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Whole-Body Inverse-Dynamics Posture Control of a

Multi-Legged Robot with Control-Barrier-Function Based

Redundant-DoF Constraints

=1
s4Q-44"

Seong-Hyeon Ryu!, Jung-Yup Kim"

Abstract: In this paper, we propose a set-based whole-body inverse-dynamics posture control framework
for a multi-legged robot whose legs possess redundant degrees of freedom. Because a point foot
constrains only the three-dimensional position of its contact point, each leg retains a kinematic
redundancy, and the resulting internal motion can accumulate and excessively incline the foot link.
We parameterize this redundancy by a yaw-invariant relative pitch, defined as the signed inclination
of the foot-link x-axis relative to the body x-y plane. A damping-only soft task suppresses the internal
motion without selecting a reference posture, while acceleration-level exponential control barrier
functions (CBFs) constrain the support-leg relative pitch to remain within a designer-specified range.
A single quadratic program (QP) computes the nominal generalized acceleration and contact-force
allocation subject to floating-base dynamics, contact, friction, and torque constraints. The torque
recovered from this solution is then superimposed on a task-space PD torque for swing-foot tracking.
Finally, over a matched 46 s walking interval in MuJoCo, the proposed controller reduces the
maximum relative-pitch violation from 0.519 rad to 0.005 rad compared with damping-only control,
while maintaining comparable body-attitude tracking, joint-torque RMS, and QP computation time.

Keywords: Multi-Legged Robot, Whole-Body Inverse Dynamics, Control Barrier Function, Kinematic
Redundancy, Set-Based Control, Quadratic Programming
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[Fig. 1] Multi-legged robot platform in the MuJoCo simulator (left) and its joint configuration (right)

Aasta S8 T 50 AT 4= Stk v AAH
v x| e} 2| gof whet 8 FHEj= the o] A7 EEtA| B R T
O AN E T 7|2t 0 & 7Sk A = A4 A2 A
Elgi=g

71Z& Ao A= o]&} EZ(secondary objective)S A} H]
%19] Qig7to] s B e BASwo BilE
Hafoto] of 2w 2 2B A H 3} Alo]o] 2
o] 71 T A = v 9] RA|of] iRt BRI E S
T 45 2T 4 o, 9K HHFE HEE 5 AA
E HFAA A Gl thet A8 AstAE &= Sl 9
A B2 A QS S 4] 2 S5 AAIE AEisHA] 94A]
Tk 73/ A|ofo] opd vgFo g FTHE B 2 t}2 AA T ALS
SHAU ofgto] 28 off -8 B9 W F-AIE BASHA] 1t
o}, Ao} 3k (control barrier function, CBF)= A}E] 9] &]-&
AT APl o U] A BUAS B SR
A2 Aol Ietel tiet 354] Aloko 5 wgkte Ol CBRE
AT RO A -4 Alojet 53 oAk sl
2g=|9lom, M4l Aojo] 3= o] #E A, A7 FE
2 2} 37H0] oFd 248 Algteh= o) E8-5 1 Q. 1
AU HASE A T 9] Gt FA A |
& B g 28 HeE WBCOA| 23 Algket A+t
£ AlgtH o]t

2 AFoM= T AR EE A vUE HYPERS
} O = CBF 7|9t J ot A|oks 532t 4l I35} 21A| Ao
TZ2E AME QP FR71A 58S WSSt BE Y
9o} 7RG ot &5 Bl Ao, WA Wk 4 Hete
T EUgt B0 A9 T A5 PD EFE AT 55
Z}3A O x-y FRo| et H F A x50 712712 A A
& Jostar, A A ot 7} BA | LD of A= 29] 7}
4= A CBFE & W& Algteitt. 2 =woA & A
o2 JE5E o T ¢ nhE 518272 ofnlotH, M=}
I Fu] 1 (no-slip) H & 25 QP 54|08 H3}5}A]
o}

