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Fast Model Predictive Control of Robotic Systems with Rigid Contacts
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Robotic systems such as legged robots are expected to work in various environments. Model
predictive control (MPC) can be a unified approach for versatile, efficient, and dynamic
planning and control of such systems. However, robotic systems involving rigid contacts have
fast, large-scale, and nonlinear dynamics and involve switches of dynamics and state jumps,
which make online optimization of MPC difficult. This thesis consistently tackles these
computational challenges.

Chapter 1 gives a comprehensive overview of planning and control of robotics systems with
contacts, which motivates MPC for robotic systems. It then describes challenges in realizing
the MPC of robotic systems.

Chapter 2 is composed of two preliminaries. The first part overviews rigid body systems with
rigid contacts, including their kinematics and dynamics computational algorithms. The second
part presents the basics of numerical optimization algorithms for MPC.

Chapter 3 proposes an inverse dynamics-based solution method for the MPC optimization
problems of rigid body systems. It can reduce the computational time of each Newton-type
iteration by leveraging efficient algorithms of rigid body inverse dynamics. Numerical
experiments show the efficiency of the proposed method over existing methods.

Chapter 4 proposes a lifted Newton-type method for MPC problems of rigid body systems
with rigid contacts. This method can reduce the required number of iterations by relaxing high
nonlinearity without additional computational costs and, therefore, reduce the total
computational time. Numerical experiments on the whole-body optimal control of various
quadrupedal gaits show its efficiency over existing methods.

Chapter 5 proposes an efficient algorithm for MPC problems with pure-state equality
constraints, which appear in MPC problems of robotic systems with rigid contacts. The
proposed algorithm introduces a constraint transformation method to efficiently treat the pure-
state equality constraints with the Riccati recursion algorithm, which enables the Newton-type
iterations in linear-time complexity with respect to the length of the horizon. Theoretical
verifications and numerical comparisons on practical whole-body optimal control of
quadrupedal gaits are presented.

Chapter 6 proposes an efficient Newton-type method for MPC problems of switched systems,
which formally model the robotic systems with rigid contacts under a given contact sequence.
Specifically, it realizes efficient and robust optimization of the switching times (i.e., contact
timings in robotic problems) as well as the state and control input. Numerical comparisons
with the off-the-shelf optimization solvers and a practical and complicated robotic example are
provided.

Chapter 7 presents the implementation of MPC for robotic systems built on top of the
algorithm developments in Chapters 3 to 6. This chapter proposes a whole-body MPC that can




optimize the switching times, state, and control input in the milliseconds range. A simulation
comparison between the proposed MPC and the conventional MPC with fixed switching times
demonstrates that the proposed approach expands the ability of MPC for robotic systems.
Furthermore, hardware experiments on a real quadrupedal robot show that the proposed
method achieves dynamic motions on the real robot.

Chapter 8 summarizes this thesis and discusses the directions of future work.

Appendix A introduces an open-source software for MPC of robotic systems with rigid
contacts, in which the algorithms developed in this thesis are implemented. Whole-body MPC
examples using the software are provided.




(fefk 2 )

GRXEEORREOER)

T, Ry NOIFROGO I LR DILR/WIFIN TS, EEOFHE - il
Ie Ry MCHEMRERREENZ 52 2 BB ERTH 5, Rim LTk, W
RERREEFAAELE L, Ry AT AIICHE L72E T LT HIENE (Model
Predictive Control; MPC) DERFH 7 /L T U X LAEZEELTWVWD, T2 T4 Tl
{£%1T 5 MPC X, RO X AT I v 7 TEERZEMEORE - §li %2 EX{k T
x5, —FHT, Ry hATAE, 1) BV 7Y o EBL 2) mkor - FERR
Bie XA FTI T A, 3) XA T I ADYD KL - REV ¥ 7, Lo RS & £
D b, EREM TRELEZTT S MPC OEIIIES TR w, BEFED MPC %
W CIX, FHE AT A7-DIca Ry NOEFARCRKELMEICE 2 — Y
AT 4y 7 IRITPEEANLTEBY ., XA v 7 E#~Ou I3 EARE LT
2, R TIE, EROFERMICE T 2MEEZME LRy h AT LD XD
FtEREZe MPC Z BT 5703 A LhExRg L TW5D, BEERICiE, LTFICxRT
MR 215 TV 5,

() B CREA SNTZRHEN G 2D r Ry O sl IC s LT, fEkIA <
O TEIAB DT HE N F a2 AW BERIEZREL T D, #BE
FiEE, WHERYE) D FOMENL2HREFTET VIV ALEZEHTE, ==2—F§
VHRIRAERRIEICBIT ARIE 1 BH- 0 OFERMEZEIETE 5, ERFIEICH
RCEBRICIREBRFENEETHD Z L2 HEERICL > TRLTWV D,

Q) EEHIEFEEZ LY SR TTORELFEICER (V7 8 562 &7T, UMK
fExmESEs=o— P ORBEMREZREL TS, ETETEH, 2Ry
FNOXEAFI T AOKEEZIER LY 7 Mok =2 — N U BBEREDO X 1
Bl 72 OFFRERM AN S EFICNORELm LS, h—Z /L O5H R FFRHH]
WA FIRETH D, IEFENEBRIHERFIELIVEHETHLZ 2, NHr AR
v N OBEEFEACFEICB W TR LTV S,

() #Efh 2D v AR v b O il BE IS Bl 2 R RE B 2 HE A b & Te il
~NEHTH LT, RO BEMREERE L VD, Bk ORBEICK LT
Riccati recursion 7 /L3 U XA ZEH L, dHMli X[ E S I2B L CEHEEDBRIEIC
LIMER RN EZRL TS, WUEleRy hOSFFHE(CMEIZI T, #
RTFEOEDHEEZ R L TND,

@) AL v TR (FfhoOX A I 7)) 2EOTRERENECHTI=2—
BIBAEME R L TV D, bR ONRLFE, ZEMEEm L IE 57
WIZ, AA v FE{E2EZE LT Riccati recursion Z¥49E L. (L EE OBET
AL T DR B DOF N, ~y BITHIOEBEESEEZ TR LTS, ETIE
L. WHBIZR Y L= L i LT, A4 v TFRZI S & TR NDOr /N A R
R EACERZIT 2D 2 & 2 BEERTRLTWD,

5) UEDOTFEEFEAEL TRy NO2FEN)F MPC #3235 L, #EFIEOA M
ERRFEL TS, BB TIETIR, 2854 77 2 &b Huvoo, Ik
RE. AN, Bk X 4 20 79 _Th Y BEAOFHERFW ChRhi#E{b T TH
Do MBI R 2 b — X BT HIEER NS, B X 4 I 7 B FEE LIk
D MPC LI, #EFIEEFEARIA T I v 7 RHENARETHDL Z EE2RL
TW5, b aRy NTORBEEREZITV, T VLR ESLE Y A
REfE)FErRy bTH, BB E V-T2 F AT v 7 RHIHN A ETH D




ZEERLTWD,

L EAZET 512, Kimd, #a > MR e Ry b 27 A& L%
S Tl hil i 2 @EICE< T LOWTFEEZB L, adhy h AT ADO LY SR
HE - HEORREMEZT VIV TWS, Lo T, KigiiiEt (FHR%) Ok
XELTMESL LD ERDOD, £lo, TM4AH8 H 8 H., i lNAE & Z T B
L7ZFHHIZOWTHM AT T2/MR, K ERDT, Rl oA % —xy hTO
EARIZONTH XENRRNT & 2R LT,

HENRBAATHER - & H H LARE




	a09_Katayama
	a10_Katayama
	a11_Katayama



