
	

DEGREE PROJECT IN TECHNOLOGY, 
FIRST CYCLE, 15 CREDITS 
STOCKHOLM, SWEDEN 2016 

	
	
	
	
	
	
	
	
	

Control of Leaning Dynamics 
for Three-wheeled Vehicles 

	
Experimental evaluation of two control 
strategies 

ROBERT GRÖNING 

GUSTAV STEN 
  



 
ENGINEERING AND MANAGEMENT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



	 I

ABSTRACT 
Three‐wheelers	are	popular	 in	 fuel	efficient	 contests	but	do	not	 see	much	commercial	
success.	This	could	be	because	three‐wheelers	are	easier	to	tip	over	than	four	wheeled	
vehicles.	 One	way	 to	 counteract	 the	 tipping	 over	 is	 to	 introduce	 leaning	 dynamics	 on	
three‐wheeled	vehicles	so	that	they	lean	in	corners	like	bicycles	and	motorcycles	can.		
	
For	 this	 project	 a	 small	 radio‐controlled	 three‐wheeler	 was	 built	 with	 a	 mechanical	
system	to	handle	the	leaning	dynamics	for	the	front	wheel	pair.	For	the	leaning	control	
two	 different	 controllers	were	 programmed	 to	 be	 compared,	 one	 relying	 on	 feedback	
from	 an	 accelerometer.	 The	 other	 calculates	 the	 desired	 angle	 based	 on	 a	mechanical	
model	 with	 feedback	 from	 a	 potentiometer	 that	 measures	 the	 current	 leaning	 angle.	
These	controllers	where	 tested	 indoors	on	a	 smooth	surface	and	outdoors	on	a	 rough	
surface	to	compare	the	two.		
	
Both	controllers	performed	well	indoors	but	the	controller	relying	on	feedback	from	the	
potentiometer	 was	 more	 stable	 than	 the	 one	 relying	 on	 the	 accelerometer.	 Testing	
outdoors	 on	 a	 rough	 surface	 amplified	 the	 differences.	 That	 test	 showed	 that	 the	
controller	using	an	accelerometer	was	so	unstable	it	barely	could	provide	any	leaning	at	
all	while	 the	 one	 using	 a	 potentiometer	 delivered	 very	 similar	 result	 as	 indoors.	 This	
was	probably	due	to	the	accelerometers	sensitivity	to	vibration.	
	
The	controller	using	the	accelerometer	for	feedback	was	slower	and	more	unstable	but	
can	keep	the	vehicle	leveled	on	leaning	ground	since	it	measures	the	actual	acceleration	
the	 vehicle	 experiences.	 The	 controller	 using	 a	 potentiometer	 for	 feedback	was	 faster	
and	more	stable	but	only	uses	the	leaning	dynamic	while	turning	without	taking	other	
accelerations	into	account.	 	
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SAMMANFATTNING 
Trehjulingar	 är	 populära	 i	 bränsleeffektivitetstävlingar	 men	 har	 inte	 sett	 mycket	
kommersiell	 framgång.	 Detta	 kan	 bero	 på	 att	 trehjulingar	 välter	 lättare	 än	 fyrhjulade	
fordon.	 Ett	 sätt	 att	 motverka	 vältningen	 är	 att	 introducera	 lutningsdynamik	 på	
trehjulingar	så	att	de	lutar	in	i	kurvor	som	cyklar	och	motorcyklar.	
	
För	det	här	projektet	byggdes	en	 liten	radiostyrd	trehjuling	med	ett	mekaniskt	system	
för	att	hantera	 lutningen	med	framhjulen.	För	att	kontrollera	 lutningen	designades	två	
olika	regulatorer	för	att	jämföras,	en	som	förlitar	sig	på	feedback	från	en	accelerometer	
och	 en	 som	 beräknar	 en	 vinkel	 enligt	 en	 mekanisk	 modell	 med	 feedback	 från	 en	
potentiometer	 som	 mäter	 fordonets	 nuvarande	 vinkel.	 Dessa	 regulatorer	 testades	
inomhus	på	en	jämn	yta	och	utomhus	på	en	ojämn	yta.	
	
Båda	regulatorerna	hade	god	prestanda	inomhus	men	regulatorn	som	använde	feedback	
från	 potentiometern	 var	 snabbare	 och	 mer	 stabil	 än	 regulatorn	 som	 använde	
accelerometern.	 Testen	 utomhus,	 på	 en	 ojämn	 yta,	 förstärkte	 skillnaderna	 mellan	
regulatorerna	och	visade	att	regulatorn	som	använder	accelerometer	var	så	instabil	att	
den	 knappt	 kunde	 få	 trehjulingen	 att	 luta	 alls	 medan	 regulatorn	 som	 använde	 sig	 av	
potentiometern	 visade	 väldigt	 lika	 resultat	 som	 när	 den	 kördes	 inomhus.	 Det	 beror	
troligen	på	accelerometerns	känslighet	för	vibrationer.	
	
Regulatorn	 som	 använde	 accelerometern	 var	 långsammare	 och	mer	 instabil	men	 kan	
hålla	fordonet	vågrätt	på	lutande	mark	eftersom	den	läser	sann	acceleration.	Regulatorn	
som	använde	en	beräknad	vinkel	och	feedback	från	en	potentiometer	var	snabbare	och	
mer	 stabil	men	kan	 inte	hålla	 fordonet	 vågrätt	på	 lutande	mark	 eftersom	den	 inte	 tar	
hänsyn	till	den	egentliga	accelerationen. 	
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NOMENCLATURE 
Denotations	and	abbreviations	used	in	the	report	are	listed	in	this	chapter. 

 

Symbols 

Symbol Description 

r	 Wheel	radius	(m)	

L	 Distance	from	center	of	mass	to	center	of	wheels	(m)	 	

Fc	 Centripetal	force	(N)	

NL	 Normal	force	acting	on	left	wheel	(N)	

NM	 Normal	force	acting	on	the	rear	wheel	(N)	

NH	 Normal	force	acting	on	right	wheel	(N)	

m	 Mass	(kg)	

R	 Turning	radius	(m)	

v	 Speed	(m/s)	

g	 Gravitational	acceleration	(m/s2)	

θ	 Leaning	angle	(degrees)	

W	 Distance	from	the	front	wheel	pair	to	the	rear	wheel	(m)	

 Steering	angle	(degrees)	

Abbreviations 

CAD	 Computer	Aided	Design	

RF	 Radio	Frequency	

IMU	 Inertia	Measurement	Unit	

PWM	 Pulse	Width	Modulation	
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1 INTRODUCTION 