(o)
1

F

§

£ =29 F8 7|ode= v 2ok A, oA el 9
HHE EE A FGollA she F8t 252 56 x
ol tieh & P2 xF2 3 Q= 7e7 4o Bk,
S AR HEE S A A E YB3t 52 =4 v
T2 AT 9l 2 FARITL 24, 54 714
USR] QAL 58 71 U] ARA| Ad el A4l F 2 stel T
7|5 A o] A 2] 9] 451t CBF= Ajtsh= 33t 7]
HFWBCE 7-deitt. AUA, B4 12 A3 w2 280] gli= WBC-0
o] 34 ERZES A o= A5 FY dole] Ha 7]
A S5 74 WBC-D2}CBF A|2Fg WBC-CBF2] 9] 91k, 5
3%, WEEA Y QP ARIARE 52| O 2 vl

2. NA" REE H 22X A=t
2.1 Qula} 30} Al Sojs)

g 252 SRt $47149t B 817 BHEE THE
o] chel 2 7h e, A1 B ol wevh - AL [Fig. 1
3} ek Tl S8 (), Tl A AR (k) AA B
AREE (n=M)E E/IRT AIREASL TEHEAS

22k et B 4 olste Quleh Sk ket gk,

v=l; w; g']"€R"" O]

M(g)v+h(gv) =81+ J (g9 A ()

017]A-] ME]R<"’+G>><<”+G>€— 3";]'*5]63%, hE]R'L+6v‘% iﬂ‘%
2], A 3 59 &2 Eoboh= A Folv, re R"'= 34
=l

g3 dEock. JE R0 2 mE o) & A nlbg



292 wxots) =2 A21A 235 (2026.9)

A PP, Sy 200 WS SEoHAIT 1% W
URERfR A R Vi ofof 851 2 WZo]ck. 114 ke 9l
us RS 52 EISHL 50 3] o el A, =0
2 Rapstme A7) 25ke] WSk A2] 84 AJRatul
22 OARGE T 9] ol o9853

A 2] o] 2] FE L BB i3 UE 94 p,E RS

EEFHEA Y x-y B e YA x5 FI =717
7k 0, R = 3%t} & =FoA= o] 71&7 2= A o
%2 A ojgtet.

z, = 0", &, =J(g)g, JER"" 3)
A7 g, v, @ J= 217} i okl o] AR, AT B
84 2] Au|ebolth. 1 93] 24uIRke] Adx(rank)7}32.
2 SR EE Aol B 9AS HsiA71A o da
50| A3t P34 x5 FHH a, =[a,,q,,a }T

BExy U EY 4ol 1, = a?, +al, & o&3to] A
1A & thg3} o] Aot
0, =atan2(—a, ;). 1, >0 @
S g U Hh9jzbo] ojEsiA] g RS
718712t 0=, YutEQl e |9} THgnt £
017091 9= B xZ0] BE 253 FHF A A
of 1) X] 2}3£.9] Eo] o] SRt A 12 2] A7k 2L
B AEE 0, =J,,4% 6, =w, < ¢, TA| HYHE 4
of %] A3 l R TR et

i3
m% o M 0

a(9/ a:,ia.’r,i azJa‘z,i
R )

da; T T

‘]9/ :(alxgt) ‘]Lu/

o]7]1A g, € R*= At A& a° t3] vlE2L 7]87] HH,
JERY e Bl e E F3 ) Z&ro] Aau|et
Jy, ERVF AT 12 X
zh et 9, AR 1A o w3 ko] ek Aok
EFATE. 4] (5)9] F HA WAL 0= g (w, ¥ a,) o 272}

q

58 Y542 8510l Atk 4 () 1, > 02 FHol

OO 12 10

R
HJ
r$
o,
o
ol
el
)
by
3
>
g
e
re
S

d

2

Srafet. o 14 A581210] B e nof s e
7530 259 R v AEST} Hl 242 et 2k

L
H

¢

Jm; =0, Jpm; =0, (6)
J .
J = [j""], rank(J) =k
b.i

Al (6)0] F==H 2 217 H|Qto] A Z]o] Tof Altf| T x| =2

S FED S U A

A vz et A Halo] whE the Z4A| 9] 282 5185t A

Heg 7] &7] 2 IR I o] 2E 2 7R A2 &7 918,
[0

A WH0) A4 08 WA (0,0, ) = [-0.3,0.3] radZ
AgotT ohet o] 28 Y3hS Holaiet.
q = {qi ‘ emin = 01 (qi) = emax} (7)

