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DRCD Lab:

ynamic ~obot Control and Jesign Laboratory

Research on Design, Control, State Estimation of Legged Robot Systems

Actuator Design

Quasi Direct Drive Design [IROS’17]
(IROS Best Student Paper Finalist)

Pressure Sensor X (Oil Flow)
Pump-driving Motor Controller
Check Valve

Inlet Filter
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€
Integrated Part \R lief Valve

Hydraulic Power Unit Design [RA-L’21]

I(AI ST Department of

Mechanical Engineering

Quadrupedal Robots

Representation-free MPC [T-RO’21]
(‘20 TC Best Paper Finalist)

Nonlinear MPC on SO(3) [IROS’20]
(IROS Best RoboCup Paper)

Humanoid Robots
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Learnlng based Force Control [RA-L’21]

Hydraulic Power Unit Pump Motor
(HPU) T Control Board
Radiator &Cooling Fan e Communication
¢ MENS Interface
Spool Valve !
Control Board Double Vane
l 4! Rotary Actuator
IMU Sensor
Double Parallel Cylinder # : Linear Cylinder
for Ankle Joint N

Hydraulic Human0|d [RA-L’21]
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Research Work N the DRCD Lab
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Terrain Mapping

Department of Vision-Inertial Navigation
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Great Examples of Legged Systems in Biology

Stability with Body Coordination
Rock Climbing without Hands (gfycat.com)

Athletic Mobility in Complex Environments
“Super squirrel” from National Geographic

Dynamic Balance while Fast Leg Kicking
I(AI ST Department of Kazotsky Kick of Ukrainian Dance Company (youtube.com)

Mechanical Engineering
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Three Virtues of a Great Legged Robot System

Agility

Control Algorithms

- Exploit diverse model structures

- Responsive to the environment

- Ability to control a variety of maneuvers
- Real-time computation

Actuator Design

- High torque and high speed

- Transparent transmission

- Fast response to the commanded torque
- Low inertia and friction

Efficiency Versatility Model-based optimization

I(AI ST I?Ai?:?\;trw ceanltE%fgineering
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Conventional Control Design for Legged Robots

Algorithm Feedback
User Command - Select or modify - * Task space control
pre-designed trajectories %1 - control gains Temd

Online
Pre-designed * Output (Task) to control?
Trajectory Library * Control Gain tuning
—— Offline
[Trajectory Optimization (TO)\

* Dynamic Model

* Cost

* Constraints

* Swing leg trajectory

\' Gait Timing j
Offline

I(AI ST I?Ai?:ﬂ;tr?? ceanltE%fgi neering
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Using Trajectory Library[T-Ro'12, ICRA'12, IURR"11],

» Trajectories for various types of obstacles are generated by offline optimization
(hybrid zero dynamics)

* A heuristic design of finite-state-machine is introduced to manage switching
between trajectories
J y = ho(q) 1 ha(6(q))

=0
6 DoF

Regular-Walking k 2 bor

» m tripping-reflex
KAIST ‘ez
Mechanical Engineering Sr

Finite-state Machine
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Modifying Pre-Obtained Trajectory [IURR17, ICRA’15, IROS 14]

KAIST

Department of
Mechanical Engineering

‘7

Duty

Periodic trajectory for a simplified model obtained from off-line optimization
« Online modification of trajectories using impulse-planning for different speeds.

Cycle =0.377

‘\@\* Momentum Balance

T
f (Fy — mg)dt = 0
0

F(N)
N A

015 02 025 03 035

005 0.1

1
Time (sec)

Duty Cycle = 0.233

Duty Cycle = 037
DN foT F; dt=mgT
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Online Optimization for Jumps over Obstacles [Rss’15, RAS’21]

4 . )

Algorithm Feedback

User Command 7| - Obstacle Detection - - Task space control

v + Switching to the online X5 U . pD gains Temd
On-line trajectory generation

\_ J

. N - Output (Task) to control?
Trajectory Optimization + Control Gain tuning

* Simplified Model

* Cost Off-line

- Constraints
] Sm_ng.leg_ brajectory
\ ToRTHRRT——

On-line

I(AI ST I?Ai?:ﬂ;tr?? ceanltE%fgineering
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Online Jump TO <100 mse(f
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Complex 3D Dynamic Motions
Bounding Trotting

I(AI ST I?Ai?:ﬂ;tr?? ceanltE%fgineering
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Model Predictive Control for Legged Robots