1.1 Background 
In	 today’s	 vehicle	 industry	 there	 is	 a	 constant	 struggle	 making	 the	 vehicles	 as	 fuel	
efficient	 as	 possible.	 The	 goal	 of	 cutting	 down	 a	 vehicle’s	 fuel	 consumption	 can	 be	
achieved	in	many	different	ways	and	there	is	a	continuous	search	of	finding	new	ways.	
Car	 manufacturers	 are	 a	 big	 part	 in	 that	 search	 but	 also	 other	 investors	 such	 as	
petroleum	 companies	 make	 their	 contribution	 to	 the	 field.	 For	 instance,	 Shell	 Eco‐
Marathon	 (Shell	 2016)	 is	 an	 annual	 competition,	 in	 which	 participants	 build	 special	
vehicles	to	achieve	highest	possible	fuel	efficiency.	After	a	closer	look	at	the	“Prototype	
class”	it	is	safe	to	say	that	a	common	denominator	is	that	those	vehicles	often	have	three	
wheels	 and	 not	 four	 as	 a	 conventional	 car.	 In	 theory,	 there	 is	 no	 difference	 in	 rolling	
resistance	between	a	three‐wheeled	vehicle	and	a	corresponding	four‐wheeled	vehicle.	
The	reduced	sources	of	friction	due	to	the	reduction	of	wheels	are	canceled	out	by	the	
increased	load	per	axel,	shown	by	the	rolling	resistance	equation:		
	

3 4 	 	 	 	 	 (1)	
	
Where	C	 is	a	wheel	and	surface	dependent	constant	and	N	 is	the	normal	force	per	axel	
and	 	is	the	rolling	resistance	force.					
	
Still,	many	participants	choose	to	go	with	the	three	wheeled	layout	because	of	other	fuel	
saving	 reasons,	 partly	 because	 they	 can	 be	made	more	 aerodynamic	with	 the	 desired	
teardrop	shape	(Figure	1)	and	partly	because	of	the	reduction	of	angular	inertia	due	to	
the	 spinning	wheels.	More	 of	 the	 available	 energy	 goes	 to	 propel	 the	 vehicle	 forward	
since	less	energy	is	lost	to	these	sources.		
	
	

	
Figure	1	Alérion	Supermilage,	winner	of	2016	Shell	Eco‐marathon,	prototype	gasoline	class.	
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A	downside	 to	 three‐wheelers	 is	 that	 they	are	easier	 to	 tip	over	since	 the	 lever	 length	
between	the	center	of	mass	and	the	tipping	axes	get	reduced	(Figure	2).	
	

	
Figure	2	Red	lines	represent	levers.	Thin	black	lines	represent	the	tipping	axes	for	the	vehicle.	
Yellow/black	circle	represent	the	center	of	mass.	Front	of	the	vehicle	is	upwards	in	the	picture.	

	
One	 way	 to	 deal	 with	 that	 problem	 could	 be	 get	 the	 three‐wheeler	 to	 behave	 like	 a	
motorcycle,	which	leans	in	to	corners	to	cancel	out	the	torque	caused	by	the	centripetal	
force.	There	are	several	different	ways	to	achieve	that	goal	but	 it	 is	common	to	use	an	
active	 system	 that	 can	 figure	 out	 the	 desired	 angel	 of	 tilt	 and	 then	 execute	 the	 tilting	
motion.	 Toyota	 is	 currently	 developing	 a	 vehicle	 as	 such	 (Figure	 3),	 called	 i‐ROAD	
(Toyota	 2016).	 This	 vehicle	 is	 using	 a	 combination	 of	 speed,	 steering	 angle	 and	
gyroscope	measurements	to	calculate	a	desired	leaning	angle.	That	desired	leaning	angle	
is	 then	used	as	reference	 to	continuously	compensate	 the	 individual	height	of	 the	 two	
front	wheels	which	will	make	the	vehicle	lean.	(Car	and	driver,	2013)				
	

	
Figure	3	Toyota	i‐ROAD	
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1.2 Purpose 
The	purpose	of	this	project	is	to	test	two	different	controller	strategies	for	introducing	
leaning	dynamics	to	a	vehicle.	To	do	this	two	controllers	are	going	to	be	tested,	one	will	
use	 an	 accelerometer	 to	 find	 the	 point	 where	 there	 is	 no	 lateral	 acceleration	 on	 the	
sensor.	The	other	one	will	use	the	vehicles	steering	angle	and	current	speed	to	calculate	
an	 appropriate	 leaning	 angle	 and	 receive	 feedback	 from	 a	 potentiometer	 which	
measures	the	current	leaning	angle.	
	
These	 two	controllers	will	be	 compared	 in	a	 controlled	environment	 in	 terms	of	 their	
speed	and	stability	to	answer	the	following	question.	
	
What	is	the	performance	difference	between	using	a	PID‐controller	with	feedback	from	an	
accelerometer	 and	 using	 a	 PID‐controller	 with	 feedback	 from	 a	 leaning	 angle	
measurement,	where	the	desired	angle	 is	calculated	based	on	current	speed	and	steering	
angle?	
	
The	 reason	 why	 this	 is	 interesting	 to	 investigate	 is	 that	 the	 system	 with	 an	
accelerometer	could	be	easier	to	implement	since	it	requires	less	information	about	the	
system.	It	should	also	be	more	exact	since	it	measures	the	actual	acceleration	the	vehicle	
experiences	 but	 there	 could	 be	 a	 problem	 with	 disturbances	 from	 other	 sources	 of	
acceleration.	 The	 system	 that	 uses	 a	 calculated	 angle	 is	 on	 the	 other	 hand	 less	
susceptible	 to	disturbances	since	 its	sensor	only	measures	the	current	angle	while	 the	
accelerometer	measures	all	lateral	acceleration	the	sensor	is	subjected	to.	

1.3 Scope 
The	scope	for	this	project	is	to	build	a	small	radio‐controlled	three‐wheeler	with	control	
of	 leaning	dynamics	using	existing	electrical	 components	and	3D‐printed	parts	 for	 the	
mechanical	construction.	To	control	this	vehicle	a	handheld	radio‐controller	will	also	be	
built.	
	
The	work	that	will	be	done	is	programming	and	electrical	design	of	the	circuits	for	both	
the	 radio‐controller	 and	 the	 three‐wheeler.	 For	 the	 three‐wheeler	 mechanical	 design	
and	construction	has	 to	be	done	as	well	 as	 control	design	 for	 the	 two	controllers	 that	
will	be	investigated.	
	
The	 three‐wheeler	will	 be	20x40	 cm,	have	 a	maximum	 leaning	 angle	of	20	degrees	 in	
both	directions	and	have	a	maximum	steering	angle	at	29	degrees.	It	will	also	need	a	top	
speed	at	a	minimum	of	1,5m/s	for	the	leaning	to	noticeable	while	driving.	
	
The	controllers	will	be	tested	by	having	the	vehicle	take	a	turn	at	a	target	speed	with	set	
steering	angle.	This	test	will	be	made	once	indoors	on	a	smooth	surface	and	once	outside	
on	a	rough	surface,	separately	for	each	controller.	
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1.4 Method 
This	 project	 started	 by	 designing	 and	 constructing	 the	mechanical	 part	 of	 the	 leaning	
system.	The	system	was	built	around	a	DC‐motor	which	controls	the	leaning.	When	the	
leaning	system	was	complete	the	wheels	and	steering	was	added.	Then	the	design	and	
construction	of	 the	main	body	and	powertrain	 started	as	well	 as	 the	electrical	design.	
During	 this	 period	 the	development	of	 software	 and	 the	 construction	of	 the	handheld	
radio‐controller	took	place.	
	
