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With material from Roland Siegwart and Davide Scaramuzza, ETH Zurich

Raw data

Environment Model
Local Map

Position
Global Map

Actuator Commands

Path

This lecture



• Autonomous mobile robots 
move around in the 
environment. Therefore ALL of 
them:
• They need to know where they 

are.
• They need to know where their 

goal is.
• They need to know how to get 

there.

• Different levels:
• Control:

• How much power to the motors to 
move in that direction, reach desired 
speed

• Navigation:
• Avoid obstacles
• Classify the terrain in front of you
• Predict the behavior (motion) of other 

agents (humans, robots, animals, 
machines)

• Planning:
• Long distance path planning
• What is the way, optimize for certain 

parameters
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Navigation, Motion & Motor Control
• Navigation/ Motion Control:

• Where to drive to next in order to reach goal
• Output: motion vector (direction) and speed
• For example: 
• follow path (Big Model)
• go to unexplored area (Big Model)
• drive forward (Small Model)
• be attracted to goal area (Small Model)

• Motion Control:
• How use propulsion to achieve motion vector

• Motor Control:
• How much power to achieve propulsion (wheel 

speed)
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Control Hierarchy
• Assume we have a goal pose 

(close by)
• Calculate Inverse Kinematics =>
• Desired wheel speeds

• Typically not just one wheel =>
• Many motor controllers, motors, 

encoders

• Motor control loop
• Pose control loop
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ROS2 
Navigation 2
navigation.ros.org/

BT Navigation 
Server
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https://navigation.ros.org/


Behavior Tree (BT)
• Alternative to Finite State Machine (FSM)

• BT (supposedly) more scalable, more human-understandable and easier to reuse than FSM
• Intrinsically hierarchical
• Graphical representation has meaning
• Expressive

• BehaviorTree CPP V3  
https://www.behaviortree.dev/ 

• Defined in XML

• Execute top down, left first (similar to DFS)
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Behavior Trees in Robotics and AI: An Introduction
Michele Colledanchise, Petter Ögren
https://arxiv.org/abs/1709.00084 

https://www.behaviortree.dev/
https://arxiv.org/abs/1709.00084


Types of BT Nodes
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Action Node
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Example: Navigate To Pose With Replanning and Recovery

•  Tree update rate/ tick rate: 100Hz
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Recovery Node:
• Node must contain 2 children 
• returns success if first succeeds. 
• If first fails:

• Tick the second 
• If successful retry the first 
• Repeat until first returns true or number of retires is up

• Children of Navigate Recovery Node:
• Navigation Subtree
• Recovery Subtree
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Navigation Subtree
• 2 Subtrees – sequential:

• Calculate path
• Follow path

• + recovery behaviors
• RateController: decorate with 1Hz
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Recovery Subtree
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ROS2 
Navigation 2
navigation.ros.org/
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https://navigation.ros.org/
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Local Costmap

https://www.youtu
be.com/watch?v=
6oopJWjf6do 

https://www.youtube.com/watch?v=6oopJWjf6do
https://www.youtube.com/watch?v=6oopJWjf6do
https://www.youtube.com/watch?v=6oopJWjf6do


Navigation Plugins
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https://navigation.ros.org/plugins/index.html 

https://navigation.ros.org/plugins/index.html
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Navigation, Motion & Motor Control
• Navigation/ Motion Control:

• Where to drive to next in order to reach goal
• Output: motion vector (direction) and speed
• For example: 
• follow path (Big Model)
• go to unexplored area (Big Model)
• drive forward (Small Model)
• be attracted to goal area (Small Model)

• Motion Control:
• How use propulsion to achieve motion vector

• Motor Control:
• How much power to achieve propulsion (wheel 

speed)
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Overview
• Assume we have a pose - close by 

from local planner
• Calculate Inverse Kinematics =>
• Desired wheel speeds

• Typically, not just one wheel =>
• Many motor controllers, motors, 

encoders

• Motor control loop
• Pose control loop
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MOTION CONTROL
Kinematic Model
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Rotation Center

Different points on the rigid body move along different circular trajectories►

Rigid Body Motion
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The kinematic bicycle model approximates the 4 wheels with 2 imaginary wheels►

