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MoTtuBaumsa — m-blocks

Fig. 1: Neighboring M-Blocks bond through permanent magnets
embedded in their edges while additional magnets on their faces
help with alignment. The modules locomote by pivoting about any
of their twelve edges which allows for a variety of movements,
including the convex transition shown here. All movements are
driven by a torque d by rapidly decelerating an internal
flywheel. (The two large modules are pictured on a one-inch grid.)

Puc. 1: u3 cratbn [3]. 1



YpaBHEHWs NMI0CKOTO ABMKEH WS Ky6a

dv, A _
mfdto =-—mg+ > (Anj+ i)
=

dw _ - _
IE => (i x (A4 Az +u,
=1

0<yiLA;i=0, (2)
Xi=0,—pXg; < Aj < pdn,

X[ > Oa)\t,i = _,u)\n,h (3)
Xi < 0,Aj = pAn.



Cnyyan C HEHYNEBbIM TPEHNEM MOXKET HbiTb CBEAEH K

NUHENHOW 33Aa4e AONOMHUTENbHOCTY C MOMOLLBIO CefyoLMX
- : _ T .

nepeobosHayeHui. Myctb F;; = G;(q)g — CkopocCTb B

KacaTeNbHOM HanpaBeHUN B TOUKE KOHTaKTa. Toraa

A= 10+ Ay
A{,’ = M)‘n,i = Ati»
F;r, = 2(IFe; + Fil),
Foo = 2(IFei = Feil),

0< A LF5 >0,
0< A LF.>0.



YNpoCTUM: elMHCTBEHHAA TOYKa KOHTaKTa, poBHas

NMOBEPXHOCTb, M/IOCKOE ABMXKeHUe, m =1,1=1.
X: AX
2= —g+ X (6)

0 = A\;sin @ + A cos b + U

e A\ — Ay = A

B criydae npocKanb3biBaHUSA MOXHO BbIpa3nTb \; Yyepes
nepemMeHHble COCTOAHMA

B g—USinG—c05692
~ 1+sin?6 — sign(Vq)psinfcosd’

V4



YnpasneHue

Kak, ynpaBnsas MOMEHTOM, MPUNOXEHHBIM K Ky6Y, NepemMecTuTb
€ro B HYXXHYI0 TOUKY?

Y Takow cucTembl byaeT 3 pexvma:

1. CBOHOAHOE ABMXEHME B OTCYTCTBME KOHTAKTA (3 cTeneHwu
cB0O6OAbI)

2. KOHTaKT € npockanb3biBaHuem (2 cTeneHun ceob6oabl)

3. KOHTaKT 6€3 npockanb3biBaHusa (1 cteneHb cBO60AbI)

MepekntoyeHne Mexay HYMU 3aBUCUT OT NepemeHHbIX
COCTOSIHMA ¥ ynpaBneHus. HanoMmnHaeT 3aAavy 0 Tenexke ¢
MaATHUKOM, HO f HE Hallen ee B TaKOW NocTaHoBKe (C
yNpaBAeHNEM MOMEHTOM U CYXM TPEHUEM).



Mouck TpaekTopuu

KakK MMHUMYMa HEeBA3KW C orpaHuyeHunsmu. Cneays [2],

H(g)G + C(q,9) + G(q) = B(q)u +J(q)"A,
#(q) > 0, ®)
A>0,

¢(q)'A =0,
g € R" — BeKTOp 0606LEHHbIX KOOPAMHAT, A — CUMbl PeaKLun.