When	 all	 of	 these	 activities	 were	 completed	 and	 the	 prototype	 was	 assembled	 the	
controller	design	started	for	the	two	PID	controllers.	While	 the	controllers	were	being	
designed	there	was	time	for	small	improvements	to	the	three‐wheeler	and	controller.	
	
After	 the	 controllers	were	designed	 and	 implemented	on	 the	 three‐wheeler	 testing	 of	
the	controllers	began.	These	consisted	of	having	the	three‐wheeler	take	a	left	turn	at	a	
set	steering	angle	with	a	target	speed,	both	on	a	smooth	surface	and	on	a	rough	surface,	
for	 each	 controller.	 Data	 was	 collected	 during	 the	 turns	 and	 was	 compared	 to	 draw	
conclusions	about	what	the	difference	between	the	two	controllers	are.	
	
This	method	was	 useful	 since	 the	 vehicle	 had	 to	 be	 completed	 before	 the	 controllers	
could	be	tested.	The	method	allowed	for	the	completion	of	driving	control,	radio‐control	
and	 steering	 control	 to	 be	 completed	 before	 the	 vehicle	was	 assembled.	 This	made	 it	
possible	to	work	with	the	leaning	controllers	full‐time	in	the	later	stages	of	the	project.		
	
Another	way	to	complete	the	system	would	be	to	design,	model	and	simulate	the	three‐
wheeler	before	starting	constructing	the	system.	This	could	have	made	the	vehicle	more	
optimized	but	could	also	have	taken	too	much	time	and	resulting	in	an	incomplete	three‐
wheeler.	
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2   THEORY 

This	chapter	presents	the	theory	behind	the	project.	

2.1 Leaning theory 
The	main	theory	behind	this	project	is	that	leaning	while	turning	improves	stability	and	
driving	 characteristics.	The	 reason	behind	 this	 is	 that	 the	 torque	around	 the	 center	of	
mass	becomes	counteracted	by	other	forces	when	leaning	dynamics	are	 introduced.	 In	
this	analysis	only	lateral	forces	are	considered.	

	

	

Figure	4	Free	body	diagram	without	leaning,	yellow	and	black	mark	represents	the	center	of	mass.	

During	a	turn	the	wheels	of	the	vehicle	experience	multiple	forces	as	shown	by	Figure	4.	
In	this	case	focus	lies	on	the	major	ones,	the	centripetal	 force	and	the	normal	force.	In	
the	case	of	upright	wheels	the	forces	that	affect	the	wheel	result	in	a	torque	around	the	
wheel,	which	has	 to	 be	 counteracted	with	 the	normal	 forces	 at	 each	 side‐wheel.	With	
Fc=FCL+FCM+FCR	the	equation	for	the	torque	becomes:	

∙ 	 ∙ 		 	 	 	 	 (2)	

This	shows	that	the	normal	force	acting	on	the	right	wheel	needs	to	be	larger	than	the	
normal	force	on	the	left	wheel.	This	means	that	at	high	speeds	during	turns	the	vehicle	
may	start	tipping	over	since	more	and	more	of	the	normal	 force	 is	 located	at	the	right	
wheel.	 Eventually	 it	will	 reach	 a	 point	where	 it	 can’t	 counter	 the	 torque	 and	 it	 starts	
tipping	over.	

To	avoid	this	 it	 is	possible	to	 introduce	a	tilt	which	makes	the	center	of	mass	move	to	
one	side.	This	will	create	a	torque	from	the	normal	force	to	counteract	the	torque	from	
the	centripetal	force,	the	tilt	will	also	reduce	the	distance	from	the	ground	to	the	center	
of	mass	resulting	in	less	torque	from	the	centripetal	force,	making	it	easier	to	counteract	
as	shown	in	figure	2.	
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Figure	5	Free	body	diagram	with	leaning,	yellow	and	black	mark	represents	the	center	of	mass	

With	 an	 offset	 of	 θ	 (Figure	 5)	 and	 with	mg=NL+NM+NR	 the	 equation	 for	 the	 torque	
around	the	center	of	mass	becomes:	

∙ ∙ 	 ∙ 	 	 	 (3)	

If	 (3)	 is	set	 to	zero	and	 let	NL=NR	to	 find	 the	angle	at	which	the	normal	 force	 is	evenly	
balanced	out	on	each	wheel,	this	equation	is	found:	

arctan 		 	 	 	 	 (4)	

And	with	 	where	R	is	the	turning	radius	and	v	is	the	speed	(4)	becomes:	

arctan 	 	 	 (5)	

Equation	(4)	shows	the	angle	at	the	normal	forces	on	both	front	wheels	is	equal	during	a	
turn.	R	can	be	calculated	with:


	
	 	 	 (6)	

Where	W	is	the	distance	between	the	front	wheel	pair	and	the	rear	wheel	and		is	the	
current	 steering	 angle.	 With	 this	 equation	 for	 R	 the	 equation	 for	 the	 leaning	 angle	
depending	on	current	steering	angle	and	current	speed	becomes:	

								 arctan      (7) 
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2.2 PID-controller 
PID‐controllers	 are	 the	 most	 common	 feedback	 controllers	 in	 the	 industry	 (Glad	 &	
Ljung,	2014,	20)	which	uses	a	measured	error	e(t)		from	a	set	value	to	calculate	an	input	
signal	u(t)	to	a	system	to	compensate	for	the	error.	The	equation	for	the	PID	controller	is	
shown	in	equation	(8).	Where	e(t)=r(t)‐y(t),	r(t)	is	the	set	value	and	y(t)	is	the	measured	
value.	

	 		 	 	 (8)	

	
By	varying	the	constants	KP,	KI	and	KD	in	(8)	it	is	possible	for	the	controller	to	be	tuned	
for	different	situations.	 In	general	 increasing	KP	 increases	 the	speed	of	 the	system	but	
decreases	 stability,	 increasing	 KI	 removes	 any	 steady	 state	 error	 and	 has	 a	 small	
increase	 in	 speed	 but	 decreases	 the	 systems	 stability.	 Increasing	 KD	 increases	 the	
systems	 stability	 as	 long	 as	 the	 constant	 still	 is	 small	 enough,	 big	 values	 on	 KD	can	
destabilize	the	system	if	there	is	disturbances	in	the	measurement	of	the	error	(Glad	&	
Ljung,	2014,	53).	
	