Kinematic Bicycle Model
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The kinematic bicycle model approximates the 4 wheels with 2 imaginary wheels►

Kinematic Bicycle Model
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Kinematic Bicycle Model
Rotation Center

Wheelbase

Vehicle
Velocity

Front Wheel
Velocity

Velocity
Slip
Angle

Front
Steering
Angle

Center of
Gravity

Heading
Angle

Rear Wheel
Rear
Steering
Angle

Turning
Radius

CourseAngle

Assumptions:
- Planar motion (no roll, no pitch)
- Low speed => No wheel slip
(wheel orientation = wheel velocity)

The kinematic bicycle model approximates the 4 wheels with 2 imaginary wheels►
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Model
Rotation Center

Motion Equations
Kinematic Bicycle Model

𝑋̇ = 𝑣	cos 𝜓 + 𝛽
𝑌̇ = 𝑣	sin 𝜓 + 𝛽

𝜓̇ =
𝑣	cos(𝛽)
ℓ! + ℓ"

tan(𝛿!) − tan(𝛿")

𝛽 = tan#$
ℓ! tan 𝛿" + ℓ"tan(𝛿!)

ℓ! + ℓ"
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Kinematic Bicycle Model Front Steering Only
Model

Rotation Center

Motion Equations

𝑋̇ = 𝑣	cos 𝜓 + 𝛽
𝑌̇ = 𝑣	sin 𝜓 + 𝛽

𝜓̇ = %	'()(+)
ℓ!.ℓ"

 tan(𝛿)

𝛽 = tan#$
ℓ" tan 𝛿
ℓ! + ℓ"

tan 𝛿 =
ℓ! + ℓ"
𝑅/

	 ⇒ 	
1
𝑅/
=

tan 𝛿
ℓ! + ℓ"

	 ⇒ 	 tan 𝛽 =
ℓ"
𝑅/
=
ℓ" tan 𝛿	
ℓ! + ℓ"

cos 𝛽 =
𝑅/

𝑅
	 ⇒ 	

1
𝑅
=
cos 𝛽
𝑅/

	 ⇒ 	 𝜓̇ = 𝜔 =
𝑣
𝑅
=
𝑣 cos 𝛽
𝑅/

=
𝑣 cos 𝛽
ℓ! + ℓ_𝑟

tan 𝛿
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Kinematic Bicycle Model
Model Motion Equations

(assuming β and δ are small)

𝑋̇ = 𝑣	cos 𝜓
𝑌̇ = 𝑣	sin 𝜓

𝜓̇ = 𝜔 =
𝑣	𝛿

ℓ! + ℓ"

Rotation Center
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Kinematic Bicycle Time Discretized Model
Model

Rotation Center

Motion Equations

19

𝑋#$% 	= 𝑋# + 𝑣	cos 𝜓# Δ𝑡
𝑌#$% 	 = 𝑌# + 𝑣 sin 𝜓# Δ𝑡

𝜓#$% = 𝜓# +
𝑣	𝛿

ℓ! + ℓ"
Δ𝑡
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► In practice, the left and right wheel steering angles are not equal if no wheel slip
► Combination of admissible steering angles called Ackerman steering geometry
► If angles are small, the left/right steering wheel angles can be approximated:

Ackermann Steering Geometry
Front Steering Angles

Turning
Radius

Rotation Center

Wheelbase

Track

𝛿& 	≈ tan
𝐿

𝑅 + 0.5𝐵
	≈

𝐿
𝑅 + 0.5𝐵

𝛿" 	≈ tan
𝐿

𝑅 − 0.5𝐵
	≈

𝐿
𝑅 − 0.5𝐵
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Ackermann Steering Geometry
Trapezoidal Geometry

Left Turn

Right Turn

► In practice, this setup can be realized using a trapezoidal tie rod arrangement
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Example: AglieX Hunter SE
• Ackerman steering – with differential gearbox 

for the back wheels
• Good: No slipping when driving
• Really fast robot (4.8 m/s)
• Bad: Slipping when driving that fast and 

braking/ taking turns!
• Need to take its mass into account when 

controlling it => not just Kinematics but 
Dynamics for control!
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Example: Clearpath Jackal Mobile Base
• Differential drive robot: Can control left and right 

wheels independently
• Bad: Slipping when turning

• Good: Forward and inverse
kinematics easy: can turn on the spot!