User Command /I\/Iodel Predictive Contrﬁ‘[ Actuators}
v% | Optimization Temd T
Online - Cost
- Dynamic Model
- Constraints
\- Gait Timing /
Finite Time Optimal Control Probl Control b
inite Time Optimal Control Problem Inout 4 u
t+T PUL = ._ﬁ """"""" [ S S g
. ZCost | I
minimize
t o |
X = X, U > Ug — |
0 —l
subjectto Equation of Motion : ® [
Constrai — © o ¢ o e >
onstraints ) )
Ib<u<ub I‘ —e T T Time
x € F, 1
t=0.1 t=0.2 t=0.3 I
[ )
I(AI ST Department of N ___'_' ______________________ L e e
Mechanical Engineering Lb
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Torque Control Actuator Design [IR0S"17, Best Student Paper Finalist]

« Choose a right combination of gear ratio and motor choice
« Integrated approach for physical and control system design using nonlinear program

Physical Design Control Design Check
Desired
4 Gear Ratio Selection ) N

zZ, Performance

[
»

Tmax t
C.Imax : >
N e —>

 Tmax

7

»

Qmax CImax

- J
I(AI ST II\)/I(:-EFC);F‘:‘:ltrl;l;I ceanltE%fgineering
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Torque Control Actuator Design [IR0S"17, Best Student Paper Finalist]

« Choose a right combination of gear ratio and motor choice
« Integrated approach for physical and control system design using nonlinear program

Nonlinear Optimization Problem

/ Physical Design Control Design Maximize \
™ Desired
s Performance

4 Gear Ratio Selection N Z

Tmax t
C.Imax : >
: BN e e

Tmax

GRF
4 Tmax
B 1

Qmax CImax

N\ J
I(AI ST II\)/I(:-EFC);F‘:‘:ltrl;l;I ceanltE%fgineering
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Torque Control Actuator Design [IR0S"17, Best Student Paper Finalist]

« Select a gear ratio (and motor specs) to
- Maximize dynamic maneuvering capability (jumping height)
- Consider impact force when landing
- While respecting motor speed and torque limitations

Maximize Jumping Height Impact Force upon Landing L'E'rtgﬂgnaﬁg zg;ueagor Nonlinear Programming
I I Optimization Variables

RESEARCH INSTITUTE

© ROBOTICS amazon ) rovom

Gear ratio, GRF profile, Impact Force q, g
11,91 Objective

Maximize Jumping height

|» Reduce Impact force
I2,49>2 i

Constraints

Dynamics

Impact Model

Forward Kinematics

| F Motor Speed and Torque

Gear ratio = 22.9:1
\_ VAN Impact Force F; AN ) A /
I(AI ST I?Ai?:ﬂ;tr??ceanltEc:\fgineerin g
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Hardware Integration

HIP motor
N & KNEE motor
Leg module specifications:  geig@ns
« Composed of 3 motor modules Z R
- Total mass: 0.89 kg ABAD motor _y )
» Linklength I = 0.14 m s e
. Total link weight 0.06 kg (<10%) A Knee joint

/ Carbon
¢ fiber tube
Stator _ Encoder

Ring Gear PlanetCarrier
Gear

= f g', O
Sun Brass shaft Bearing
Gear

HIP motor
shell

Compound Planetary Gear

I(AI ST I?Ai?:?\;trw ceanltE%fgineering
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Optimal Control Problem Optimal Control Problem /Quadratic Programming \
. for Discrete Linear 1
Cost: Cf(xT) + fo (Cx(x; xd) + Cu(u: ud))dt NSyStem mlnExTPx + ng
T
_ RS minz x7 Qx; + u;Ru; Gx < h
Dynamics: mC=ZFi+my 7 Ax=0>b
= . Xi+1 = Ajx; + By, x € R210X1
P = f((P; Q, F]) Discretization du: <h Transcription P: Sparse PSD h € R112Xx1
Parameterization of R(¢) inearization . j \ G, A: Sparse 5 ¢ R84X1/
where, ¢ € R3X1 N
GonstraintS' F.€F Euler Angles Exponential coordinates
: J

W

e 4N

n o
05
05 s
N 0
15 /
1550 T 0.5
8 SN < -1~ N
Vo < 15
= T
B ~— os 0
07 S . 4 )
05 S i 1.5
3 1 N 5 ; i L 05 & X
15 a5 0 05 -
-1.6 5 '3
1 -1
05 i X