There	 are	 different	 ways	 of	 tuning	 the	 constants	 of	 a	 PID‐controller.	 Some	 of	 these	
consists	of	creating	a	mathematical	model	of	 the	system	that	 is	going	to	be	controlled.	
But	creating	a	model	of	a	physical	system	is	difficult	since	it	is	hard	to	take	all	external	
factors	acting	on	the	system	into	account.	To	save	time	there	are	experimental	ways	to	
tune	controllers	by	testing	some	values	for	the	constants	and	then	tune	theses	constants	
by	hand.	One	systematical	method	for	that	kind	of	tuning	is	the	Ziegler‐Nichols	Method	
(Glad	&	Ljung,	2014,	57).	
	
Ziegler‐Nichols	Method	
The	 Ziegler‐Nichols	 method	 is	 a	 method	 for	 tuning	 a	 PID‐controller	 without	 a	
mathematical	model	 for	 the	 system	 that	 is	 going	 to	 be	 controlled.	 The	method	 starts	
with	setting	KI	and	KD	to	zero	and	then	increasing	KP	until	the	output	from	the	controller	
starts	 to	 oscillate.	 The	 KP	value	 at	 which	 the	 output	 oscillates	 is	 saved	 as	 KU	and	 the	
oscillation	period	 is	 saved	as	TU.	KP,	KI	and	KD	 is	 then	calculated	by	using	TU	 and	KU	as	
described	in	Table	1.	
	
Table	1	Equations	for	the	constants	in	a	PID‐controller	while	tuning	with	the	Ziegler‐Nichols	method	

(Glad	&	Ljung,	2014,	57).	

KP KI KD 

0,6KU 2KP/ TU KPTU /8 

	
This	method	doesn’t	always	create	a	perfect	controller	but	 it	provides	a	starting	point	
for	some	final	fine‐tuning	of	the	controller.		
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3 DEMONSTRATOR 

This	 chapter	 describes	 the	 problem	 formulation,	 the	 final	 prototype,	 the	 electrical	
components	 and	 the	 hardware	 used	 to	 build	 the	 three‐wheeler,	 how	 the	 hardware	 is	
assembled	and	the	logic	for	the	written	code.		

3.1 Problem formulation 
A	small	 remote	controlled	 three‐wheeler	needs	 to	be	constructed	 in	a	way	so	 that	 the	
vehicle	 is	able	to	 lean	while	turning.	This	means	that	there	has	to	be	enough	space	for	
the	moving	parts.	The	three‐wheeler	also	has	to	drive	at	appropriate	speed	to	achieve	a	
high	enough	centripetal	force	to	compensate	for.	

3.2 Overview 
The	 three‐wheeler	 was	 constructed	 using	 3D‐printed	 parts	 and	 existing	 electrical	
components.	Figure	6	shows	the	completed	vehicle.	
	

	
Figure	6	The	completed	three‐wheeler.	

In	 the	 front	 there	 are	 two	 servos	 controlling	 the	 steering	 for	 each	wheel.	 The	 leaning	
system	is	controlled	by	a	DC‐motor	and	the	system	is	connected	to	a	potentiometer	that	
measures	the	current	leaning	angle.	Below	the	leaning	system	there	is	an	accelerometer	
that	 measures	 the	 sideways	 lateral	 acceleration	 of	 the	 vehicle.	 The	 power	 source	 is	
located	inside	of	the	main	body	with	a	plate	holding	the	electronics	on	top	of	 it.	 In	the	
front	 of	 the	 plate	 connectors	 from	 external	 sources	 such	 as	 servos	 DC‐motors	 and	
sensors	 are	 connected	 to	 the	 circuit	 on	 the	 plate.	 Behind	 these	 connectors	 a	
microcontroller	is	located	that	controls	the	vehicle.	Behind	the	microcontroller	there	is	
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an	H‐Bridge	for	control	of	the	DC‐motors	for	leaning	and	driving.	In	the	back	of	the	plate	
a	RF‐receiver	is	located	for	the	communication	with	the	handheld	radio‐controller.	The	
powertrain	is	located	behind	the	plate	with	a	DC‐motor	and	a	drive	belt	connecting	the	
motor	to	the	rear	wheel.	To	the	side	of	the	rear	wheel	there	is	a	Hall	Effect	sensor	that	
detects	 a	 magnet	 on	 the	 rear	 wheel	 and	 sends	 a	 pulse	 when	 this	 magnet	 passes	 the	
sensor.	

3.3 Controllers 
Two	 controllers	 were	 designed	 for	 the	 three‐wheeler	 using	 different	 strategies.	 Both	
were	 tuned	 by	 simulating	 a	 turn	 for	 the	 controller	 in	 question	 and	 analyzing	 the	
response	 from	 the	 system.	 The	 constants	 for	 the	 controllers	 were	 modified	 by	 an	
empirical	 process	 using	 knowledge	 about	 their	 effect	 on	 the	 system	 and	 testing	 the	
controllers’	response	after	each	modification.	
	
This	 empirical	 process	 was	 deemed	 preferable	 to	 modeling	 the	 system	 since	 the	
mechanical	 leaning	 system	 is	 complex	 and	 it	 would	 be	 difficult	 to	 create	 an	 accurate	
model	for	it.	
	
Controller	A	
The	first	controller	used	in	this	project	uses	an	accelerometer	for	feedback	and	with	this	
information	 it	 tries	to	 lean	the	system	to	 find	the	point	where	there	 is	no	acceleration	
acting	 sideways	 on	 the	 sensor.	 The	 sensor	 is	 fixed	 below	 the	 leaning	 system	and	will	
lean	at	the	same	angle	as	the	three‐wheeler.	In	this	way	little	information	about	the	state	
of	the	vehicle	is	needed	since	only	the	measured	acceleration	is	used.	
	
Controller	A	was	tuned	by	having	the	vehicle	stationary	and	then	tilting	the	ground	at	
which	the	three‐wheeler	was	standing	on	to	simulate	a	turn.	
	
Controller	B	
The	 second	 controller	 uses	 the	 three‐wheelers	 current	 speed	 and	 steering	 angle	 to	
calculate	 the	 angle	 at	 which	 the	 normal	 force	 on	 both	 front	 wheels	 are	 equal.	 The	
controller	uses	a	potentiometer	that	measures	the	vehicles	current	angle	as	feedback	to	
reach	 the	 calculated	 angle.	 This	 way	 of	 controlling	 the	 leaning	 dynamic	 needs	 more	
information	about	the	state	of	the	system	since	it	depends	on	the	current	speed,	steering	
angle	and	leaning	angle.	
	
Controller	 B	was	 tuned	 by	 elevating	 the	 rear	wheel	 into	 the	 air	 and	 letting	 the	 drive	
motor	run	at	a	constant	speed	then	a	turn	was	simulated	by	turning	the	front	wheels.		
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3.4 Software 
The	software	written	for	the	three‐wheeler	and	the	radio	controller	is	described	Figure	
7	and	8.	
	

	
Figure	7	Flowchart	for	the	software	for	the	control	of	the	three‐wheeler	

Most	of	the	software	developed	for	this	project	is	contained	on	the	three‐wheeler	since	
that	 is	 the	main	part	of	 this	project.	The	program	controls	 the	two	DC‐motors	and	the	
two	servos.	It	receives	input	from	the	accelerometer,	the	potentiometer,	the	Hall	Effect	
sensor	and	the	RF‐Receiver.	
	
