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Abstract

Several types of self-balancing vehicles have been successfully developed and commercial-
ized in the past two decades, both as manned vehicles and as autonomous mobile robots.
At the same time, due to their characteristic instability and underactuation, a large body of
research has been devoted to their control. However, despite this practical and theoretical
interest, the current publicly available literature does not cover their systematic design and
development. In particular, overall processes that lead to a �nished vehicle starting from a
set of requirements and speci�cations have not been examined in the literature. Within this
context, this paper contributes a comprehensive mechatronic, dynamics-based procedure
for the design of this class of vehicles; to promote clarity of exposition, the procedure is
systematically presented using Model-Based Systems Engineering tools and principles.
In particular, the proposed design method is developed and formalized starting from an
original description of the vehicle, which is treated as a complex system composed of
several interconnected multi-domain components that exchange power and logical �ows
through suitable interfaces. A key focus of this work is the analysis of these exchanges,
with the goal of de�ning a minimal set of quantities that should be necessarily considered
to properly design the vehicle. As a salient result, the design process is organized in a
logical sequence of steps, each having well-de�ned inputs and outputs. The procedure is
also graphically outlined using standardized formalisms. The design method is shown to
cover all the mechanical, electrical, actuation, measurement and control components of the
system, and to allow the uni�ed treatment of a large variety of different vehicle variants.
The procedure is then applied to a speci�c case study, with the goal of developing the
detailed design of a full-scale vehicle. The main strengths of the proposed approach are
then widely highlighted and discussed.

Keywords: self-balancing vehicle; mechatronic design; MBSE; vehicle dynamics

1. Introduction
Coaxial Two-Wheeled Self-Balancing Vehicles (CTWSBV) can prove advantageous

in several key contexts: in fact, while primarily intended as personal vehicles for urban
mobility, they have been adapted to other uses as well, constituting for example the base
for devices such as self-balancing wheelchairs [1] or autonomous robots dedicated to
transportation of a payload [ 2]. Compared to four-wheeled carts, they can have larger
wheels and may therefore operate in rugged environments with more comfort and energy
ef�ciency; furthermore, they are more agile since they can rotate in place without the need
for a complex four-wheel steering mechanism. While contemporary attention towards
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sustainable mobility is driving the adoption of such kinds of systems, and despite the
successful deployment of prototypes and commercial systems alike, in the current technical
and scienti�c literature, no work can be found dealing with procedures for the complete
and detailed design of a CTWSBV. Conversely, several works can be found where some
activities on speci�c self-balancing vehicles (e.g., concerning control, modeling, or sensors)
are reported. As a matter of fact, starting from the �rst prototypes [ 3,4], researchers have
proposed different con�gurations, control strategies and uses, focusing however on single
aspects and speci�c issues rather than on the overall system. An example is [5] where
the authors mainly report their experience in controlling a small laboratory prototype
implementing two cascading PID controllers. In [ 6], after a description of the system,
attention shifts to a DC-DC converter for the motors' power supply, with some simulation
results being subsequently reported. Other examples are [7–9]: these works are essentially
the report of simulation and experimental activities that show the typical problems or
characteristics related to a self-balancing vehicle. The work presented in [10] includes a
very detailed description of the analyzed system, again a small prototype, without however
any mention of the design procedure. Another example is [ 11], where the authors focus
speci�cally on the use of load sensors for the determination of the rider's center of mass
on an overboard-like system. Other works, such as [12], use a small commercial self-
balancing vehicle, for educational or research purposes, as a tool to validate the developed
mathematical model of the system. Others are focused on the de�nition and testing
of control algorithms for stabilization and for trajectory tracking, or on the comparison
between different control algorithms in terms of performance of the vehicle. Indeed, the
investigation of control techniques for this underactuated and naturally unstable system
has received considerable attention; ref. [13] compared the performances of PID, LQR, SMC
and Fuzzy Logic controllers in mostly simulated settings, whereas [ 14] developed a sliding
mode controller based on neural networks; ref. [ 15] applies an optimization method for
the tuning of different control structures applied to a scaled-down CTWSBV prototype,
while [ 16] tunes the controller using a data-driven method. In simulated settings, ref. [ 17]
evaluated the performance of an H-in�nity controller and compared it to a linear quadratic
regulator; ref. [ 18] on the other hand illustrates a robust optimal control technique based
on interval analysis. Another comparative study is proposed in [ 19], which experimentally
evaluates several controllers such as PID, pole placement and adaptive control on a small
prototype. Finally, ref. [ 20] focuses on dynamic modeling and sliding mode control using
simulations. The self-balancing systems that are studied in these works are either simulated
or small prototypes used for the testing of control algorithms or as a tool for the validation
of a speci�c technology; within the scope of the present review, no works dealing with the
systematic development of a vehicle prototype, approached as a mechatronic multi-domain
system, could be found. Even works that are ostensibly oriented towards the mechatronic
design of the system either quickly shift their focus to narrower issues such as control [ 21],
plainly recount speci�c activities with low emphasis on the general validity of the design
procedure [22], or fail to present a cohesive view of the overall development process [ 23].
In particular, in the current literature, there is no general, comprehensive, compellingly
structured and clearly formulated mechatronic procedure that leads to the full and detailed
design of such systems, considering all the relevant technological aspects in relation to each
other and in the proper sequence. Since a self-balancing vehicle is a complex mechatronic
system, its successful design necessitates synergistic contributions from different disciplines,
such as mechanics, electronics, control system theory, and computer science. The same
interdisciplinary and composite character of the system makes even its mere description
rather challenging; to tackle this kind of issue, i.e., to systematically describe complex
systems of this kind, several modeling languages, such as SysML, have been developed
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over the years within the broader context of Model-Based Systems Engineering (MBSE) [24].
These languages have been inspired by and adapted from the earlier Uni�ed Modeling
Language to better suit applications in the general �eld of systems engineering. The
generality of MBSE and its sub-methodologies allows applications to a wide variety of
systems such as Automated Guided Vehicles (AGV) [ 25], quadcopters [26], automotive
systems [27], or robotic welding stations [ 28]. Despite the fact that the focus of MBSE
lies in the organization of the design process itself, these works typically do not provide
detailed and full-featured design case studies to illustrate the practical applicability of their
proposed approaches.

