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' 1. Background and Motivation

B Challenge of Motion Control

Environment
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The Tracking-Stability Coordination is the Core Challenge in Motion Control



' 1. Background and Motivation

—Wheel-End Actuation—

Wheel-end Driving, Braking, and
Steering

Power-by-Wire

Ultimate Efficiency

Independent Wheel Control

Tire-Road Adhesion = Extremum

High Control DOFs
Extended Dynamic Boundaries

The Optimal Platform for
Autonomous Driving

DDEYV Architecture Unleashes the Potential of Vehicle Motion Control




2. Current Research Status

B Current Research on Vehicle Lateral Stability Analysis

— Phase Plane Considering Active Control Inputs —

— Stability Analysis Method
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Need to Quantify Stability Characteristics Under Actual Closed-loop Control




' 2. Current Research Status

B Current Research on Coordinated Tracking and Stability Control

Coordination of Control Weights —— Constraints for Optimization Framework —
Path-tracking O Dynamic Environments Path-tracking Controller
Controller . " :
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How to Integrate Dynamic Stability Region into Motion Control is Crucial




' 3. Research Content and Methodology

B Targeted Problems and Main Contributions

\ Neglect of Closed-Loop Active Control
Capabilities in Existing Stability Analysis

> Severe load transfer and combined
slip characteristics at the limits.

» Conservative stability region constrains the
vehicle dynamic capabilities at the limits.

> Ensure the lateral stability of the vehicle
near the stability boundary

stabilizing potential of active control.

E » Existing stability analyses overlook the

A closed-loop Controlled Stability Region (CSR) A Controlled Stability Region based

Quantification Method Hierarchical Motion Controller (CSR-HMC)

» Constructing an offline CSR database with multi-

» Analyze phase trajectory convergence by
embedding control laws into nonlinear
dynamics.

» Quantify the active stabilization capacity by

dimensional time-varying factors to parameterize
CSR boundaries.
» Utilize the CSR to constrain path tracking and
computing the maximal recoverable state set quantify stability margins for dynamic weight

over a finite time horizon. adjustment between tracking and stability control.



/ 3. Framework of the Work

Real-time Driving

Construction of Controlled Stablhty Region (CSR)
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Quantification of Controlled Stability Region
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Controlled Stability Region based Hierarchical Motion Control (CSR-HMC)




3.1 Construction of Controlled Stability Region

Nonlinear Phase Plane Model

7 DOFs Dynamic Model Combined-slip Magic Formula Tire Model
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3.1 Construction of Controlled Stability Region

Definition of Controlled Stability Region Design of MPC-based Stability Controller

Backward Reachable Set (BRS) R, (7,€2,,,.) denotes the set
of all initial states capable of reaching a specified target set
within a defined time horizon 7" under admissible control
inputsU :

R (T, Qtarget) = {xo eXl Juel, AT xy,u) € Qtarget}
Theorem 1: If the target set Q,, .is a subset of the stability
region containing stable equilibrium points, the BRS R, (7', €2,)
constitutes the CSR of the nonlinear system x = f(x,u)
The Stability Envelope (SE) is used as the target set:

The predictive model )'cstab = [ (X Ugyp ) Hthe state vector 1s
defined as x,;, =[5,7]", the control vector is uy, =[M. 1", the
objective function is formulated as:
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3.2 Construction of Controlled Stability Region
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3.2 Hierarchical Motion Control Architecture

Design of Path Tracking Controller

The predictive model X, = f(xy. Uy ), the state vector is x, =[B,r.v. X, Y], the
control vector is uy, =[M. ,.6,.p]', the objective function is formulated as: _
t+Tp 2 E _____
Jtr = L Wirk-ref (xtrk-cur ~ Xirk-ref ) dr 5__—;
e :
t+7, t+T, z A4 ! !
P 2 P 2 202 S L, > Loy VL <
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04| - = CSR Boundary 1 02+ !
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where x,, ., =[Y,w]'and x,, . =[Y.; . ] are the current and reference state vectors, ve L. v - . A sab |
Y.r and ¥ s represent the reference lateral position and heading angle. 01 008 deslip Atele 3 (rad) L T e

To ensure the stability of the optimization problem, the CSR is integrated into the
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3.3 Simulation Platform

Hardware-in-the-Loop Platform (HiL)

Screen

F-class Sedan

PARAMETERS OF THE TEST VEHICLE
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esting

Parameter Value Parameter Value
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I, 4095 kg - m? lf,lr 1.265,1.895m

L, 2kg - m? By, B, 1.605 m




3.4 Simulation Results

B Single Lane Change under ¢=0.2, v,=90km/h ®°= — CSR-HMC
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Fig. 1. Tracking performance. (a) X-Y tracking results; (b) Phase plane trajectory;
(c) Radial length of the state.




3.4 Simulation Results

B Double Lane Change under u=0.8, v,=120km/h @
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Fig. 3. Tracking performance. (a) Heading tracking results; (b) Phase plane
trajectory; (c) Radial length of the state.




'/ 4. Future Work

Hybrid Model- and Data-Driven Motion Control

» Residual Reinforcement Learning for Emergency Obstacle Avoidance

» Real-Vehicle Experimental Validation of the Control Algorithm



'/ 5.1 Real Vehicle Platform-4WD Electric Vehicle

Steer-by-Wire

In-Wheel Motor

B |Actuator (EHA)

Electro-Hydrostatic

AWD Electric Vehicle

Controller-ECU

IMU&GPS
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'/ 5.2 Real Vehicle Platform-BYD

ego —
vehicle S =
Newton

g
o M2
\

serial
port

router AGX

MCTP: A Multi-Coupled
Dynamics Trajectory Planning
Scheme for Autonomous
Driving in Extreme Conditions

Data transmission layer
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