G 0,7F HEFH ¢, of|7t oJEsIE 2 g of tisf 7 ofsi,
iRt 29] CBF A ¥ 22(A)3.44)2 o] 7t flollA
O 4 (g.q,) HA-RAO) T3t 4] (7)9] -8 He= 2
7t 2|4 A=E A3 ARISIA| 9= the](surrogate) A|oFol . T
AHE g sl 16 < 0.301H 7, =cos(6;) = cos(0.3)
~ 0.9550] B2 A7 R} 9= At v %] 30| ol v, =0
I 22}, g AT H]QE] Al 242 4] (6)9] 3]1”Xq =
102 AL, 71 71 AHA1 ' AAE A4S
A2 Ao A TR FRAA = 7 < 107 'R BolH
FAA o7 ZHSh= A A T2 AFH|QE S 002 o
Alste] 2] TARS WA o] A2l 24 -8 ¥
(r; = cos(0.3) = 0.955)F FA| Hlod oQ] AJ5gof thu|gt
FA| A BT Ao, Al A5HE A A|sko] CBF Aok 25}
She HAhs 236 =t

_4

2.3 ST opd Ao

ZHEY A AE N = S fama )2 B AR
AAFIIAE ) HHES ALY 5 QOEE my, =0&
B, A 2] L] & AFote vha wjetu|= ot o

W A 242 A 83t

il = e = Wt
it = fyi = ik,

0=f, <o ®)
2.4 Ao} B3} 714

Aol B BET I A4S FF3heA 44 thelel 4
5218 B4 722102 941714 91 28 9] ok A



Alolggt4: )8k of 214 A|OFS o] 83 T B R o] M4l o5 olst A4 Ao 293

A= 5}5), gt 7127]9 ARk Aol o] F3
4 88 AN S 44F WBCS) 2 A5, 2
A AT B 18 T2 RS el 987 250 BT
o= CBFE 5] £-8 9] b2 olAIich. & o= 7
A 23, BRE, 719 WS kAL B YR B e
7Pgatet. CBFO] @4 A7 A B 27 13 4 22
o 553 7} Ao} F71014 QPe] A8 7R o] KAy
25 9:x}9} o] Aka} Japo] FH3] Atk 2N i

3. CBF 7[¢t & H5Y

Jon

P XEA K01 7]
31 Es A HEE

0] WA FEMEE 91X 9 A4 03] dhatolS
B K, K2 2 1% pD W|=ESE Y2 i 3]
) 9 =3 S B, Rl et SO0)

1
€r— E(Rf _RTR(I)\/7 €y :wB_RTRdw(] (9)

2] (9)0| A MB35} AAERK(vee operator) (+) V= Rty E
2 Ygal 3R HE 2 WHel, e, e, = 217 BEC
A Q319 244 @ A4S Yehdith

Wy =—Ke,~Ke,~w;*< (R'Rw,) +R"R,, (10)

o714 K, K= AP 9 24 @:3jo] thst o] S o]t
A7) k] B A3 37K 917) Aol HBASE 02 5
Sfol QPe] Q14 ¥ 802 QB ol AARE 7]
5 HSES 008 JASH: T0|nY 45 255 5
THe cherh S5 741 1223 CBF Aok Hlaol
20) Afe} 5% RIS ES FUsHA A8

9;7.'.”’”= sat(— k/'d,géz‘,v_ 0 maxo émax) an
0171 A ke AT A S 744 0], 0, = BE O]
gL Aggtol, sat( - )&= AE A3t slsto & S
AJRkehe Eeioleh. Ao 32 $27t00]d 4] (1)9] B
B4R @A) At 2|9k RaelA ool2g 54 /)%t
o chgt = Az o] AokA] QR=ch. A4 thelel 4 (11)9]
ST 71418 48, 29 tele] 32 AR 00
Mgt 1% 2] e T E thejof ofs) Bago] gAg