First	 the	 program	 is	 initiated	 then	 it	 starts	 the	 continuous	 loop	 where	 it	 starts	 by	
calculating	the	vehicles	current	speed	if	a	rotation	of	the	rear	wheel	has	been	detected.	
This	detection	 is	handled	by	a	Hall	Effect	sensor	 located	next	 to	 the	rear	wheel.	When	
the	 magnet	 on	 the	 rear	 wheel	 is	 detected	 the	 main	 program	 is	 interrupted	 and	 the	



	 12	

program	 remembers	 that	 a	 full	 rotation	 of	 the	 rear	 wheel	 has	 happened.	 After	 the	
calculation	 of	 speed	 is	 done	 the	 program	 continues	 by	 reading	 values	 from	 the	
accelerometer	and	the	potentiometer.	These	values	are	then	used	with	a	PID‐controller	
to	send	a	PWM	signal	amplified	by	the	H‐bridge	to	the	DC‐motor	controlling	the	leaning	
of	 the	vehicle.	This	PWM	signal	 combined	with	 information	of	which	direction	 to	 lean	
gives	the	motor	the	voltage	and	polarity	needed	to	turn	in	the	right	direction.	When	the	
signal	has	been	sent	the	value	is	stored	to	be	used	in	future	operations.	
	
After	the	leaning	control	is	complete	the	program	moves	on	and	waits	for	a	transmission	
from	the	radio	controller.	This	transmission	contains	a	vector	which	has	the	PWM‐signal	
to	the	drive‐motor	and	the	steering	signal	for	the	servos.	The	signal	is	split	up	and	first	
the	PWM‐signal	is	sent	to	the	H‐bridge	with	information	of	the	polarity	needed	to	either	
go	 forward	 or	 backward.	 Then	 the	 steering	 signal	 is	 handled	 and	 adapted	 to	 try	 to	
optimize	 the	 steering.	 This	 is	 done	 by	 sending	 different	 values	 to	 each	 servo	 which	
makes	it	possible	to	handle	physical	differences	on	the	servos.	
	
When	the	steering	angle	and	the	drive	speed	have	been	set	the	program	loop	starts	over.		
	
	

	
Figure	8	Flowchart	for	the	software	contained	on	the	radio‐controller	

The	software	on	the	radio‐controller	is	not	as	advanced	as	the	one	on	the	three‐wheeler	
but	 some	 of	 the	 operations	 regarding	 steering	 and	 drive	 motor	 control	 has	 been	
allocated	 to	 the	 controller	 to	 minimize	 the	 amount	 of	 logic	 on	 the	 three‐wheeler	
software.	 The	 program	 receives	 inputs	 from	 two	 joysticks.	 One	 is	 used	 for	 steering	
control	and	one	for	motor	control.	The	program	then	outputs	a	message	through	the	RF‐
Transmitter.	



	 13	

First	the	program	is	initiated	then	it	receives	analog	values	from	the	joysticks	which	are	
then	transformed	to	integers	in	the	range	of	a	PWM	signal	and	a	servo	signal,	these	two	
values	are	then	merged	 into	a	 larger	vector.	The	vector	 is	 then	sent	 to	 the	transmitter	
and	the	program	loop	starts	over.	
	
To	handle	the	RF‐communication,	between	the	handheld	radio‐controller	and	the	three‐
wheeler,	the	programming	library	RadioHead	(RadioHead)	was	used.	
	

3.5 Electronics 
The	 schematics	 for	 the	 electronic	 components	 on	 the	 three‐wheeler	 and	 the	 radio‐
controller	 are	 described	 below.	 Blue	 lines	 are	 5V,	 green	 lines	 are	 3.3V,	 red	 lines	 are	
PWM	 signals	 and	 yellow	 lines	 represents	 the	 voltage	 from	 the	 power	 supply	 on	 the	
vehicle	or	radio‐controller.	The	components	are	described	more	extensively	 in	section	
3.6.	
	

	
Figure	9	Schematics	for	the	electronic	components	on	the	three‐wheeler	

Most	of	 the	electric	 components	are	on	 the	 three‐wheeler	with	 the	microcontroller	as	
the	centerpiece	connected	to	the	12V	power	supply.	The	wires	that	were	going	to	send	
PWM	signals	to	the	servos	and	the	H‐Bridge	needed	to	be	connected	to	the	PWM	ports	
on	the	microcontroller.		
	
The	 accelerometer	 is	 connected	 to	 the	 4th	 and	 5th	 analog	 pins	 from	 its	 SCL	 and	 SDA	
connectors	 since	 those	pins	are	made	 to	be	 able	 to	handle	 those	kinds	of	 signals.	The	
potentiometer	needs	to	be	connected	to	an	analog	pin.	In	this	case	it	was	connected	to	
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the	 1st	 analog	 pin	 to	 separate	 wires	 that	 are	 connected	 to	 different	 sources.	 The	
potentiometer	 doesn’t	 need	 any	 sizable	 voltage,	 5V	 were	 taken	 straight	 from	 the	
Arduino.	
	
The	next	major	part	used	is	the	H‐Bridge	which	controls	the	two	DC‐Motors	and	provide	
voltage	to	the	servos.	The	reasoning	behind	taking	the	voltage	for	the	servos	from	the	H‐
Bridge	was	that	it	allows	for	a	higher	current	than	the	Arduino,	this	gives	some	electrical	
insulation	 by	 keeping	 the	 variating	 currents	 away	 from	 the	 Arduino.	 The	 connectors	
from	 the	Arduino	 to	 the	H‐Bridge	 are	 bundled	 together	 to	make	 it	 easier	 to	 see	what	
everything	does.	The	PWM	for	the	drive	motor	is	connected	between	the	5th	digital	port	
and	the	ENB	connector	on	the	H‐Bridge.	There	are	also	wires	from	the	3rd	and	4th	digital	
pin	 to	 the	 IN3	and	 IN4	 connector	on	 the	H‐Bridge,	which	gives	 information	about	 the	
polarity	for	the	motor,	making	it	is	possible	to	decide	which	way	the	motor	will	run	by	
setting	 either	 the	 4th	 or	 5th	 digital	 pin	 to	 a	 logical	 high	 and	 setting	 the	 other	 pin	 to	 a	
logical	low.	
	
Wires	 to	 the	 lean‐motor	 are	 connected	 in	 the	 same	 way	 but	 the	 PWM	 is	 connected	
between	 the	 6th	 digital	 pin	 and	 the	 ENA	 connector	 on	 the	 H‐Bridge	 and	 the	 polarity	
wires	are	connected	from	the	8th	and	7th	digitals	pins	and	IN1	and	IN2	connectors	on	the	
H‐Bridge.	Both	the	H‐Bridge	and	the	Arduino	is	connected	to	a	12V	power	supply.	
	