• Maximum speed: 2 m/s

Robotics ShanghaiTech University - SIST - May 12, 2026 37



DYNAMIC BICYCLE MODEL
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Dynamics of a Rigid Body
Translatory Motion of a Point:

► Consider point P with mass m  in ℝ!

► Let 𝒓0 (t) ∈ 	 ℝ!be its position in an inertial reference frame

► Let 𝒗0 (t) denote its velocity and 𝐚0	(t) its acceleration
► The linear momentum of P is defined as 𝐩0 (t) =  mvP (t)

► By Newton’s second law we have

where F i(t) represent all forces acting on the point mass P

Trajectory of point P

𝑑
𝑑𝑡
𝐩' 𝑡 	= 𝑚𝐚' 𝑡 = 𝐹()# 𝑡 =B

*

𝐅* 𝑡
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Translatory Motion of a Rigid Body:
► Consider a rigid body B with mass m in ℝ!

► Let rC(t) ∈ 	 ℝ! 	be the position of its center of gravity C
► Let vC (t) denote its velocity and aC (t) its acceleration
► The linear momentum of B is defined as pB (t) = mvC (t)
► The center of gravity of a rigid body behaves like a point 

mass with mass m and as if all forces act on that point

where F i(t) represent all forces acting on the rigid body B

Dynamics of a Rigid Body

𝑑
𝑑𝑡
𝐩+ 𝑡 	= 𝑚𝐚, 𝑡 = 𝐹()# 𝑡 =B

*

𝐅* 𝑡
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Rotatory Motion of a Rigid Body:
► For the rotatory motion, also the geometric shape of B

and the spatial distribution of its mass is important

► Let ρ(x, y, z) be the body’s density function:

► The inertia tensor of B is defined as

Dynamics of a Rigid Body
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Rotatory Motion of a Rigid Body:
► Letω be the vector of angular velocities:

ω = (ωx ωy ωz)T

► The angular momentum LC of the rigid body B is given by

LC = Θ ω

► By the angular momentum principle

whereM i( t) are the moments of all forces acting on B 
with respect to the center of gravity C.

Dynamics of a Rigid Body
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Rotatory Motion of a Rigid Body with Canonical Coordinates:
► If the body frame is chosen as a principal axis system for the 

rigid body (symmetry axes), the inertia tensor is diagonal:

► For the planar motion of a rigid body in the x/y-plane:

ωx =  ωy =  0 and M x  =  M y  =  0

► Hence the angular momentum becomes L z  =  I z  ωz (t)
and the angular momentum principle yields 𝐼"	𝜔̇" = ∑#𝑀#

Dynamics of a Rigid Body
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Assumptions:
► The vehicle’s motion is restricted to the X/Y plane
► The vehicle is considered as a rigid body
► Only lateral tire forces, generated by a linear tire model
► Small steering angle δ: sin δ ≈ δ tan δ ≈ δ cos δ ≈ 1
► Constant longitudinal velocity vx

Dynamics of a Rigid Body

Center of Gravity
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Center of Gravity

Lateral Dynamics:

Dynamics of a Rigid Body
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Yaw Dynamics:

Center of Gravity

Dynamics of a Rigid Body
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Tire Forces:

Center of Gravity

Dynamics of a Rigid Body
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Tire Forces:

Center of Gravity

Dynamics of a Rigid Body
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State Space Representation:

Center of Gravity

Dynamics of a Rigid Body
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State Space Representation:

Center of Gravity

Dynamics of a Rigid Body
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CONTROL
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Open-Loop Control

ControllerReference 
Variable

Correcting 
Variable

Disturbance

Controlled 
Variable

Process

► Requires precise knowledge of the plant and the influence factors

► No feedback about the controlled variable

► Cannot handle unknown disturbances, resulting in drift
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Closed-Loop Control

Controller

Measurement

Reference 
Variable

Error
Correcting 
Variable

Disturbance

Controlled 
Variable

Measurement Noise

► Exploit feedback loop to minimize error between reference and measurement

+
- Process

Sensor
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https://www.youtube.com/watch?v=B01LgS8S5C8