o}, BHA W Q1X] 29 9] HAT A= AA o9t
29 ool thsf th2A Ao, 1 EAE= A3.2H=0A A
gt & 79 283t Alo]7]E WBC-DZE g 2JatH,
WBC-CBFoll = 593t H]-83}} 2| #] ] CBF A|oks 48
gtk WBC-00lA41= 4 12| 7|71k, £ 34] 9 CBF
£ At £214 Elsks WAsh] figt 107°9] 4 6]
& 7+ A9t fA gt

vlebe thee] 88 72T gt
J= 6 0 ]ER(71+G)X(H+G) (13)
7 g diag(.]l,--',.lv)

o

o714 g 4] (3)9] B AT 4 A Aeibolet. gk
BE A3t 4 chelo] A 49 Held BE g geo]
o, LE thejo] 34 AaEete] 7ol Al g, 7H
ofe}. Tt J = AAZHE 5G| 26714 Ap3H|ko] o]
o, 7 h 4L 7} ohelo] S A AQle] 41208 Hjst
517 ghe 22 Uit 2AgeE Tt 2.

e |

—_

1 . wd . 2 1 2
min a0 Uy o1 0
A A F2 5 o] ARl BEIEE £5 A4S
2t 715X 3 W,E At BE 6/ T 8, HE T
=7

SAEPD B 7, 7H Ot R A9 1] Foll= 0.059) R
7FEAE Foftitt 54 Aot B Wi o i 2 A
Algef 1077, A= 1078 485t 4% BllEE 5
A 0= 00f] g 3ket. QPe] URESE 7ok HE 2 A5
o} BT 5o AHE-Ee 85 Aot o]t

H=A"W,A+ [0"0*6 V(I)/;] f=—-A"W,b (15)



294 =353 =2 A1 A3E (2026.9)

o714 4=1J; 0 SEE
o g1o] oJ3) Fo) EHREZ G A5, $HH 4%

Sfat th2t 4 7she Als. 1 8o] 714t
33 2714 Bojet, e 9 2% £ Aok

4 9] 547140 Sk 67) Aol BEE=} 4
UREPLA) k0 B2 T190] 55} 5-4] Aok 2 §akeh. B
M W QP54 0.8 F7F5H 9k 4] (24)9] A5 E
5910 Apg et

Sy M(g)ir+h(gv) —J.(g) "N =0 (16)

2] (16)9] A&7 QP7} HjEet 2] ¥k HE o] BE|
Aok P 927} RalEoln, BEAEA oA E}—JJr z

oA e AL S A 89 337 92
SRSCEE T
O] AHE HX] LHIE m,, :0.%1:11—13}.1—4_—3]_14_9] Zxo0z B
Tty 29) Holke W] 15
O] 43S 0.0 & A8}, The: ,] v}
UE RSAL B £, =/ =Sy =00
At Wale 1A= Y F7)04 &
|3 g 5keA L v|EA 35t

?_ﬁr L1

1 0 i 0
-1 0 M 8

F\ < [ % } F=|0 1 ~nyg (18)
ANi f;n,“ c 0 —1 — 0
o o g
o0 4

A (18)2 Hhlt} 67§9] B5-4] 8 0 = L3It} QP A=
29| ek 9 vk 518 2 A8 ARk 2| o] A
B 501 7ME SA1S ek ehert. A7 We] BE
A $A= A4 Bl&-C & bAststal, AlEd o] o] AA| A

H HE-2 MuJoCo = SH7F 271t TEhA A 959
S} B EQlof AR H = BE M5 Bl otk 2%
HEAO A5k v} o] g gt

7. < S M(qi+h(gr) — J( )T/\]-i-‘rbu ST (19)

min —

o714 1,, = 29 Tkl o] 4431 PD ELou] A7) chel A
£ 00]ck 4 (19)% 7,7t FHE A% PYEL -3k

of Tg:3H A1 H-5-Ajolck. il 1, = QPL] 55} 5-4Jo]
U AAuzeol male|z] gromg 4] (19)= HZ WeE9]
A3k ARkt 2 Ao ol A = BE B0 10,000
N'mo] E3 A H g3}, o]z 757] Aofo] obl A5
ol Agtolc. webA] £ ABdo]HolA] 4] (195 424
9l 7402 A3 gror], A4 75719 ELAE
£ Uroie A52 Aol A =olsiet.