The	 servos	 are	 connected	 to	 the	 H‐Bridge	 for	 their	 voltage.	 They	 get	 their	 signals	
through	connectors	from	the	9th	and	10th	digital	pins	on	the	Arduino.	
	
The	receiver	gets	 its	voltage	straight	 from	the	Arduino	and	 is	connected	 from	its	Data	
connector	to	the	11th	pin	on	the	Arduino.	The	reason	for	the	choice	of	pin	is	that	the	11th	
pin	is	standard	for	these	kinds	of	receivers	in	the	programming	library	used	for	handling	
the	RF‐signals.	
	
The	Hall	Effect	 sensor	 is	 connected	 to	 the	2nd	digital	pin	and	gets	 its	voltage	 from	 the	
Arduino.	
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Figure	10	Schematics	for	the	electronic	components	in	the	radio‐controller.	

The	 radio‐controller	 has	 fewer	 electric	 components	 and	 thus	 a	 simpler	 schematic.	 A	
microcontroller	connects	 to	 two	 joysticks	 from	analog	pins	on	 the	Arduino	 to	 the	VRx	
and	 VRy	 connectors	 on	 the	 joysticks.	 These	 connectors	 send	 information	 the	 current	
position	of	the	 joystick.	 In	 this	case	only	one	connection	 from	one	of	 the	VRx	and	VRy	
connectors	on	each	of	the	joysticks	is	needed	since	each	joystick	only	is	used	to	control	
either	 steering	 or	 speed.	 The	 voltage	 for	 both	 joysticks	 is	 taken	 straight	 from	 the	
Arduino.	
	
The	transmitter	gets	its	voltage	from	the	power	supply,	this	choice	was	made	due	to	the	
signal	strength	increase	with	higher	voltage.	The	connection	from	the	transmitter	to	the	
Arduino	goes	from	the	Data	pin	on	the	transmitter	to	the	12th	digital	pin.	The	reasoning	
behind	this	is	simplicity	while	writing	the	software,	since	the	programming	library	used	
for	the	RF	transmission	has	that	pin	as	standard	for	the	transmitter.	
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3.6 Hardware 
The	 mechanical	 construction	 was	 a	 big	 part	 of	 this	 project	 due	 to	 the	 compact	 and	
complex	 design.	 Almost	 all	 constructional	 components	 were	 3D‐printed	 except	 for	
wheels,	 motors,	 nuts	 and	 bolts.	 Wheels	 were	 taken	 from	 inline	 roller‐skates	 with	 its	
benefits	 of	 good	 bearings	 and	 grip,	 even	when	 tilted.	 Most	 bolts	 were	 cut	 to	 desired	
length	from	threaded	rods.	
	
Basic	Body	Design	

	
Figure	11	Picture	taken	from	the	left	hand	side	in	Solid	Edge	st7.	

	
The	 main	 body	 (Figure	 11)	 consists	 of	 a	 front	 end	 (red/orange)	 with	 two	 wheels	
attached	to	 it,	battery	pack	housing	(blue)	 that	also	act	as	 the	connection	between	the	
front	and	rear	end,	a	rear	end	figuring	as	a	swing	arm	(black)	with	the	one	rear	wheel	
attached.		
	
Powertrain	
The	vehicle	is	propelled	by	a	240	watts	electrical	DC‐motor	(gray)	mounted	in	the	swing	
arm.	The	motor	is	connected	to	the	rear	wheel	by	a	drive	belt	with	a	3:4	gearing.		
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Leaning	process	
	
The	front	end	leaning	system	is	described	in	figure	(12).			

	
Figure	12	Picture	taken	at	the	front	in	Solid	Edge	st7.	

	
The	crescent	arm	(orange)	is	attached	to	the	turning	motor	axis	and	pushes	and	pulls	on	
the	struts	(purple/gray)	that	in	its	turn	adjust	the	angle	of	the	wishbones	(red).	Due	to	
the	gravitational	force	the	wheels	(black)	will	remain	in	contact	with	the	ground	surface	
and	the	main	body	with	wheels	included	will	lean.		
	
Steering	
The	 steering	mechanism	 (Figure	 12)	 consists	 of	 two	 servos	 (light	 blue),	 one	 for	 each	
front	 wheel,	 that	 are	 connected	 to	 the	 spindles	 (green)	 by	 pushrods	 (yellow).	 The	
spindles	 has	 an	 Ackermann	 geometry	 to	 them	 but	 the	 individual	 servo	 configuration	
gives	 the	 vehicle	 even	 further	 possibilities	 to	 adjust	 the	 steering	 angle	 separately	 for	
each	wheel.		For	example,	the	steering	angle	is	affected	by	the	leaning	angle	because	of	
stiff	pushrods	and	servo	placement	and	that	can	be	accounted	for	and	compensated	by	
individually	controlled	servos.	
	
Microcontrollers	
The	microcontroller	boards	used	for	both	the	radio	controller	and	the	three‐wheeler	are	
the	Arduino	Uno	R3	which	is	based	on	the	micro	controller	ATmega328	(Arduino).	The	
boards	are	frequently	used	for	small	projects	and	are	cheap	and	easy	to	use.	 It	has	14	
digital	input/output‐pins	and	6	analog	input‐pins.	The	Arduino	board	operates	at	5V	but	
need	 to	 be	 fed	 a	minimum	 of	 7V	 to	 run.	 In	 this	 project	 the	 boards	 are	 fed	 9V	 in	 the	
controller	and	12V	on	the	three‐wheeler,	 the	recommended	feed	voltage	 is	7‐12V.	The	
flash	memory	is	32kB	and	the	clock	speed	is	16	MHz	the	boards	also	have	1kB	EEPROM	
memory	in	which	it’s	possible	to	save	data	while	the	board	is	turned	off.	
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H‐bridge	
In	this	project	a	L298	Dual	H‐Bridge	Motor	Controller	is	used	to	control	the	voltage	over	
the	DC	motors.	The	board	is	based	on	the	L298	H‐bridge	which	can	control	the	voltage	
to	 two	 DC	 motors.	 The	 main	 reason	 to	 use	 this	 component	 is	 because	 it’s	 easy	 to	
implement	 and	 small	 in	 size.	 It	 also	 has	 a	 5V	 out	 which	 can	 be	 used	 to	 connect	
components	 that	 might	 need	 a	 current	 that	 is	 higher	 than	 other	 sources	 can	 supply.	
Table	1	shows	some	of	the	specifications	from	the	datasheet	(L298).	
	

Table	2	Information	about	the	H‐Bridge	

Chip L298N 
Logical voltage 5V 
Drive voltage 5V-35V 
Logical current 0-36mA 
Drive current 2A(Maximum) 
Max power 25W 
Dimensions 43mm x 43mm x 26mm 
Weight 26g 

	
Accelerometer	
The	 IMU	 that	 has	 been	 used	 for	 this	 project	 is	 the	 ADXL345	 which	 contains	 an	
accelerometer	with	3	DOF.	The	accelerometer	is	used	to	find	the	angle	of	the	force	that	
affects	the	three‐wheeler,	in	this	case	it	is	the	resulting	force	of	the	normal	force	and	the	
centripetal	force.	
	