KAIST Ocarmento Gimbal Lock Not the shortest path Shortest path
Mechanical Engineering (Singularity) (of the rotation error) (of the rotation error)
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Linear Representation-free MPC on SO(3)
[ICRA’19, T-RO’21(TC Best Paper Finalist)]

/
“

Nominal Body Pose

Large angular excursion

I(AI ST II\)/I(ZFC)?\::? ceanltE%fgineering

From Youtube, Alex & Jumpy - The Parkour Dog
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Linear Model Predictive Control on SO(3)
[ICRA’19, T-RO’21(TC Best Paper Finalist)]

Dynamics Cost

Linear Rotational Dynamics Approximate orientat\i/on error:
er =log(RiR,p) + &k
Cost of orientation error (p.d.)
¥ = ezQrex

- J - J

vec(Ry) = Cf + Cgffk + C¢ wy,
I(bk = Cd) + C(‘prk + C(ifk + Ca(;)wk + C£u5uk

SO(3) manifolg

Variation-based Linearization [G Wu et al., IEEE Access’15]

\4

& = 6R € s0(3), where § € R? 4 Linear MPC N
Taylor expansion of the matrix exponential map
Ry ~ Ropexp(SRy) ~ Rop(1 + SRy min. Z i = xaelyy + [ — ),
The variation of angular velocity d xk+1 = Ax; + Béuy + d,,
w, = 0, — RiR,pw,, X ifj:(,z)e U
KAIST i engineering Q=Q =0R=R">0
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Optimal C;ontrol Problem gptimal Control Problem /Quadratic Programming \
Cost: cr(xr) + [ (ex(x, xq) + (U, ug))dt for Discrete Linear

: 1 T T
NTSystem min=x Px+g' x

N
. .. 2
] - —
R =R& i Ax=D>b
N Xi+1 = Ajx; + Biy; x € R210X1
Jow +w X Jw = RTE(pj — c) X Fj du. <h P: Sparse PSD h € R112X1
P — .
; k G, A: Sparse A € R84X1 y,
\Constraints: F;eF ) —
0 <
Sparse QP solver for MPC [RA-L'19] “u
100 =

* Primal-Dual Interior-Point solver S
« Search Direction with Mehrota 200 >

predictor-corrector step and NT scaling -
« LDL Factorization with Approximate 300

Minimum Degree Permutation "y \

[Amestoy et al., Siam J.’96] — -

I Non-zeros: 1.69% (4304/254016) I L D
500 | X N
0 200 400

I(AI ST Department of .
Mechanical Engineering Sparse KKT Matrix
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Sparse QP Solver for MPC [RA-L'19]

- Caching the Cholesky factor pattern - Factorizing only rows that changes
KKT L —> Avoid redundant computation
0 " ~ 0 " "
~ LY . 0 T T T T On
. «. hnz: 30251 nnz: 2849
100 | >, 100 | . N
. N 100 | 100 ’“'
200 \\‘ 200 * N 150 | ol “—-‘*‘;
K gﬂ‘%\ 200 2001 ,——-
300 300 | 250 | 250 e
* Bevner A
A \ J N 300 | 300 T
400 Y . 400 ¥ . a0l ssol e,
500 - Yy 500 - Yy | o
0 200 400 0 200 400 40| o 450 |
AMD Permutation BT s
0 é‘ O T
. -~ .
Jool ';’ 0ol _:.‘a\ nNnz. 4053 , —e—quadprog o %°f
i T, 191 |—+—ECOS 0
| -‘—*-\ Gurobi § Zj
200 | : }i, 200 | Y @ o |~*=Mosek @
. TN A R— GEJ = PSWIFT AEJ 06 —quadprog
300t N 300 = g 05 —ECOS
N i ™. % 10 G 04 Gurobi
400! S . 400 | — S S o5 —Mosek
[ .__:_‘_......--"“‘5! ""'"'!&':!' “'q M-.““‘# "—x 103 % 0.2 OSQP
500 B ima™ 260 460 500o s 260 460 od - ~——gpSWIFT w/o built-in M
104 . | —apSWIFT w/built-in M

0
I(AI s Department of 102 e 10° 10" 0 0"
Mechanical Engineering problem size Performance ratio 7
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Model Predictive Control Experiments
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Backflipping Experiments
« 180° backflipping controlled with RF-MPC.

« Controlled trajectory passes through the singular position of Euler angles.