The main goal of this paper is the introduction of a general, synthetic, systematic
and actually applicable procedure for the design of different classes of two-wheeled self-
balancing vehicles, considering all the transversal disciplines involved in the de�nition of
the system. The procedure should be able to cover and guide the entire design process,
starting from the formalization of the main speci�cations and leading to a correctly sized
and proportioned system. Instead of adopting an ad hoc and potentially idiosyncratic
formalism for the description of the procedure, an effort has been made to cast it in the
languages and conventions provided by the MBSE guidelines [ 29–31]. In particular, the
paper introduces a design procedure starting from a general description of the vehicle,
which has been expressed using the Architecture Analysis and Design Integrated Approach
(ARCADIA) and its companion tool, the open-source Capella software [ 32–34]. ARCADIA
is primarily used here as a system modeling language especially suitable for the description
not only of all the relevant elements constituting or in�uencing the design and operation of
the self-balancing vehicle but also of their interconnections or interfaces. These in partic-
ular have been carefully analyzed to highlight the mutual exchanges (either physical or
logical) between components that arise during the operation of the vehicle, not merely for
descriptive purposes but also with the goal of emphasizing the variables that in�uence the
mutual sizing and the co-design of the different subsystems. The proposed procedure thus
singles out a minimal set of quantities (design speci�cations, design conditions, design
variables, and resulting data), progressively determined during the development of the
vehicle, and required to obtain a well-proportioned sizing of the several components of
the system. To exemplify and demonstrate the effectiveness of the proposed method, the
paper also introduces a complete application case of the presented procedure that leads
to an overall vehicle design, covering all its main elements in the correct sequence and
highlighting at each step all the necessary inputs and outputs. The applicative example,
which is developed as straightforwardly as possible, illustrates all the steps of the proposed
procedure and the interconnections between them, starting from a minimal set of speci�-
cations. The example constitutes a general blueprint that can be used to direct the work
groups tasked with the detailed solution of the speci�c technical subproblems encountered
during the development of the product. The technological choices and their technical
solutions at each step are proposed in the example in a simple form to highlight the core
procedure's effectiveness.

In summary, the main contributions of this work are as follows:

• A synthetic and effective description, formalized and expressed in the ARCADIA
language, not only of the interconnected components and functional sub-groups that
constitute the self-balancing vehicle, but also of the relationships between them.

• A general, complete and actionable design procedure applicable to the development
of different classes of self-balancing vehicles, represented equivalently as a �ow chart
or as a nested V-model.

• The identi�cation of a minimal set of variables that must be considered for the suc-
cessful design of the vehicle.
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• A comprehensive example that applies the procedure and results in the overall design
of a CTWSBV.

As will be shown in the discussion, a key bene�t of the proposed procedure lies in the
fact that its execution can be split over several work groups, each provided with speci�c
inputs and required to produce well-de�ned outputs.

The paper is structured as follows: Section 2 deals with the MBSE description of this
class of vehicles, which is then used to present the design procedure in detail. Section 3
illustrates the design case study, while Section 4 discusses the achieved results; �nally, the
main conclusions are drawn in Section 5.

2. Methods
This section presents the design procedure proposed by the authors, starting from the

MBSE description of the vehicle as a mechatronic systems, and leading to the formalization
of the procedure itself. The latter is codi�ed �rst as a �ow chart, and then also as a
hierarchical nested V-model according to the relevant standards. Of note is the fact that the
proposed MBSE model of the vehicle is not merely a re�ection of an already consolidated
and universally adopted overall conception; rather, it is the result of an abstraction and
generalization effort speci�cally directed towards the de�nition of a system-level approach
to the design problem.

2.1. Mechatronic Description of the Vehicle

Due to the sophistication of the CTWSBV, its design requires a structured procedure,
which in turn, to be properly expressed, necessitates a clear overview of the system itself,
inclusive of its different components and their reciprocal interactions; these in particular
are relevant not only during the operation of the vehicle, but also at the design stage. This
motivates the adoption of a modeling language typically used for this speci�c task within
the more general MBSE approach. Within the scope of this paper, the adopted language is
the one embedded in ARCADIA and implemented in the Capella 5.2 software. This choice
allows the description of the self-balancing vehicle as a mechatronic system characterized
by interconnected components, with the goal of providing an overview of the main design
objects. Speci�cally, the developed representation, reported in Figure 1, is able to provide
an outline of the main subjects of the design process while remaining general enough to
accommodate several vehicle variants and different design solutions. With reference to
the �gure, three main kinds of block may be distinguished: components (blue), interfaces
(pink), and actors (orange); the green blocks represent component groupings that do not
display interfaces in their own right. The directionality of the interfaces is accounted for
using the syntax of the adopted modeling language; in particular, as may be observed in
the �gure, the providing element of the connected pair is denoted using a ball, while the
requiring counterpart is marked by a socket.

The authors propose using the ARCADIA actors as the main elements that determine
the design conditions. In the same way, the interfaces are used in this paper to highlight
those power, action, signal �ows or in�uences exchanged between components (or between
components and actors) that are especially relevant for the design process.

2.2. Actors

This paper proposes the adoption of three actors for the description of the load
transported by the vehicle, the environment, and the motion generator. The latter represents
the agent that determines the motion to be realized by the vehicle. Each actor may assume,
in this general representation, different connotations for each speci�c kind of vehicle. For
instance, the motion generator will coincide with the rider in systems destined for personal
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mobility, whereas it will represent the navigation system in a self-driving autonomous
vehicle. Furthermore, a navigation system may be on board or external; in the latter case, it
communicates over a wireless channel with the vehicle in order to provide either high-level
directives (then processed on board) or lower-level motion setpoints (that require little or
no further elaboration).

Figure 1. Component interface diagram of the CTWSBV.

Additionally, the load may be entirely passive in an AGV-like application, or repre-
sentative of the weight and inertial characteristics of the rider in a manned one. Finally,
the environment the vehicle interacts with has a wide range of possible characteristics
depending, for example, on the slope or type of the terrain (e.g., even or rough, compacted
or shifting, prone to slippage or supportive of traction). It is important to note that the char-
acteristics of the actors not only in�uence the dynamic behavior and the performances of
the system but also contribute, at design time, to the de�nition of the overall con�guration
of its fundamental components.
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2.3. Components

As represented in Figure 1, the components (or component groups) proposed by the
authors are the chassis, the left and right powertrains, the energy storage system (ESS), the
sensors and the system hardware. The chassis performs a structural role, as it supports the
load and houses the other vehicle components. Each of the powertrains on the other hand
is here intended as inclusive of the following sub-components: the wheel and the servo
axis, itself composed of the motor, the transmission, the driver, and the associated sensors.
The powertrains lie at the core of the vehicle, as they are responsible for the generation of
motive torques, ultimately providing traction through the forces exchanged between the
tires and the ground.