The	accelerometer	consists	of	 two	plates	separated	by	springs,	one	 fixed	and	one	only	
attached	 to	 the	 springs,	 which	 provide	 resistance	 against	 forces	 due	 to	 applied	
acceleration.	 The	 deflection	 of	 the	 structure	 is	measured	 using	 differential	 capacitors	
that	 consist	 of	 independently	 fixed	 plates	 and	 plates	 attached	 to	 the	 moving	 mass.	
Acceleration	deflects	the	proof	mass	and	unbalances	the	differential	capacitor,	resulting	
in	a	sensor	output	which	amplitude	is	proportional	to	the	acceleration	(ADXL345).	
	
Potentiometer	
A	panel	potentiometer	was	used	 to	determine	 the	angle	 in	which	 the	 three‐wheeler	 is	
currently	 leaning.	 The	 potentiometer	 used	 has	 a	 linear	 carbon	 track,	 an	 internal	
resistance	of	up	to	1kohm,	a	maximum	power	of	0,25W	and	300	degrees	of	rotation.	
	
Servos	
For	the	steering	in	this	project	the	SG90	9g	Micro	Servos	were	used	due	to	their	small	
size.	 The	 servo	 positions	 are	 controlled	 by	 a	 PWM	 signal	 where	 1ms	 pulse	 sets	 the	
position	to	the	far	left	and	a	2ms	pulse	sets	the	position	to	the	far	right.	The	positions	in‐
between	 are	 proportional	 linear.	 Table	 2	 shows	 some	 of	 the	 specifications	 from	 the	
datasheet	(Tower	Pro).	
	

Table	3	Information	about	the	servos	

Weight 9g 

Dimension 22.2mm x 11.8mm x 31mm  
Stall torque 1.8NM*10^(-2) 
Operating speed 0.1s/60 degree 
Operating voltage 4.8V(~5V) 
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Drive	Motor	
The	drive	motor	used	for	this	project	 is	a	GR42x40	by	Dunkermotoren.	Table	3	shows	
the	some	of	the	motor	specifications	from	the	datasheet	(Dunkermotoren).	
	

Table	4	Information	about	the	drive	motor	

No load speed 3800rpm 
No load current 0.18A 
Rotor inertia 110gcm^2 
Weight 490grams 

	
	
To	be	able	 to	 investigate	how	 the	 introduction	of	 leaning	dynamics	affects	 the	 system	
the	 speed	must	 be	 high	 since	 the	 centripetal	 force	 needs	 to	 effect	 the	 three‐wheeler	
enough	to	make	leaning	necessary.	This	is	why	such	a	strong	motor	was	chosen	for	the	
project.	 There	 are	 smaller	 motors	 that	 could	 achieve	 the	 needed	 speed	 but	 in	 the	
interest	of	time	and	availability	the	GR42x40	was	chosen.	
	
Receiver‐Transmitter	Pair	
For	communication	a	radiofrequency	receiver‐transmitter	pair	that	operates	at	433MHz	
was	 used.	 The	 transmitter	 can	 take	 a	 voltage	 input	 in	 between	 3V	 and	 12V,	 in	 this	
project	it	receives	an	input	of	9V	to	increase	the	strength	of	the	signal.	The	receiver	can	
take	an	input	of	3.3V	to	6V,	in	this	project	it	is	fed	an	input	voltage	of	5V	straight	from	
the	Arduino.	
	
Joysticks	
The	joysticks	used	consist	of	two	potentiometers.	Each	gives	a	value	that	describes	the	
displacement	from	the	far	position	to	one	side.	 In	this	project	only	one	axis	 is	used	on	
each	 joystick	 which	 means	 that	 these	 components	 could	 be	 replaced	 with	 single	
potentiometer	joysticks.	The	joysticks	operate	at	5V.	
	
Hall	Effect	Sensor	
A	Hall	Effect	sensor	is	a	sensor	that	responds	to	magnetic	fields.	When	the	sensor	is	in	a	
magnetic	 field	 the	 electrons	 flowing	 through	will	move	 to	 one	 side	of	 the	 sensor.	The	
sensor	will	then	have	one	positively	charged	side	and	one	negatively	charged	side	and	
create	a	voltage.	In	this	project	the	sensor	is	used	to	detect	a	magnet	that	 is	placed	on	
the	 rear	 wheel.	 This	 combined	 with	 the	 clock	 in	 the	 Arduino	 were	 used	 to	 find	 the	
vehicles	current	speed.	The	Hall	Effect	sensor	is	fed	5V.	
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3.7 Results 
The	 testing	 resulted	 in	 eight	 graphs,	 four	 for	 each	 control	 system.	These	 are	 showing	
both	 the	 systems’	 reference	 values	 and	 also	 the	 actual	 real	 time	 values.	 The	 vehicle’s	
speed	and	steering	angle	is	shown	for	each	test.	This	makes	it	easier	to	see	when	a	turn	
starts	and	to	make	sure	that	the	speed	is	near	to	constant	during	these	turns.	

	
Figure	13	Graphs	from	the	indoor	test	for	Controller	A	

Figure	 13	 shows	 the	 collected	 data	 from	 the	 test	 indoors	 with	 Controller	 A.	 The	 top	
graph	 describes	 how	 the	 measured	 lateral	 acceleration	 (Red)	 varies	 over	 time.	 The	
desired	acceleration	is	always	zero	for	Controller	A.	The	bottom	graph	shows	how	the	
steering	angle	(Light	blue)	and	speed	(Yellow)	varied	during	the	test.	

	
Figure	14	Graphs	from	the	indoor	test	for	Controller	B	

Figure	 14	 shows	 the	 data	 from	 the	 indoor	 test	 with	 Controller	 B.	 The	 top	 graph	
describes	 how	 the	 calculated	 desired	 angle	 changes	 over	 time	 (Red)	 and	 how	 the	
current	leaning	angle	was	changing	in	response	(Blue).	The	vehicle’s	speed	(Yellow)	and	
steering	angle	(Light	blue)	is	provided	in	the	bottom	graph.	
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Figure	15	Graphs	from	the	outdoor	test	for	Controller	A	

Figure	15	shows	the	data	from	the	outdoor	test	for	Controller	A.	 	The	top	graph	shows	
the	 measured	 lateral	 acceleration	 (Red)	 and	 also	 the	 reference	 value	 for	 the	 desired	
acceleration	(Blue).	The	graph	describing	the	measured	acceleration	shows	there	were	a	
lot	 of	 disturbances	 acting	 on	 the	 accelerometer	 during	 this	 test.	 These	 disturbances	
made	 the	 acceleration	 difficult	 to	 compensate	 for.	 The	 bottom	 graph	 shows	 how	 the	
steering	angle	(Light	blue)	and	speed	(Yellow)	varied	over	time.	