3.4 7} 2 CBF 7]4t Al 114 2.8 9] Aok

Agel 129 ek state] thshe A4 theat 2
o] ofatct.

h =0, —0/(g), h.=0.(g)—0_, (20)
£ G} 7RG o] o] Al 28 7 BE, 2]
5(HurWItZ) EAOEAlS 2= 2|48 CBF 24 283ttt
hy+kghi+E, b =0 @1

p,b' i

4] (21)2 %23 CBF(exponential CBF)Q] ¥Z ot} Bx
W b, =hytagh, 5 SR A Q1S b+ ash,; =0
o] 12 CBF 27108 B#@FH!, o] &, =a, +ay, k,,
= 0,0, 2 [13,16]9] A9} T3t} B =Rol A 4] 21)9]
EAT}sFAlo] A2 T2 = Jfo] o] AaS 7L E (ap%)
= (50,60)°f -3k k,, = 3000,k,, =110 A-&3HATH
oj BE 3§ h, 7} A AGE o] 13} CBF 272
29| 237} gasty] Qg 2Ao|th 27 24 h,(0) = 03}
h,;(0) = 00] 22|11 7+ Alo] Z7]o|A QP A 7}54o]
FAEH, AEAZNA {h, = 01N {h,,; =0} AT EH
/go] BAFH

iR thele] T s AugE §eRM 2 o]
Boto] g, = SpE RRETE A YA = FEIHRAE 7S
E Y BR ¢, =55 AAo] ojEstA] ko, ofof wpzt
eioﬂE%ﬂﬂﬂEﬂ- UrER A et 9 Jezng}@ =4
+7, 4.5 A ol thYshH A 513k CBF 24L& QP
AR5 X0l i3t M 5402 mEH.

Tty = k(0,0 —0,) — ki, — Ty 22)

max 2

+ky ,ﬁ + -]9 4 23)

mm)

—J.4 = kp,b(é? —0



AV 7 A5 ASRE )42 T Mg WA o

Q}LT glo] A|A] olrt 34
C-D9] 2|37} ®= CBF H-5
E*el *JEHE E&Z‘—%PEE WBC-CBF:= QP £H 9] 5182
x} H*HOM SUS S 2oL, g 2210] g3kd wfof|rt
Aoro] Aol FFE& HIHTh k< k the] 2] AHaTH] Q]
A7 B S AHHAIRE 2] 107°) 0% ZAfskTL
DA P& J,, 2 AL, llg |l <10 o]H J, =00%
A7t} o] AR ZARS] QA= CBF H-5-419] £-H (4]
(22)-(23))° A P 2= X**Eﬂﬂﬂur*dli Bt
H] FEo] ZAHeA =4 451; F79] Fasgdo] Astd 4= 3l
k. 3HE A 219 A EHAE Lékm Z7o|ng, Ao F
7]ake}h G2} 82 (zero-order hold)& E FZ Q17}5H= o] 4k
ol A= 7+ 7] Uioll A A 2710] g5 ™Al e
th 2k 571 St AT 93] 7RG dgsirtal B gk
] o]Aks} @ A= A|o] 271 9] Aol vlFshE R, FA Lol
A O(At2) 550 7o o] T2 4= Sl 7] of A HM
AFFH|RE AIZHIE ] RRIAHE @49t QP £H 9] 8- 247}
EsAI ], Ale7goll A T ElA FJek o] 23t o4t 1 @
o] w0 = At o= AHARE o] 22 A7} ohut
A 7 dolEg, Zﬂ°1 T7l o=, g A off
(backoff) 2474 T 0]AkA|7} CBF AAI51E Eof) 72 245
4= Slek

3.5 HET A=

Ty =SIM@v +h(gv) — J(g) "X'] (24)

T‘t]‘—xqiﬂ Eﬂ o ‘—- Temd O]E]r TUB('JE—_ QP
s} 7} o} A 2ol 4] Helet 141 5 elot 4

= =Tupet T,
9 5=

o, 7, 1 AY W QXS BASH: 34 W= 4ol
o] A2 0] 84 Ao} 720] 4] Aol 85102 3
7.