The sensors include all the measurement devices needed to monitor the state of the
vehicle (including attitude); detect inputs coming from the rider (if present); and scan the
surrounding environment (in the autonomous version). It should be noted that, in the
proposed representation, the sensors strictly associated with other speci�c vehicle com-
ponents (e.g., current sensors embedded in the drivers or position transducers associated
with the motors) are not included in this group, since their design is directly related to the
functional unit to which they belong. Whenever a sensor embedded in a speci�c functional
group also has systemic relevance, its measurements may be propagated as required to the
system hardware, using an appropriate communication interface.

The energy storage system is intended as an active element that accumulates, provides
and reabsorbs energy, as required by the vehicle's operating conditions; its role is thus not
limited to the accumulation of energy then expended during the operation of the CTWSBV,
but also extends to energy recovery through regenerative braking. Finally, the system
hardware hosts the system's managing and supervising software, which is responsible for
the vehicle's stabilization, the communication with the powertrains, and the motion pro�le
management; the system hardware also includes a speci�c sub-component, namely the
communication module, which is used to exchange information with an external motion
generator, and thus allows the description also of remotely controlled vehicle variants.

2.4. Interfaces

This paper describes the physical and logical exchanges between components using
the ARCADIA language's Interfaces. All the relevant power and signal �ows are thus
highlighted, in order to allow the designer applying the proposed procedure to correctly size
the physical components and to make informed choices about the required communication
technologies. It is therefore possible to classify interfaces according to their �ow type
(physical or logical), which is useful to separate mechanical and electrical sizing from
choices about communication protocols and techniques.

In the following discussion, the actor–component interfaces are presented at �rst;
those between components are then described.

2.4.1. Actor–Component Interfaces

Figure 1 reports the actor–component interfaces proposed by the authors; each type is
presented in the following paragraphs.

The load–chassis mechanical interface is a physical one, occurring at a mechanical
level through the exchange of forces and torques. As will be seen in greater detail, its
importance lies in the fact that the intended load characteristics affect directly not only the
geometrical and mechanical design of the chassis, but also the powertrain sizing.

The three interactions depicted between the motion generator and the system com-
ponents are representative both of manned and autonomous applications. In particular,
the rider–sensor interface describes the command given by the rider to drive the vehicle.
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Concretely, and depending on the design choices, this may correspond for example to the
measurement of a basculating handlebar angular position. The remaining two interfaces (in-
ternal motion generator–system software interface and external motion generator–system
hardware interface) are related to use cases involving AGV applications or externally con-
trolled vehicles. In the �rst case, the internal motion generator is an autonomous driving
module interfacing directly with the system managing and supervising software. In the
second case, involving a remotely controlled system, there is an interface that represents
signals that emanate from an external motion generator and reach the wireless communica-
tion module, which in turn enables the communication with the overall system hardware
and software.

As far as the environment actor is concerned, �nally, two types of interface are high-
lighted. The �rst type (tire–terrain contact), represents a physical interaction, occurring at
the tire–terrain contact on the left and right wheels. This interaction is in�uenced by the tire
characteristics, the terrain properties, and the loading conditions; this type of interface is
especially relevant for the mechanical design of the vehicle. The second one (environment–
sensor interface) on the other hand is the logical interface related to the interaction with the
sensor component, and is present in any application which, for safety reasons or to achieve
self-driving capabilities, requires the monitoring of the external environment conditions.

2.4.2. Component–Component Interfaces

The interfaces between interconnected components belong to eight different types:

• Servo Axis–Chassis Constraint. Through this kind of interface, which coincides with
the mechanical constraint between the two elements, the reaction torque of the motor-
transmission unit is applied to the chassis; beyond this aspect, it may be anticipated
that this interface will signi�cantly in�uence the design of the inner chassis volume at
the geometrical level.

• Transmission–Wheel Link. This kind of interface represented by the mechanical
connection between the wheel and transmission (for right and left powertrains),
and describes the mechanical power �ow between these components. As shown in
greater detail in the following discussion, the powertrains will be sized according to
this quantity.

• Energy Distribution Link. This represents the interface through which the ESS provides
and reabsorbs energy to/from the two servo axes in order to allow the motion of the
vehicle. During the design process, the two factors of electric power �owing through
this interface should be highlighted in relation to the mechanical power required by
the vehicle and to the technical characteristics of the other components, as this enables
the sizing of the ESS according to the overall needs of the system.

• Energy Storage System–Chassis Constraint. Similarly to the servo axis–chassis in-
terface, it is the mechanical constraint between the ESS and chassis components: it
in�uences the inner chassis volume and its mechanical design.

• Wheel–Chassis Constraint. It represents the mechanical constraints between the wheel
(left or right) and chassis, and allows the transmission of non-motive forces and torques
from terrain to the chassis. These quantities should be highlighted as a requisite for
the proper structural design of the latter component.

• Sensor–Chassis Constraint. It describes the mechanical interface between sensors and
chassis. In general, it supports the sensor group; for some speci�c sensors, it transmits
the motion of the chassis to the relevant transducers, allowing it to be measured.

• Sensor–System Hardware Interface. The interface is represented by the signals, and
the relevant �ow of information exchanged between the components. Notably, the
adoption of speci�c communication technologies will mutually condition the selection
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and design of the sensors and of the system hardware, as they should be capable of
communicating with each other.

• Servo Axis–System Hardware Interface. This bi-directional interface is represented
by the signals exchanged between the two components; these are, mainly, commands
to the motor drivers and feedback concerning the rotors' angular position. Again,
the selection of speci�c communication interfaces at the design stage turns into a
well-de�ned speci�cation of some communication capabilities that the driver and the
system hardware should possess.

2.5. Design Procedure

This section introduces the general procedure developed by the authors for the design
of any self-balancing vehicle that may be described according to the previously introduced
representation. The procedure, summarized by the �ow chart presented in Figure 2, is
meant to provide a rational sequence of design steps, whose outputs constitute the input
for the following ones, culminating in the design of the entire system. The �ow chart
represents the design procedure starting from the vehicle description depicted in Figure 1.

Figure 2. Flow chart of the proposed design procedure.

In the following discussion, for each step of the procedure, emphasis is given to these
connecting input–output variables, which may be design speci�cations, design conditions,
design variables or resulting data.
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The description pays particular attention to those quantities that are always relevant
for the design of the vehicle, irrespective of its speci�c variant. Moreover the steps are
divided into three groups, as highlighted by the color coding adopted in Figure 2; each
group of steps is mainly concerned with speci�c components and interfaces, as summarized
in Table 1.

