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Whole-Body Control for Balancing an Articulated
Legged-Arm Robot with the Integration of Momentum
Management and a Passively Connected Unknown Object
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Abstract: Maintaining balance is a critical challenge for legged mobile manipulators, especially
when unknown objects are passively connected, as they can disrupt overall stability. To address this, we
propose a whole-body control framework that incorporates momentum-based management to enhance
balance in a torque-controlled quadrupedal manipulator. Our approach integrates momentum regulation
directly into the control strategy, enabling the robot to account for the dynamic effects of connected
objects without requiring separate control algorithms. This facilitates effective handling of dynamic
interactions between the robot’s body and its components. Consequently, the robot’s ability to maintain
balance during complex tasks—such as ensuring contact stability and tracking end-effector trajectories—is
significantly improved. We demonstrate the effectiveness of this framework through simulations, where
an articulated legged-arm robot maintains balance on an incline while tracking a desired trajectory with
an object whose center of mass changes dynamically and is suspended from its arm. The proposed
controller reduced position RMSE by 88% and Euler angle error by 77%, demonstrating its effectiveness.

Keywords: Redundant Robot Control, Legged Mobile Manipulator, Whole Body Control, Hierarchical

Optimization, Balancing Control
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[Fig. 1] Robot stability affected by interaction forces: This figure
illustrates how interaction forces, when manipulating a passively
connected unknown object, can impact the robot’s balance,
potentially causing it to fail
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[Table 1] The tasks and their priority (1 is the highest)

Priority Task

1 Equation of Motions / Torque Limits

No Contact Motion / Friction Cone Limits

End-Effector Trajectory Tracking

Linear Momentum Management

2
3
4 Base Pose Tracking
5
6

Angular Momentum Management
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[Fig. 2] Simulation environment: The robot is on a sloped
surface, following the desired arm trajectory (green line). The
movement of the passively connected unknown object (white
box) with a dynamically changing center of mass(red sphere)
exerts an external force on the robot

A Ao, JE R 2EEe] wd B B4 4
B Julste ¥, = K, (%) — K, Ve 531 7Es U
BRdick. 01714 X=[r" 10g(@) )" € R AN R3S Vet
i, 7 910 934 ekl W8, g A0 XE Heny
el AHYdolth. 239] e F-2= FatolN 43
A7171 H15ted, log() : SO (3) — R 4IRS S-g3h T

Momentum Management: £3-0] =
Ao, #BE AT 5 s 5T A
3} Zro] LAY g Frde 2 x o] A=

SAlolA9
FEFZ 7o R ot A o) I 27| S&-E 11354
A=t
. fq
L =Mg+X" f, =Mg+[I; - I : (7
f.
= Mg + PA
k= 2(T11a —776) =<7, (13)
i=1 fc,
= “"'uq _"[,IG]X " ["110,,, _"LIG]X} :
=D\
9] 4] (17), 18y= 47t A5} 539 HigeS
ofmgitt. A (1704 M2 29| HA AZ onlshy
£, ERY =1, - n e A FEYE ERIT 4] (18)0]

M1y Trce A4 ASHY HRI 2R A S fRE
12 31
o=

ojulsta, [« ] &= ¥H 79| &8 FEF O 51| 9

vl o] 2A0] g5

we| B B WYY chel-B 2ol FHRA WAl 115

3D Object Trajectory

—— Object Position

3D End-Effector Trajectory

--- Desired Trajectory
— Actual Trajectory

[Fig. 3] End-effector and object trajectory: This figure shows the
3D trajectories of the end-effector and the object. In figure (a) on
the left, the red dashed line represents the desired trajectory of the
end-effector, and the blue line shows the actual trajectory. In
figure (b) on the right, the green line represents the object’s
trajectory. The object’s movement is complex and unpredictable,
making it difficult to accurately model

rok

Hiel Y AAAE QJIRich 4] (17), (18 P84
o2 BelgomA, ofefe) 4 i), 29} Bol Aol
A4S TSI A A 912 2 AL Aste] ol
o 4 (19), (20)9% o] HE WaH-L A5t

idets = M[K’p(rf?é—mc) +K11(UZFISG_U1JG)] (19)

i“ldcs = K;) (kdes - k) (20)

2 (19904, K, K, € R = 7152 B, v, vis= 2t
7} 4 F40) BE A9t £ vt 7Y 4412 9
3, rios ) B4 2hoR, vl FUE R Aete
ot 4 )l k= 23 rese olujslo] oulel 2 4
A5ttt A (17)-20)2F 4] (5)E 7IREe 2 55 o A
= 51l e ol=olg9] 4] (21), (22)° UEHA AT

PR'Q'M(g) 5"z, @1
=l,,~ (PR Q'h(gw) + M)