	
Figure	16	Graphs	from	the	outdoor	test	for	Controller	B	

Figure	16	describes	 the	data	 collected	 from	 the	outdoor	 test	 for	Controller	B.	The	 top	
graph	shows	how	the	desired	leaning	angle	(Red)	changes	over	time	and	also	how	the	
current	 leaning	 angle	 of	 the	 vehicle	 (Blue)	 changes	 accordingly.	 The	 bottom	 graph	
shows	 how	 the	 current	 speed	 of	 the	 vehicle	 (Yellow)	 and	 its	 current	 steering	 angle	
(Light	blue)	changes	over	time.	
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4 DISCUSSION AND CONCLUSIONS 

In	this	chapter	the	results	from	section	3.7	are	discussed	and	summarized.	

4.1 Discussion 
Overall	 the	 results	 turned	 out	 as	 expected.	While	 driving	 outside	 on	 relatively	 rough	
surface	 (asphalt)	 the	 accelerometer	 values	 mainly	 consisted	 of	 disturbance	 due	 to	
vibration	(Figure	15).	It	is	even	difficult	to	see	any	trace	of	step	response	in	that	graph.	
For	 comparison,	 the	 graph	 for	 lateral	 acceleration	 in	 (Figure	 13)	 shows	 that	 when	
driving	indoors	on	a	smooth	surface	(linoleum	carpet)	much	smaller	disturbances	were	
detected	and	even	a	distinct	step	response	was	visible.	Fortunately	these	disturbances	
have	 such	 a	 high	 frequency	 that	 the	 mechanical	 inertia	 of	 the	 three‐wheeler	 is	 high	
enough	to	damp	the	system	fairly	sufficiently,	both	indoors	and	outdoors.	When	driving	
outdoors	though,	it	didn’t	lean	as	much	as	expected.	One	reason	could	be	that	with	the	
disturbance	being	the	greater	part	of	the	signal	the	actual	wanted	signal	becomes	small	
in	comparison,	even	if	it’s	there.		

The	graph	that	describes	taking	a	turn	with	Controller	B	outdoors	(Figure	16)	shows,	as	
opposed	 to	 the	plots	of	Controller	A,	very	stable	and	well	defined	reference	values.	 	A	
distinct	 step	 for	 the	 reference	value	 is	visible	and	so	 is	 the	 response	 from	the	system.	
The	result	from	this	test	is	very	similar	to	the	result	from	the	test	executed	indoors	with	
the	 same	 controller	 (Figure	 14).	 This	 is	 because	 these	 input	 signals	 in	 this	 control	
system	 (Controller	 B)	 are	 not	 influenced	 by	 the	 surrounding	 conditions	 in	 the	 same	
manner	as	Controller	A.		

In	reality	while	driving	the	vehicle,	it	is	clear	that	Controller	B	is	much	faster	and	more	
responsive	than	Controller	A.	That	is	probably	because	that	this	system	can	manage	to	
stay	 stable	 for	 greater	 gain	 in	 the	 PID	 and	 also	 because	 that	 the	 steering	 angle	
information	 is	 sent	 to	 the	 controller	 at	 the	 same	 time	 as	 it	 is	 sent	 to	 the	 servos	 that	
steers	the	wheels.	This	results	in	that	the	leaning	motor	starts	to	aim	for	a	leaning	angle	
even	before	the	servos	have	reached	the	corresponding	steering	angle.		

One	drawback	to	Controller	B	is	that	it	doesn’t	account	for	surrounding	conditions.	Even	
if	that	is	a	good	thing	in	the	manner	of	low	disturbances	it	also	misses	some	information,	
the	 system	 has	 no	 information	 about	 the	 coordinate	 system	 of	 the	 surroundings.	
Basically,	it	won’t	compensate	for	leaning	road	surfaces.		
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4.2 Conclusions 
What	 is	 the	performance	difference	between	using	PID‐controller	with	 feedback	 from	an	
accelerometer	 and	 using	 a	 PID‐controller	 depending	 on	 the	 current	 speed	 and	 steering	
angle	to	control	leaning	dynamics	on	a	vehicle?	

Both	systems	have	their	advantages	and	disadvantages.	Controller	A	is	more	compatible	
with	existing	vehicle	constructions	since	it	basically	doesn’t	need	any	information	about	
the	vehicle	itself.	It	 is	self‐compensating.	It	has	also	the	capability	of	 letting	the	vehicle	
run	perfectly	leveled	over	a	leaning	surface.	The	disadvantages	of	that	system	is	that	it	
picks	up	a	lot	of	disturbance	and	that	it	is	slow	compared	to	its	opponent.	

Controller	 B	 has	 the	 advantages	 of	 speed,	 responsiveness	 and	 continuality	 on	 all	
surfaces	 and	 surroundings.	 The	 disadvantages	 are	 that	 it	 won’t	 compensate	 for	 road	
surface	conditions	and	that	it	requires	more	information	about	the	vehicle	to	make	the	
calculation	for	the	desired	leaning	angle.		
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5 RECOMMENDATIONS AND FUTURE WORK 

This	chapter	presents	recommendations	for	improved	results	and	for	future	work.		

5.1 Recommendations and Future Work 
In	 this	 project	 the	 main	 reason	 for	 the	 differences	 in	 performance	 between	 the	 two	
controllers	were	 caused	by	disturbances	 acting	on	 the	 accelerometer.	Ways	 to	 reduce	
the	 amount	 of	 disturbances	 is	 by	 filtering	 the	 signal	 from	 the	 sensor	 and	 adding	 a	
vibration	absorptive	mounting	for	the	accelerometer.	This	would	result	in	a	more	even	
reference	signal	for	the	control	and	a	more	stable	system.		

The	 two	controllers	 could	also	be	 combined	 to	keep	 the	benefits	of	 the	accelerometer	
while	 driving	 on	 a	 crooked	 surface	 and	 keep	 the	 speed	 and	 stability	 of	 the	 controller	
depending	 on	 a	 calculated	 angle.	 This	 could	 be	 done	 by	 having	 the	 controller	 with	
feedback	from	the	accelerometer	make	a	bigger	impact	on	the	full	system	while	driving	
at	 lower	speed	and	having	 the	controller	relying	on	a	calculated	angle	 take	over	more	
and	more	as	the	vehicles	speed	increases.		

Another	controller	strategy	for	the	system	is	using	a	gyroscope	for	the	measurement	of	
the	 vehicles	 current	 leaning	 angle	 and	 calculating	 the	 angle	 needed	 to	 counteract	 the	
torque	 around	 the	 center	 of	 mass.	 This	 would	 keep	 the	 vehicle	 leveled	 on	 crooked	
surfaces	and	make	the	vehicle	lean	into	corners.	

Other	improvements	that	could	be	made	to	the	demonstrator	is	increasing	the	amount	
of	magnets	on	the	rear	wheel	or	use	an	optical	sensor	with	a	perforated	disc	to	increase	
the	 update	 frequency	 of	 the	 calculated	 speed.	 This	 would	 allow	 the	 system	 to	
compensate	for	changes	in	speed	more	quickly	while	driving.	
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