Table 1. Summary of the interfaces involved in the stages of the procedure; the considered ones are
marked by an x.

Interfaces Steps

1–5 6–7 8–9

Load—Chassis Mechanical Interface x x
Energy Storage System—Chassis Constraint x x
Wheel—Chassis Constraint (Left–Right) x x
Servo Axis—Chassis Constraint (Left–Right) x x
Energy Distribution Link x
Tire—Terrain Contact (Left–Right) x
Transmission—Wheel Link (Left–Right) x
Environment—Sensor Interface x
Rider—Sensor Interface x
Internal Motion Generator—System Software Interface x
External Motion Generator—System Hardware Interface x
Sensors—Chassis Constraint x
Sensors—System Hardware Interface x
Servo Axis—System Hardware Interface (Left–Right) x

2.5.1. Step 0

The goal of this step is the de�nition of the actors and the subsequent analysis of their
characteristics, in order to identify the desired vehicle's performance and application re-
quirements. This analysis allows us to quantify some design speci�cations that may emerge
at this preliminary stage; additionally, the identi�cation of some key design conditions is
equally important. In particular, the mandatory outputs for this step are as follows:

• The main load characteristics;
• The desired cruise speed;
• The desired driving range;
• The maximum bulk of the vehicle;
• The target maximum slope traversable with the vehicle;
• The general terrain characteristics.

2.5.2. Step 1

This step deals with the initial analysis of the mechanical power and of its factors
(namely torque and angular velocity) needed at the wheel hubs. This kind of information
will be required in subsequent steps for the sizing and selection of the motors and of the
transmissions. Another focus is an initial evaluation of the non-motive radial forces on the
wheels, as these will condition the subsequent mechanical design of the drive axle and its
supports. The determination of these variables requires a dynamic model of the vehicle;
at this early stage, a simple analysis in the longitudinal plane may suf�ce [ 35]. Since the
CTWSBV is intrinsically unstable, to successfully carry out this step, it is also necessary
to introduce a stabilizing control algorithm, leading to a proper overall dynamic model
able to represent the most typical operating conditions of the system. While advanced
regulators have been studied by the authors on other mechatronic devices [ 36,37], the main
focus of the present step is neither the selection of the most suitable control structure nor
the attainment of the best control performances, but rather the overall preliminary analysis
of the vehicle. In this initial design stage, moreover, the characterizing dynamic parameters
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are liable to be iteratively re�ned; it is useful therefore to provisionally adopt a simple
controller that may be easily synthesized.

To specify the model of the system and to simulate its dynamics in representative
conditions, the following inputs are required:

• The mass, inertia and center of gravity of the load;
• The maximum longitudinal speed;
• The maximum traversable slope;
• The tire–terrain friction conditions.

Notably, these are some of the main outputs of step 0.
In this step, a speci�c design variable, the radius of the wheels, should also be �xed,

since it determines the transformation between linear and rotary motion and is thus
required to determine the torque and angular velocity needed at the wheel hubs. This
quantity may be chosen considering not only the design speci�cations and conditions
related to the type of terrain that should be navigated by the vehicle [ 38,39], but also market
availability. Other variables that are useful to increase the level of detail of the dynamic
model, such as the mass and moment of inertia of the wheels, immediately follow as a
result of this choice; furthermore, an educated �rst guess (re�nable in subsequent iterations)
concerning the mass and inertia of the vehicle itself may be formulated by the design team.
The main outputs of this step are as follows:

• The radius of the wheels;
• The torque and angular velocity at the wheel hubs;
• The power required to run the vehicle;
• The radial forces on the wheels.

2.5.3. Step 2

In this step, the sizing of the motors and transmissions is performed, e.g., applying the
method described in [ 40]. To do so, it is necessary to know the resulting data, provided by
step 1, concerning the torque and velocity requests at the wheel hub. A design variable that
furthermore must be de�ned before the selection of the motor is its desired supply voltage.
This choice is not supported by a speci�c computation, but rather by more qualitative
considerations that on the one hand evaluate market availability and on the other balance
the advantage of lower voltages in terms of enhanced electrical safety with the drawbacks
of higher currents and lower ef�ciencies.

As a result of the motor and transmission selection sub-procedure, their type and
characterizing parameters are known; the selection or the design of the power stage of the
motor drivers then becomes possible, as torque requests may be translated into current ones
using the electromechanical characteristics of the actuators. In particular, the power stage
should be able to safely and properly handle both peak and RMS current requests, while
operating at the voltage selected at this step. As the motors and the transmissions are some
of the bulkiest and heaviest elements of the vehicle, the geometrical design of the chassis
will need to take their dimensions into account; furthermore, as detailed below, the mass
of these components should be made available for downstream validation purposes. In
conclusion, the main inputs for this step are the required torque and velocity at the output
shaft of the transmission determined in step 1. On the other hand, the main outputs are
as follows:

• The operating voltage;
• The required currents;
• The motor–transmission units, with their characterizing parameters (geometry,

mass, type);
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• The power stage of the motor drivers.

2.5.4. Step 3

Given the information concerning the power and energy requirements, the energy
storage system may be accordingly sized. As the supply voltage is conditioned by the
choice performed in step 2, it is possible to select an ESS focusing on the satisfaction of the
current and capacity requirements. In sum, the required inputs for this step are the power
requests (given in step 1), the desired driving range (speci�ed in step 0), and the desired
operating voltage (selected in step 2). The main outputs are as follows:

• The energy storage system's deliverable and absorbable currents;
• Its capacity;
• Its mass and geometry.

The third output will in�uence the geometry of the chassis inner volume and the
inertial properties of the vehicle, as the ESS is also characterized by considerable weight
and size.

2.5.5. Design Check 1

At this �rst design check, it is possible to verify that the electrical characteristics of
motors, drivers and energy storage system are well matched, and that the selected operating
voltage level does not lead to choices among an excessively restricted range of off-the-shelf
components. If the check is not passed, steps 2 and 3 should be revisited, changing the
design speci�cations (chie�y the operating voltage) of the motors and drivers.

2.5.6. Step 4

This step investigates the vehicle's transversal dynamics that arise during cornering,
taking into account the design speci�cations and conditions related to the desired speed
at a reference curve radius. A useful relationship between these quantities and the track
width may be achieved (as shown in detail in the following section) speci�cally considering
the problem of lateral overturning. A model of the vehicle dynamics in the transverse
plane is thus required, considering the so-far-available quanti�cation of the overall system
mass, inertia and center of gravity. As a result of the overturning analysis, the track width
design parameter may be selected, considering not only lateral stability but also maximum
size speci�cations and the need to include the previously selected components inside the
chassis. A good compromise between these three issues leads to the selection of the proper
track value.

