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Part I: Gait Scheduler
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Data Structure:

e swing time and stance time
e swing states and contact states
e gait table
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Define a gait:

e number of segments
e offsets
e durations
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Part II: State Estimation
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Q 1st-Stage: Orientation Filter
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2nd Stage: Kalman Filter

incremental encoders, g;

contact states State Estimator

The filter updates the estimation of orientation according to
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where K > 0 is a correction gain and weor 1S a correction angular velocity to
align the accelerometer reading a; with its gravity bias
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) 2nd-Stage: Kalman Filter
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) 2nd-Stage: Kalman Filter
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2nd Stage: Kalman Filter

incremental encoders, g;
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Prediction / \ Measurement Update
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EKF Approach:
Bloesch M, Hutter M, Hoepflinger M A, et al. State estimation for legged robotsconsistent fusion of leg kinematics and imu[J].
Robotics, 2013, 17: 17-24.
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Part II1: Body Control: Model-Predictive Controller
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Dynamic Constraints: State Space Model

State
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Simplified Robot Dynamics
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Model-Predictive Controller

Continuous Time Model
X(t) = A:(®)x(t) + B.(p, ®)u(t)

Discrete Time Model
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Q Force Constraints

Cost Function
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Equality Constraint: D;u; = 0.
used to set all forces from feet off the ground to 0, enforcing the desired gait.

Inequality Constraint: ¢, < Cpu; < cy.
used to limit the minimum and maximum z-force as well as a square pyramid
approximation of the friction cone for each foot on the ground.

0 1 0 00 _
oo 1 0 —Mu Fin 0 €1 €1 a
0 [ <{o 1 ul|fw]<]| Ll @ U< |®
o 0 1 —ul| |fi 0 €3 Cs e
fmin] [0 0 T . & = =

fik
EALEN

14



Q Reference CoM Trajectory Generation
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e The reference trajectories are simple and only contain non-zero xy-velocity,

xy-position, z-position, yaw and yaw rate.

e All parameters are commanded directly by the robot operator except for
yaw and xy-position, which are determined by integrating the appropriate

velocities.

e The other states are always set to 0.

e The reference trajectory is also used to determine the dynamics constraints
and future foot placement locations.
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Q MPC Formulation
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Simulation
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Part IV: Swing Leg Trajectory and Leg Control
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Q Swing Leg Trajectory Generation
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Q Leg Control

Operator
Input

eds pd

b b
Wo k> Ap go 9ik

Reference
Trajectory

Gk,ref: Pk refs W ref, pk,ref

Model-

Sensors

Quadruped

AO o)
Rb,kflﬁpb,kf

A

ke o) S0
Vpk—12P5 k-1

State Estimator

A() SO O el
Rb,kﬁpb,m Uy ks Pi ke

Gait Scheduler

! contact states

gait table

A 4

motor torque

A 4

A 4

o
ik

Predictive
Controller

Swing Leg

A 4

b b
pi,des,k’ vz’,des,k‘

Trajectory
Generation

Robot Controller

Leg

Control

Swing Leg Control: 7; = J;'} [Kp (pi.desk — Pik) + K (Vi desk — Vi k)]

Stance Leg Control: 7; 5 = Jgkfi,k
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Part V: Summary
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