Centrifugal Governor
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https://www.youtube.com/watch?v=B01LgS8S5C8


Closed-Loop Control
► We will be considering closed-loop control in this lecture

► A vehicle needs to be controlled both longitudinally and laterally
► We consider 3 different types of controllers:

► Black box controllers don’t require knowledge about the process
► Geometric controllers exploit geometric relationships between the vehicle 

and the path, resulting in compact control laws for path tracking
► Optimal controllers use knowledge of the system and minimize 

an objective function over future time steps
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BLACK BOX CONTROL
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Bang-Bang Control
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Bang-Bang Control
► Also called: hysteresis controller

► Often applied, e.g. in household thermostats

► Switches abruptly between two states

► Mathematical formulation:

Measurement

Reference
Variable

Error
Correcting
Variable

Disturbance

Controlled
Variable

Measurement Noise

+
- Process

Sensor
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PID Control
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PID: Proportional-Integral-Derivative Controller
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• Input: Desired Speed (of wheel/ motor)
• Actually: Error of the current speed (process variable) to the desired speed (setpoint)

• Output: Amount of power to the motor
• Not needed: Model of the plant process (e.g. motor, robot & terrain parameters)
• Parameters:

• 𝐾0 proportional gain constant
• 𝐾1 integral gain
• 𝐾2 derivative gain

• Discrete Version:



Tune Parameters
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• 𝐾' proportional gain constant
• Too small: long rise time
• Too big: big overshoot

or even unstable control
• Should contribute most 

of the output change
• 𝐾* integral gain

• Reduces steady state error
• May cause overshoot

• Leaky integration may solve this

• 𝐾- derivative gain
• Predicts error by taking slope into account
• May reduce settling time and overshoot

https://people.ece.cornell.edu/land/courses/ece4760/Fi
nalProjects/s2012/fas57_nyp7/Site/pidcontroller.html 

Overshoot

Set Value

Acceptable
Steady State
Error Region Steady State

Error

Rise Time Settling Time

https://people.ece.cornell.edu/land/courses/ece4760/FinalProjects/s2012/fas57_nyp7/Site/pidcontroller.html
https://people.ece.cornell.edu/land/courses/ece4760/FinalProjects/s2012/fas57_nyp7/Site/pidcontroller.html


Control Theory
• Other controllers used
• P Controller
• PD Controller
• PI Controller

• PID sufficient for most control problems
• PID works well if:
• Dynamics of system is small
• System is linear (or close to)

• Lots of Control Theory courses 
at ShanghaiTech University…
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Pseudo Code PID Controller

• Popular alternative: Model Predictive Control (MPC)
• Optimal Control Technique: satisfy a set of 

constraints 
• Finite time horizon to look into the future (“plan”) 
• Used when PID is not sufficient; e.g.:

• Very dynamic system
• Second order system (oscillating system)
• Multi-variable control

• Use Cases: Chemical plants; planes; robot arms; 
legged robots; …



Pulse Width Modulation
• How can Controller control power?

• Cannot just tell the motor “use more power”
• Output of (PID) controller is a signal
• Typical: Analogue signal

• Pulse Width Modulation (PWM) 
• Signal is either ON or OFF
• Ratio of time ON vs. time OFF in a given 

interval: amount of power
• Frequency in kHz (= period less than 1ms)
• Very low power loss

• Signal (typica 5V or 3.3V) to Motor Driver
• Used in all kinds of applications: 

• electric stove; audio amplifiers, computer power 
supply (hundreds of kHz!)
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Image: zembedded.com
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https://www.youtube.com/watch?v=4QzyG5g1blg 

https://www.youtube.com/watch?v=4QzyG5g1blg


PWM Generation
• Motor Control:

• Frequency in kHz:
• Smooth motion of motor wanted
• Use inertia of the motor to smooth the on/ off 

cycle
• Still: Sound of motor often from control frequency!

• High frequency => use dedicated circuits in 
microcontroller to generate PWM!
• CPU is not burdened with this mundane task!
• CPU would suffer from inconsistent timings

• Interrupts; preemptive computing
• E.g. Arduino (ATmega48P) has 6 PWM output 

channels
• Timer running independently of CPU
• Comparing to a set register value – 

if it is up, the output signal is switched
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