Other resulting data that may be determined with greater accuracy at this step are
the forces exchanged at the wheels, considering the fact that during cornering the ground
reactions are uneven. This speci�c output is needed in a following step of the procedure to
quantify the forces that are acting �rst on the wheel axle, and ultimately on the chassis.

In sum, the main inputs for this step are the masses and geometries of the components
selected so far, while the main outputs are the track width and the reaction forces on
the wheels.

2.5.7. Step 5

This step introduces a complete dynamic analysis, including the dynamics in the
longitudinal and transverse planes, to obtain an overall set of results representing the
vehicle's operation in both design and off-design conditions. The analysis takes into
account the design results and decisions taken in the preceding steps of the procedure,
allowing a more detailed and accurate validation of the powertrain performance and of
the energy storage system. As already suggested, this analysis may and should take into
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consideration the mass, inertia and geometry of all the components selected so far, which
are the main required inputs.

The output of this step is an overall quanti�cation of the system performance account-
ing for all the information already available.

2.5.8. Design Check 2

This design checkpoint enables the design team to evaluate the quality of the output of
the previous design phases based on the simulations performed in step 5. If the designers
reject the partial output, loop 2 is taken to return to step 0; at this further iteration, it
is clearly necessary to take into consideration the additional insights gained along the
preceding execution of steps 1–5 in order to further re�ne the initial design of the vehicle.
Otherwise the procedure may continue to the following step; at this point, the elements
displayed in color in Figure 3 have been partially or completely sized, considering the
quantities exchanged at the relevant interfaces; in the �gure, the grayed-out components
and interfaces are those that were not relevant for steps 1–5 of the procedure.

Figure 3. Component interface diagram. The components and interfaces considered in steps 1–5 are
represented in color; the remaining ones are displayed in gray.
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2.5.9. Step 6

This step is the �rst dedicated to the detailed design of the system; the vehicle's
geometry is de�ned, taking into account the dimensions of the previously chosen parame-
ters and components. Figure 4 represents the already sized but still relevant components
in teal, the main subject of step 6 in blue (the chassis), and the interfaces between these
elements in pink; all the other components and interfaces are of scarce importance for this
speci�c design stage, and are thus grayed out in the �gure. Functional (e.g., avoidance of
collisions with the terrain), aesthetic and structural requirements should all be considered.
Concerning in particular the latter, the chassis should be able to bear the internal actions
that result from the load and from the contact with the terrain. As a result of this step, the
main dimensions of the chassis are determined, �nalizing the choice of the vehicle's track,
the position of the payload support base and the length of the chassis. These two design
variables are typically chosen to maximize compactness, while satisfying the need to house
all the vehicle components within the chassis. It should be remarked that the position of
the support base also affects the position of the load center of mass and therefore in�uences
the vehicle's dynamic behavior. Other mechanical elements are also designed and veri�ed
as required.

To reiterate, the overall inputs for these steps are as follows:

• The forces acting on the wheel axles and on the chassis (from step 4);
• The geometry of the main components that should be housed in it (from steps 2 and 3).

On the other hand, the main output is the geometrical de�nition of the chassis itself.

2.5.10. Step 7

As a result of step 6, the mass distribution of the vehicle is available with a high degree
of accuracy. Step 7 therefore performs a further mechanical analysis of the system. In
this case, the analysis inputs re�ect the geometric con�guration and the relevant masses
chosen in the previous steps. Also in this case, the analysis should include the dynamics
both in the longitudinal and in the transverse planes. A similar analysis has already
been performed in step 5; however, at that earlier stage, the information concerning the
mechanical con�guration of the system was partial. At this point, on the contrary, it is
possible to simulate the entire mechanical system with a far greater degree of accuracy,
owing to the now available detailed design proposal.

No speci�c output is given by this step beyond a general evaluation of the system's
feasibility and performance.

2.5.11. Design Check 3

This checkpoint enables the design team to evaluate the output of step 7, and hence
con�rm or reject the obtained results on geometric, functional or dynamic grounds. For
example, the shape of the chassis may require geometric modi�cations in order to avoid
possible collisions with the environment; likewise, the power drive systems and trans-
missions may require a redesign if they no longer satisfy additional requests that result
from now better-de�ned masses and inertias. Whatever the reason for the rejection of the
design choices, all the previous steps must be repeated (loop 3), with updated geometries
and masses.

2.5.12. Step 8

This step concerns a critical part of the system engineering process, namely the de�ni-
tion of the overall control architecture of the vehicle. It de�nes how sensor information is
processed, how decisions are made, and how actuation is carried out, taking into account
performance, modularity, and communication requirements. It also establishes how func-
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tionalities are distributed across the system—for example, whether control is centralized
or distributed—and selects appropriate communication protocols and safety strategies.
Figure 5 shows in gray the components and interfaces that are of low relevance for this
design stage; on the other hand, the relevant but already sized components are shown in
teal; �nally, the components and interfaces that are to be designed are depicted in blue and
pink, respectively. Despite the fact that the driver power stage has already been sized in
step 2, this component is shown here in blue as its logic and communication stage is now
being de�ned.

Figure 4. Component interface diagram. The components and interfaces considered in steps 6–7 are
represented in color, with the ones already de�ned but still relevant displayed in teal. The remaining
ones are displayed in gray.
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Figure 5. Component interface diagram. The components and interfaces considered in steps 8–9 are
represented in color, with the ones already de�ned but still relevant displayed in teal. The remaining
ones are displayed in gray.

The design is structured in three sub-steps:

• 8a—Sensor Design:This sub-step involves the selection of sensors. In this phase, the
choices related to the sensors concern, among others, the quantities to be measured,
the accuracy, the input range, and the signal communication methods. Such choices
are performed by the design team according to the analysis of the actors and the
resulting design speci�cations.

• 8b—Control Hardware Design:This sub-step focuses on the selection and con�guration
of the control hardware, which must be capable of acquiring sensor data, executing
control algorithms in real time, and interfacing with actuators and other components.
Both computational performance and I/O capabilities are evaluated according to
system needs.
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• 8c—Control Software Design:This sub-step addresses the development of the control
software. In the case of self-balancing vehicles, it includes the implementation of
algorithms that ensure vehicle stability and respond to motion commands. More
advanced control strategies may replace simpler regulators introduced in earlier
design phases for the initial sizing of the actuation systems and of the mechanical
elements; to this end the extensive body of research dedicated speci�cally to the
control issue should be consulted to extract the maximal performances of the system.
Depending on the sensor con�guration and on the intended driving strategy, the
control software may also include functionalities related to fault detection, motion
planning, safety enhancement or user interface management.