HesiBHbI MeTod dnnepa

Ak — Q41 + NGpyq = 0,
Hie41(Gr41 — k) + N(Crop1 + G — Brqallr — S Akgr) = 0.
(9)



J[lo6baBUM HepaBEHCTBA

¢(qr) > 0,

Mezs Mps Moz Ve = 0,

PARz — )\;?fo —Xx 20,

Yk +¥(qk, Gr) > 0,

Yk — ¥(qk, Gr) > O, (10)
?(qr) A, = 0,

(B2 = N = M) 71k = 0,

(Ve + ¥(qrs Gr)) A, = O,

(Ve = ©(Gr, Gr)) A = 0,

HauanbHble ¥ KOHEYHbIe MOMNOXEHWSA TakKe MOXHO 3a4aTb C
MOMOLLbIO OrPaHUYEHUI (B TOM YnC/e B BUAE HEPABEHCTB, T.e.
WHTepBanbl).



C nomoubto onTumusatopa (Hanp. SNOPT) v perynapusaunm c
nocneaytoLlen penakcaumnen MoXXHO HauTU TPAEKTOPWIO 1
ynpaBneHue.




MogenupoBaHue

Ha gaHHbIM MOMEHT peann3oBaHo B Matlab ¢ nomoulbto RPI
toolbox. MporpammHoe ynpasnexHune 6e3 ctabunmsaumnm
paboTaeT coBCEM MOXO.



Crabunnsaunsa TpaekTopum

MbpuaHasa cncrema

N3BECTHO, UTO CTAaBUNM3ALNS HA KAKOOM U3 y4aCTKOB He
rapaHTUpyeT cTabunmsauum B Lenom. [2]: warawowmi pobor,
NPy KaCaHUM HET MPOCKab3blBAHUS.

He nogxoauT — 60NbLWWHCTBO MOCTPOEHHbIX TpaeKTOpI/H;I
NCMNOMNb3YOT MPOCKab3blBaHWe BAOJb MOJa.

MMnoTesa: rMbpuaHas cuctema ynpaBnsema, ee oTaebHble
PEXUMbl HET.
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Yaapbl 1 NepeknioyeHns Ha NporpaMmmHON TPAeKTOPUY MOTyT
He COBMaJaTbh C TPAEKTOPUAMU-PELIEHUAMU cucTembl [1]:

When the jump times of the plant trajectories can be
guaranteed to coincide with jumps of the reference
trajectory, then stable behaviour of the Euclidean
tracking error is possible and several tracking
problems have been solved in this setting.

However ... requiring the jump times of plant and
reference trajectories (or plant and observer) to
coincide is a strong condition that limits the
applicability of these results. For example, this can
not be ensured for general hybrid systems with
state-triggered jumps, such as models of mechanical
systems with unilateral constraints.



YnpasneHue npbikKom

B dhase noneta ABMKEHME LIEHTPA MACC NOAUYMHSAETCS MPOCTbIM
3aKOHaM.

3agaya ynpaBneHnda - 3adTb HY)XXHYO Ha4da/lbHYO CKOPOCTb.

V)étf:Xo,Vé—gthO. (11)
VZ
tp=-2 (12)
T~
— Bpemda B nonete.
VAVZ
% = Xo. (13)

t ty
Ve = /O Aedlt, VB = /O (A — g)dt. () v



MpennonoXum, HanpaBneHne ABMKEHNA B TOUKE KOHTAKTA He
MEHSeTCs, OHa ABMKETCA Ha3af, U Ax = p);. Bbi6OpOM U MOXKHO

3a4aTtb 10b6oe A\, = w, No hopmyne
g — Usind — cos 062

Az = .
‘T 14sinl6— sign(V4)psin 6 cos @

t t
/ gt [ O = g)dt = o0,
0 0

t t
u/ wdt </ wdtgt1> = Xog.
0 0

ty
/ wdt = W, pW? — pgthyW — xog = 0
0

W — 19t £V (1gt) + 4pxeg
2

(17)

(18)
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MOXHO B34ATb w = CONSt = wy.

ty
/ wodt =W
0

C TakMM 3aKOHOM ynpaBneHus poboT ycrnewHo nonagaeT B
TOUKY Xg, OTTANIKMBASACh 33 Bpems t.

(20)
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Cnacunéo!
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