] | M-V [rad™!] Local valu‘e
Body part [rad™!] Fearing part [rad!]

3.9 0.1264 0.1252

3.5 0.1264 0.1252
10 3.52 0.1253 0.1242
15 3.43 0.1221 0.1210
20 3.66 0.1303 0.1291
25 3.93 0.1399 0.1386
30 4.35 0.1549 0.1534
35 4.56 0.1624 0.1608
40 4.61 0.1641 0.1626
45 4.66 0.1659 0.1644
50 4.72 0.1681 0.1665
25 4.74 0.1688 0.1672
60 4.74 0.1688 0.1672
65 4.73 0.1684 0.1668
70 4.72 0.1681 0.1665
75 4.71 0.1677 0.1661
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