2.5.13. Step 9

This step involves the analysis of the design output of step 8. Therefore, in this phase,
the focus is not on the dynamic behavior of the vehicle but rather on the suitability of the
sensors in terms of their input range and accuracy, and of their physical dimensions and
placement on the vehicle. Another focus of this step is the validation of the compatibility
between the dimensions of the control hardware and the vehicle's geometry. The correctness
and completeness of the software, and its compatibility with the chosen hardware, are
also evaluated.

2.5.14. Design Check 4

This checkpoint enables the design team to judge the output of step 8, according to the
analysis results from step 9. The design team must evaluate the vehicle sensors, hardware,
control software, and geometry needed to install and use them. If the check is positive, the
design process ends, and the �nal con�guration is obtained. Otherwise, loop 4 permits the
redesign of the vehicle geometry (or conversely of the sensors and of the control hardware)
to satisfy the requirements highlighted in this phase.

2.5.15. V-Model Representation

The proposed design procedure might be alternatively represented, according to VDI
Guideline 2206:2020 [41], as nested V-models, each one of them not representing a different
maturity level but subsystems that are designed according to hierarchy levels, starting from
the inner to the outer one. Figure 6 shows the V-model diagram of the proposed procedure,
with color coding that matches that adopted for Figure 2. Conceptually, the �ow chart and
the V-model representations are equivalent; however, while the former is characterized by
greater immediateness, the latter offers the bene�ts of standardization, higher emphasis on
the testing and veri�cation loops, and adoption within specialized industries (automotive,
robotics and automation) that are of clear relevance for the development of systems such as
the several variants of the CTWSBV. Compared to the diagram of Figure 1, the V-model
and the �ow chart representations do not offer an overview of the CTWSBV system itself,
but rather of its design process.

More in detail, the inner V-model concerns the sizing of the powertrains and of the ESS,
and the lateral action analysis; it includes steps 0 to 5, and loops 1 and 2. The considered
interfaces and components are highlighted in Figure 3. The second V-model is related to the
mechanical and aesthetic design and to the de�nition of the vehicle's geometry, considering
the components and interfaces highlighted in Figure 4; it represents the activities of steps 6
and 7 and includes the design check associated with loop 3. The outer V-model concerns
steps 8 and 9, i.e., the de�nition of the sensors, the control hardware, and the control
software, considering the components and interfaces shown in Figure 5. It includes a last
design check and the associated loop 4; as explained in the description of the procedure,
this loop does not bring back to the inner V-model (i.e., to step 0), but to the middle one,
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since at this stage, the possible design check failure should be corrected mainly through
minor modi�cations of the vehicle's geometry or through the redesign of the system's
control hardware and software architecture.

����

����

��

Figure 6. Nested V-model alternative description of the proposed design procedure.

3. Results
In this section, each step of the procedure proposed by the authors and outlined in

Section2 is systematically applied to the design of a speci�c self-balancing vehicle. For this
example, the vehicle should accommodate a single rider and be able to climb moderate
slopes. The purpose of this case study is to concretely demonstrate the applicability of the
proposed procedure, and to exemplify the kind of computations that may be performed to
actually carry out its various steps. It should be noted however that the procedure itself
neither overly constrains the choice of the adopted mathematical or numerical models,
nor prescribes the level of sophistication of the techniques used in solving the several
technical problems that arise during the design. For economy of exposition, therefore, each
subproblem is treated as straightforwardly as possible. Alternative and more exhaustive
analyses could have been adopted to perform the choices detailed below; however this
does not invalidate the procedure itself, which is focused not on speci�c technical issues,
but rather on the individuation of the minimal set of quantities that should be considered
during the design, its logical sequencing, and its eventual organization over different teams
with domain-speci�c skills.

3.1. Step 0

As explained in Section 2.5, at the beginning of the design procedure, the actors' char-
acteristics have to be de�ned; in this particular example, the considered actors interacting
with the vehicle are as follows:

• Motion Generator: a single rider, responsible for the motion commands;
• Load: again constituted by the rider only;
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• Environment: characterized by unpaved roads with a moderate maximum slope.

As a result of this set of actors, the main design speci�cations and conditions are
as follows:

• The vehicle should be able to easily accommodate a rider of average height
(hL = 178 cm) and weight (mL = 70 kg);

• The maximum slope is bmax = 10� ;
• The cruise speed is vss = 15 km h� 1.

In reference conditions, the vehicle should possess a driving autonomy of around 2 h,
and, due to its intended use, the vehicle track w should be no greater than wmax = 750mm.

3.2. Step 1

Step 1 of the procedure concerns the �rst dynamic analysis of the system; Figure 7a
depicts in particular a sketch of the lateral view of the vehicle, while Figure 7b reports an
illustration of the corresponding longitudinal dynamic model.

(a) (b)

Figure 7. Lateral sketch of the vehicle and corresponding longitudinal dynamics model. ( a) Lateral
view of the system; (b) dynamics model in the longitudinal plane.

As already stated, the �rst design decision to be made is the one concerning the radius
R of the wheel; due to the fact that the mass m and polar moment of inertia Jr of this
component are also relevant, it is possible already at this early stage to evaluate them.
While the selection of the wheel is strongly related to the kind of terrain the vehicle is
interacting with, it is also obviously constrained by the commercially available dimensions
and types (that is, if a custom wheel design is not considered). Due to the speci�cation
of compatibility with unpaved roads, in this design example, a relatively large wheel
is selected.

To enable the �rst computations, some estimates concerning the overall mass M,
centroidal moment of inertia J, and center of gravity position of the loaded vehicle are
also required; the numerical values chosen or estimated for all the needed quantities are
reported in Table 2. At this early design step, a large degree of approximation is present in
these estimates; it is therefore reasonable, though by no means mandatory, to initially avoid
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overly detailed dynamic models of the system, and to use instead more clearly interpretable
simpli�ed formulations.

Table 2. Longitudinal dynamics parameters.