D
=
o
O
o] d]
ofm
o
I
e
i
Ofm
0x
m
A
oz

o5t A4 Ao 295

Z+ el 9] =47] /lOPEHHﬂE{E_ ) [ ﬁTrr,]TE]R%E |
ofatar, 274 PSS} FEEIE ol §olo] RIS A

=R E E‘éi Fog3ci & Alo] F7]9] oJARAIZE w2
et 2t

G =@t A M (1, —C—G—71,,,,) +w, (25)

Teotiht1l — Teatih TWo Ui =@ T (26)
Z7t W (Kalman filten)Z 5793 QFE3.9] G 7S
wotere) 21n 8- 2 A4 Aol
”%ewt.,i,k 7%ewt,.,i,k71”2

51 = g @7

2t ote] o) = B g2 AR, A9 S H a9 e
Z 2% 29 *J" —TLﬂoﬂfﬂ“ e AT ,i% Kl

Viana = 5‘—4 }‘11 X‘Xli Jﬂrﬂ oPE} 2] A A= g A9
g 3te] SwE W7H| wxlﬁ}ﬂﬂ,i}—aiog EVIERES)
i3t}

42 A7) A3k} Aol7] 18}

e AA HG 5w A9 5P el A 271 A7
29 o9 J 50 FRFeR 24 AR JY 5, =
S S B IR ARkt Ale] FxolAlE 5 & WBCY]
A5 T, 3 =2 CBF /g8 Y A9 % £ Aol 3
B2 AMgIIT 27] ZA7H & E Uolle the Alo] 715 E
&S Pot, ST vl T S g 7,94 A<sto] 4]
(19)9] B3 AlokS FAJ3teh & A&7 2] Al wgots
A oA, W 9 v e FgSHA] el mEbA 23
Sldoll uet A& o] Alghe 27] 24 H2712 AMgRich

43 H27HIEE &

T- =T O

&5 24

55 &= TAYSA A A (inertial measurement unit, IMU)
of 714 HRo 2 djaali, A2 75 A4 2o 7173t
B2 gom B % 301 S243h43t v
G Fo17] 915) 207 Alof F71(500 Hz 715 40 ms) <
S o] iz 28 Aolaiet. ol 24 BAle] nfgtelin]

l



296 w3:5ts) =2A) A2 A35 (2026.9)

2 AT 9] AlFo] A= 321 ZHo|AlF BEL] 95% AlZ|¢F
AL 7.815 2IFotH 57 -S4k 2 10081717] <54
08 2717 AA Alo|E(soft gating) S H-83ith B =
o= AR & 3z0] 9 ol E WA E& BT 25 Hzx1

o 3} WEi 2 18k,

5. AlZ220]4 #3 LH

=Y HJEF 7]%0 001 s, xﬂo1 271 0.002 s(500 HZ)O]I‘JI- Aﬂ
o= 5Ye 25 1, 27] -, AR & A4
02 Agel= Byl BE Ao 0|5, A& 247 g QPA ARG
8o HI o] 52 AlA| 22 FUHA| =t} FE vt
FASL =06, B AT 5,000 NO 2 A5t BE
S5 A& W02 ARBRIT QPO 54 AR B-57]
A 67112} HE o] HAHE HHE my,, =0 R7OE
TR AR 7 O AFRhE 002 A olal npE Hg-4]
S B3 3% HE£Y S 00 etk 34 QP B5AlL upat
E

719 £A Ak A A 2 el 107
Aottt SR A8k pSWIFTIS) i) i
340k ) H) 583K 242t 30819k 10 o]k, &}
A2 FRE AT 4§30, Yok 54 WA B 5
A gto] 5102 ZHebAv HE E2 AT FAE St
sh4 Eoh o 2712 Aol 7S st 4 At 105
7] ool A & S FAITHL o} F 2o BE
HEIZ 00% 43 ¥ PR ATk Aol % QP
Sfefo] el [Table 113 2.