I(AI ST I?Ai?:ﬂ;tr?? ceanltE%fgi neering
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Backflipping Experiments
« 180° backflipping controlled with RF-MPC.

« Controlled trajectory passes through the singular position of Euler angles.
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Nonlinear Representation-free MPC on SO(3)
[IROS’20, Best RoboCup Paper]

* Formulate MPC problem into optimization on SO(3) manifold
« The exponential map is selected as the retraction on a manifold.

/Optimization on SO(3) manifoh

min J(R)
RESO(3)

Ry € SO(3)
Wi € R3

pkERS
VkGRS

T

xi = [Ri, Wk, Pk Vi
]T

fT

R T 3
wp o= [£2, - £7]7 e R¥

I(AI ST I?Ai?:?\;trw ceanltE%fgineering

Reparameterization
using retraction map

R :S0(3) —» R?

»
»

ﬁ)ptimization on vector Spab

min J(R(d1)))
SepeR?

Rk = EkEXp((S(pk)
Wi = Wi + 5Wk
Pr = Py + 0Pk

Vi = Vi + 5Vk;

\ U, = Ui + ouy /

oxy = 0L, 0wy, op;,ovi]T € R12

suy, == [6£7 .- 6f7 ] € R3e

J,. fright-Jacobian

Exp(¥ + dp Log(R)
=umm
A\’ /A
) S
N\
L N\,
N // )
Y ¥ P
7
\Y
s A ¢ L /0N
~ |- 0] {f=)))

[Forster et al., T-RO’16]

&

H : Gauss-Newton Hessian matrix
J : gradient
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Nonlinear Representation-free MPC on SO(3)[IROS™20, Best RoboCup Paper]
[ Reference | Xret [~ NMPC N\

i —
| Generation | e —
g Model Objective
Gait galt Dynamics Function
— \. J \\
Pattern p N N
N Swing Foot :
State_ % _,| | Reference || Constralnts)
| Estimation | \_ -/
ry R : ~
Swing Foot Controller
Swing Foot Control
Reference Gain |
J Wip,a5,9,q, ...
SQP Solver o
Q N QP approximation S_ear(_:h
Initial guess - - Direction
- - : Gradient an :
with previous Nonlinear QP Backtracking Convergence
step's | Optimization [ Ga“i/fat'\'rizmon —| Solver Algorithm [ criteria [~
solution 1 |

I(AI ST II\)/I(ZFC)?\::? ceanltE%fgineering
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Experimental Results

Push Disturbance
Slope (40%)

2.9 m/sec Flying Trot

I(AI ST II\)/I(ZFC)?\::? fanltE%fgineering
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Galloping N Ev
1. velocity command: 2.0 m/s Ued AN
: LFh |
RF |
LH |
RH I |
- - T
Galloping Pacing
- — | . |
RF I - |
LH I LM ]
RH _. T| > RH _T_>
Trotting Bounding

I(AI ST II\)/I(ZFC)?\::? ceanltE%fgineering
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Gait Pattern and Motion from Motion Planner

Motions from TOWR
[Winkler et al., RA-L’'18]

Tracking with our NMPC

Simulation in RAISIM
[Hwangbo et al., RA-L’19]

I(AI ST II\)/I(ZFC)?\::\? fanltE%fgineering
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One Controller across Multiple Hardware Platforms

« With slight change of cost functions, the RF-NMPC was able to control many
robots with different size scales and different actuation schemes

Electric Actuator Hydraulic Actuator

BAMBY (5.5kg) HOUND (45kg) Hydraulic Quadruped (38kQ)

-]
Small Large and Heavy

I(AI ST I?Aigi;trr\? fanltE%fgineering
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Defying Gravity: Locomotion on Ferromagnetic Surface

« With the change of GRF constraints, the NMPC is able to control vertical
waII cllmblng Iocomotlon (smgular pose')

I(AI ST I?Ai?:?\;trw ceanltE%fgineering
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Summary

« Model predictive control could be a good controller candidate for legged robots.

- Handle high-degrees of freedom model and constraints

- Exploit diverse model structures and control inputs

- Control a variety of robots, motions and gaits

- Sparse QP solver renders real-time computation and implementation of MPC.

« Linear and nonlinear MPC can be formulated in a representation-free manner
which is free from issues of Euler angles and quaternions

—>Open possibilities for controlling extreme dynamic 3D motions

« Torque control actuator design enables effective implementations of MPC on
legged robots.

I(AI ST I?Ai?:ﬂ;tr?? ceanltE%fgi neering
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