Parameter Symbol Value

wheel radius R 0.22 m
mass of the wheels m 3 kg
moment of inertia of the wheels Jr 0.07 kg m2

mass of chassis–rider assembly M 89 kg
moment of inertia of chassis–rider assembly J 30.19 kg m2

distance between the wheel axis and the center of gravity l 0.71 m
center of gravity angular position a0 0 deg

With reference in particular to the simple longitudinal model of Figure 7b, its equations
of motion may be written in compact form as

M

"
q̈
j̈

#

+ V c = Bf Ct . (1)

In Equation ( 1), whose detailed treatment may be found in [ 35], Ct is the sum of the
torques acting on each wheel, while the angles q and j represent the pitch of the chassis
and the rotation of the wheel; moreover,

M =

"
Ml 2 + J MRl cos(a0 + q+ b)

MRlcos(a0 + b + q) 2mR2 + 2Jr + MR2

#

, (2)

V c =

"
� Mgl sin(a0 + q)

(M + 2m)gR(sin b + fvsign( �j ) cos(b)) � MRl sin(a0 + b + q) �q2

#

, (3)

Bf =

"
� 1
1

#

. (4)

In Equation ( 3) fv represents the rolling friction coef�cient. As the dynamics of the
vehicle in the longitudinal plane are intrinsically unstable, a stabilizing controller is also
needed. Indeed, the controller is an integral and essential part of the CTWSBV; accordingly,
as highlighted in Section 1, the control problem for this kind of system has been treated
extensively in the current scienti�c literature. However, at this very early design step, the
main goal is not the development of a highly optimized regulator, but rather a reasonable
evaluation of the control torque and velocity requests at the wheel hubs. A straightforward
regulator that guarantees the stability of the system can therefore be provisionally adopted,
without the need to optimize its performances; these may become a key focus at later stages
of the vehicle development. In this design example, a simple control system based on pole
placement with full state feedback is used, as shown in Figure 8. The four poles of the
controlled system were chosen as follows:

p1,2 = � 2p fpp1

�
x1 � i

q
1 � x2

1

�
(5)

p3,4 = � 2p fpp2

�
x2 � i

q
1 � x2

2

�
. (6)

The damping ratios x1 and x2 were both set to 0.7, and the two frequencies fpp1

and fpp2 obey the relationships fpp2 = 1.5fpp1 and fpp1 = max(j fn,1)j, j fn,2)j, j fn,3)j, j fn,4)j),
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where fn,k is the kth natural frequency of the open-loop system obtained by linearization of
Equation (1) around q = � a0.

Figure 8. Stabilizing control system based on pole placement with full state feedback.

Different simulations were performed considering not only the nominal loading
conditions that correspond to the system con�gured according to the design parameters,
but also cases in which the total mass of the vehicle (rider and chassis) is increased by 25%
and 50%. In all these cases, the vehicle moves uphill, with a slope b = bmax; moreover, its
motion is opposed by rolling friction ( fv = 0.02). The desired motion at the chassis selected
for simulation purposes is reported in Figure 9; in particular, the linear position, velocity
and acceleration pro�les at the chassis are depicted in Figure 9a, 9b and 9c, respectively.
Given the radius of the wheel and the vehicle velocity speci�cations, the angular velocity
at the wheel hub may be easily determined.

(a) Position (b) Velocity (c) Acceleration

Figure 9. Motion pro�le in terms of position, velocity and acceleration.

In each simulation, the gains of the control system were obtained according to the
method detailed above. The resulting regulator achieves stability and a qualitatively
acceptable velocity tracking error, as may be seen in Figure 10a,b.

(a) pitch angle (b) longitudinal speed

Figure 10. Time response of the CTWSBV longitudinal model controlled through pole placement.
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The analysis of the total torque required at the wheels, whose results are reported
in Figure 11a, has again been performed considering the different loading conditions
described above. The required power at steady-state conditions has also been evaluated as
a function of the slope for different loading conditions, considering an overall ef�ciency of
90%; the results are presented in Figure11b.

(a) Transient analysis (b) Steady state analysis

Figure 11. Torque requests at each wheel hub calculated at 100%, 125% and 150% of the total reference
mass; the dashed lines represent the RMS values corresponding to the three considered conditions.

In the following steps, an estimate of the power required to run the vehicle is needed.
Considering the steady-state speed vss and a �at ground, from the data presented in
Figure 11b, it may be estimated that in the most challenging loading conditions, around
130 W is required to power the vehicle.

3.3. Step 2

This step of the procedure concerns the servo axis design given the velocity and torque
requests obtained in step 1. A further design variable that should now be �xed is the rated
voltage V of the motor; in this example, to ensure high electrical safety, a low value of 24 V
is selected. Regardless of the speci�c �gure, this �rst decision directs the designer towards
more speci�c actuation technologies and the corresponding market segments.

As widely known, the motor and transmission unit should be selected jointly; while
rather sophisticated procedures may be applied, a �rst sizing can be obtained according
to the power required from the motor in steady-state conditions, at different slopes and
for several possible reduction ratios i. Figure 12a shows the torque at the motor resulting
from this preliminary analysis, while Figure 12b reports the required motor speeds. In
both �gures the selected motor's nominal torque and speed are also indicated using black
dashed lines.

In particular, the actuator chosen in this speci�c example is the DC motor series 75PX
type B14 PAM80 from Siboni s.r.l., Forlì, Italy, coupled with a planetary gearbox model
PEII090-010 from Apex Dynamics inc., Taichung City, Taiwan R.O.C., characterized by a
reduction ratio i = 10. The characteristics of the motor and transmission are summarized
in Table 3.

As is clear from Figure 12a,b, there are signi�cant margins mainly in terms of torque,
but also of velocity. As a matter of fact, the motor torque for a 10 � slope is about 60% the
nominal one. The reason for this choice is that such a motor allows the vehicle to work
also in more demanding off-design conditions arising, e.g., as a consequence of the rider's
weight or steeper slopes. The choice of the motor and the transmission is then con�rmed
using the data concerning the transient dynamic analysis of the system. In particular, the
RMS required torque with i = 10 is 3.1 N m, while the peak one is 6.3 N m; this translates
into RMS and peak currents of 31 A and 63 A, which are easily handled by the motor.
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Knowing the motor's supply voltage, its type, and the required current, the power stage
of the driver can be de�ned; besides the supply voltage, it must guarantee the current
to the motor, in terms of both peak and nominal values. Together with the motor and
the driver, the associated sensors may also be selected, keeping in mind that the position
measurements also have systemic signi�cance; therefore, the logic stage of the driver must
include a communication channel suitable for the propagation of the angular position
information to the system hardware. In this particular example, each motor is associated
with a 2048 ppr encoder, the Eltra EL 48C. At the end of this stage, the transmissions and
the motors are fully designed; moreover, the speci�cations needed to correctly size the
power stage of the drivers have been determined; a general speci�cation for the logic stage
has also been formulated.