DR 'Q'M(g — 8"z, (22)
= I's:dc&,—D}T1 Q" hgq.u)

3. AlS JéII'I

rm

3] 0
SRR

Ao) Ak F4lo] BH02 Wt 84S 74
37] gislel AjEeloldol A AgsIgick Aol Raisim"!
oA 200 Hz2 ZI3Y=|R). 0, UnitreeAF] Aliengo AlE:H 8Y 230f|

71 2528 Zglslo] AL831E) 245} Solver= ADMM (Alter-



116 =513 =54 4207 A1 5 (2025. 3)

Base Position (No Momentum)

Base Position (Linear Momentum)

Base Position (Both Momentum)

2.0 2.0 2.0
-~ x X
_ 15 \ —y 15 —y 15| —y
E 10 2 1.0 = 10 ——
c x_d . x_d ) x_d
% 05 myd o os) yd | g5 v.d
g (| | | | B PV zd —zd zd
0.0 W 0.0 0.0
05 % 2 4 6 8 10 12 14 16 0 2 4 g8 10 12 14 16 %0 2 4 6 8 10 12 14 16
Base Euler Angles (No Momentum) Base Euler Angles (Linear Momentum) Base Euler Angles (Both Momentum)
T
— roll roll — roll
2 IF— pitch 2| —— pitch 2 — pitch
E A ~ [ — yaw — yaw — yaw
= 5 o— AL L A roll_d o roll_d 0 - — ~ roll_d
=) = = “\\l& 1 pitch_d pitch_d N pitch_d
Z | | ' yaw_d ‘\/H_ - yaw_d -~ yaw_d
N ‘
0 2 4 6 8 10 12 14 1 0 2 4 8§ 10 12 14 16 0 2 4 6 8 10 12 14 16
Interaction Force (No Momentum) Interaction Force (Linear Momentum) Interaction Force (Both Momentum)
100| [ 100/ 100|
—| % — X T
50 Y sof Y s
z Inp|3 —
g 0 of o
g
-50 -50 -50
-100 i -100] -100| |
0 2 4 6 8 10 12 14 16 0 2 4 8 10 12 14 16 0 2 4 6 8 10 12 14 16
(@ (®) (c)

[Fig. 4] Base position, euler angles, and interaction force comparison: This figure compares base position, euler angles, and interaction
forces under three conditions: without momentum consideration (a), with linear momentum consideration (b), and with both linear and
angular momentum considered (c). Each row represents one metric, while the columns show the three conditions. Shaded areas indicate

time intervals where balance was lost, leading to system failure
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RMSE of Base Position and L2-Norm of Interaction Force and Momentum
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[Fig. 5] RMSE of base position and 12-norm of interaction force
and momentum: The figure illustrates the RMSE of the base
position (blue line) and the L.2-norms of the interaction force (red
line), linear momentum (green line), and angular momentum
(purple line) over the 6-10 s interval. The data corresponds to a
scenario where the object weights 0.5 kg, and the robot operates
without considering momentum in its control strategy, highlighting
the periods of balance loss under these conditions
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[Fig. 6] Linear momentum comparison: This figure shows a
comparison of the linear momentum in three conditions. The x,
y, and z components of the linear momentum are represented by
the red, green, and blue lines, respectively
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[Fig. 7] Angular momentum comparison: This figure compares
the angular momentum under three conditions. The angular
momentum is calculated with respect to the robot’s center of
mass. The red, green, and blue lines represent the x, y, and z
components of angular momentum
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[Fig. 8] Comparison of RMSE of base position under different
momentum considerations: This figure presents the RMSE of the
base position across nine experimental scenarios. Fach row
corresponds to a different control strategy: No Momentum
(baseline), Linear Momentum Only, and Both Momentum
(proposed). In each plot, the blue, brown, and magenta lines
represent the results for object masses of 0.3 kg, 0.4 kg, and 0.5 kg,
respectively. The comparison highlights the effectiveness of
considering momentum, particularly when both linear and angular
momentum are accounted for
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ggg]parison of RMSE for Low Mass (0.3kg) between 10s and 13s
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[Fig. 9] Comparison of RMSE of base position for low mass (0.3
kg) between 10s and 13s: This figure shows the RMSE of the
base position for a 0.3 kg object during the 10-13 s interval. The
red line represents the control strategy without considering
momentum (baseline), the green line represents the strategy
considering only linear momentum, and the purple line
represents the strategy considering both linear and angular
momentum (proposed). Around 11.5 s, a strong external force is
applied due to the movement of the passively connected object,
causing the RMSE to peak. The control strategy considering
both linear and angular momentum achieves the lowest RMSE,
reducing instability compared to the other strategies
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