5.2 H]aL A|o}7]

oA X WPAlT WA A Aloe] AIHE TR
A8 WBC-0, WBC-D ¥ WBC-CBFE H|ul-0.& dA3ith
[Table 2].

WBC-0& At) 31%] 7| 27145, S5 704] 9 CBFS 48
812 9 sAlgte] 5414 HaE WHIsh] gt 1079] 24
2] & 7R AR A% WBC-D= 54 7152 §lo] A
03 S% 34 §3 1N QP H§FOR Hgch
WBC-CBF= WBC-D9} 543t £4 g0} 35 A2k AL
S 41 (22423)9] 213 o] CBFR 37kt Al Aol 1= &

AE A7) kel Aok 53] CBF W 35 BEEL AR T g iy o ), g5 ook, o2 Aok 2% AR
3] slo] 4 }
33t} WBC-03} WBC-DoJ|A1+= CBF 3jo] B a5}A] oFo. Aok, QP A1} P& QA;- 27 R AEE LH TE AR
2 e o !X o A= A-=
HATZIQPTAE A ASAE OV 052 AR HHR g0 o) Agunt w5 ‘oPrWB( b BE 7
E@l EQl L /":o]. B o]:__i A5 _J_ 01 EL _ _
clo 4 13 1] 409 ol A,
[Table 1] Control and QP parameters
=1
Symbol Description Value 53 A& ol Alvel 2
k CBF rtional gai 3000 _ -
- CBFPZ’F’? o e - g A Fn|eke] Al 2.2 712 719 ApH o) L E PR
erivative gain - - — -
= 1 ol gd J7GBIAL A TR FHE £0.5 rad HoA HIPA| 7, 2
Relative-pitch velocity damping - - _ _ -
k 1 AZAAZL A log 7} o] A= 15l 1o
10| g CWBC-DWBC.CBD 0 BEPS ERVES f EERRELE &7 8 G
Hlo X o E 1] ki
0 Bound on nominal relative-pitch 10 radss? AFLERES] A2k 7 AFILH|QE] Aol B AT =4
acceleration ul o] AUEE BleH 24 S 0w At
o o )| Desienoperingrangeof | WBC-0 92k glo] 34 719 @ 2o WEHS Safsto] o
min’“max relative pitch o AJF A 1 2] 280] glg o] EEnEE Aoz HQlgh
w Nominal friction coefficient 0.6
Weight of swing-foot position .
Wy, ) 0.05 [Table 2] Controllers used for comparison
ask rows
Allowed consecutive QP failures 10 cycles Controller Relative-pitch regulation | Common support set
(hold last solution) (20 ms at 500 Hz) WBC-0 No explicit regulation Nominal phase +
- Max. qpSWIFT iterations 30 (107 regularization) touchdown detection
i qpSWIFT relative/absolute 107 WBC-D | Velocity-damping cost term Nominal phase +
tolerance touchdown detection
i Normalized residual/violation 5%10° WBC-CBF Velocity damping + Nominal phase +
tolerance support-leg CBF touchdown detection




RloPAulahs: 71k o A= AOFS: o] 8t T By o] A4l AF st 44 Ao 297

[Fig. 2] MuJoCo simulation of forward walking with WBC-CBF

[Fig. 3] WBC-O0 stance (left) and WBC-CBF stance (right)
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[Fig. 4] Conditioning of the extended Jacobian with respect to
the relative-pitch target (left: minimum singular value o (),

right: relative-pitch alignment [.70-nl)

[Table 3] Quantitative comparison of WBC-D and WBC-CBF

Metric WBC-D | WBC-CBF
Max. relative-pitch violation (rad) 0.519 0.005
Support-leg sample violation rate (%) 0.858 0.555
Roll-pitch RMSE (deg) 0.0521 0.0379

Joint torque RMS / max. (N-m) 165.0/8,180(162.3 /2,305
QP time p99 / over-2 ms rate (us / %) | 639/0.000 | 670 /0.000
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[Fig. 5] Relative-pitch drift of WBC-0 during nominal standing
and walking transition (8, representative support leg, no
disturbance)
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[Fig. 6] Relative-pitch responses (8, representative support leg)
under the null-space disturbance: WBC-D vs. WBC-CBF
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