(a) (b)

Figure 12. Steady-state requests placed on the motor at different reduction ratios; horizontal dashed
lines indicate the rated torque and velocity. ( a) Required motor torque at different reduction ratios
and slopes. (b) Required motor speed at different reduction ratios.

Table 3. Main properties of the selected motors and transmissions.

Rated Rated Rated Rated Nominal Peak Torque Reduction
Voltage Power Torque Speed Current Current Constant Ratio

24 V 780 W 3.6 N m 2050 rpm 37 A 111 A 10 N m A � 1 10

3.4. Step 3 and Design Check 1

The knowledge of the rated voltage, the absorbed currents and the required power
allows—together with the driving autonomy speci�cation—the proper sizing of the main
element of the energy storage system, namely the battery pack. Considering the desired
two-hour ride on �at ground, in step 1, it was determined that this running condition
requires a power of approximately 130 W; consequently a total of four 12 V –12 Ah lead
accumulators have been chosen, in order to guarantee the required driving autonomy while
avoiding deep discharge damage. The accumulators are wired in series two by two, and
the resulting pairs are then connected in parallel; in this way the energy storage system is
able to provide the 24 V needed by the motor.

A more detailed evaluation of the power and energy requests has also been performed
considering the duty cycle represented in Figure 13. The vehicle, at 150% of its nominal
load, operates on �at ground in steady-state conditions for approximately 70% of the cycle,
while the remaining time is spent accelerating and decelerating. The resulting power
and energy requirements are calculated considering a total ef�ciency of the mechanical,
actuation and energy storage systems of 90%.
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(a) Longitudinal speed (b) Total torque (c) Power and energy

Figure 13. Duty cycle used to evaluate ESS requirements.

In these conditions, the choice based on steady-state considerations still appears appropri-
ate; in particular, during the transient conditions, the pe ak torque reaches 40N m; this corre-
sponds to a current peak of 40 A, which is entirely compatible with the selected accumulators.

At the end of this step, the choices concerning the electrical characteristics of the
motors and of the ESS are validated as required by design check 1. For �nal validation, an
exhaustive, specialized analysis that takes into account effects such as voltage sag, heat
generation, cell unbalances, battery life, and constraints on regenerative braking should
be requested.

3.5. Step 4

This step is related to the analysis of the lateral actions with main reference to the
possibility of overturning. The lateral analysis of the vehicle, in addition to the parameters
listed in Table 2, requires the assumption of a possible range for the track dimension. The
range is chosen remembering that the vehicle is designed for a single rider, without the
presence of any load, and that compactness should be one of its characteristics as much as
possible; hence, the chosen range is[550, 750] mm. The analysis results in a clear outline of
the relation between the parameters which in�uence the vehicle's overturning.

To this end, with reference to the transverse plane view of the vehicle sketched in
Figure 14a and the corresponding model of Figure 14b, simple dynamic equilibrium equa-
tions can be written to �nd a relationship between the speed, the trajectory's curvature
radius and the vehicle's track. Considering a curve of radius Rc negotiated at a constant
tangential speed v, two forces are acting on the vehicle's center of mass: the vertical force
Fv due to the gravity, and the lateral centrifugal force Fl = Mv 2/ Rc due to centripetal
acceleration; the normal and lateral reactions NA , NB, HA and HB at the wheels balance
Fv and Fl . In the limiting case of incipient rollover, a wheel will be completely unloaded;
considering in this situation the rotational equilibrium around the wheel–terrain contact
point at the loaded wheel, the following inequality may be written:

Rc > Rclim =
2v2( l + R)

w g
, (7)

where Rclim is the lower-bound limit of the curvature radius, l is the distance of the center
of mass from the wheels' axis, R is the wheels' radius, w is the vehicle's track and g is the
gravity acceleration.
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(a) (b)

Figure 14. Front sketch of the vehicle and corresponding lateral dynamics model. ( a) Front view of
the system. (b) Dynamics model in the transverse plane.

Inequality ( 7) is graphically represented in Figure 15, where each straight line corre-
sponds to a speci�c curve radius; the area under each line includes all the possible working
conditions of the vehicle, in terms of track and speed limit, for the corresponding curvature.
Such information is very important for evaluating the in�uence of the geometric con�gura-
tion on the vehicle's transverse behavior, and also for the vehicle's safety management. The
track should be chosen in order to strike a balance between the vehicle's dimension and
maneuverability; in this case, a value of 670 mm has been chosen. According to this choice
and given a vehicle speed, Figure 15 provides the minimum possible curvature radius of a
turn that can be successfully negotiated without rollover.

Figure 15. Curvature radius lower-bound limit as function of vehicle track and speed.

The analysis of the above-described limiting case also allows us to highlight the
maximum non-motive forces and torques that should be withstood by the wheel axle and
ultimately by the chassis.
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3.6. Step 5 and Design Check 2

At this step of the procedure, the main components have been chosen and so their
inertial characteristics are known. Hence, with the updated parameters, longitudinal and
transverse dynamic analyses are repeated.

The updated results have been used in the proposed example to con�rm the prelimi-
nary design, as required in checkpoint 2 shown in Figure 2.

3.7. Step 6

The second design check has been passed and now the detailed con�guration of the
system is to be de�ned. Such detailed design should consider that the chassis must contain
the chosen components and that the required mechanical strength needs to be guaranteed.
Furthermore, part of the design team should take care of the aesthetic concerns that affect
the geometry. The mechanical con�guration chosen for the system is shown in Figure 16a,b.

(a) (b)

Figure 16. Internal layout of the chassis and 3D view of the system. ( a) Chassis internal layout; (b) 3D
view of the system.

In particular, Figure 16a represents the solid model of the vehicle, while Figure 16b
depicts an inner schematic view that shows the internal layout of the chassis, which houses
the motors (a), the gearboxes (b), the timing belt transmissions and the accumulators.
Timing belts have been introduced in the detailed con�guration to reduce the bulk of the
vehicle, as this solution results in a good compromise between chassis dimensions, the
vehicle's track and placement of the components. For the same reasons, the position of the
support base has been chosen above the wheels' axles.

Table 4 reports the main vehicle's dimensions; the symbols can easily be found in
Figures 7a and 14a.

Table 4. Main chassis dimensions arising from the detailed design.

Length Width Height Track Base Height

Symbol a b c w h
Value 500 mm 420 mm 227 mm 670 mm 97 mm

Concerning the mechanical strength of the vehicle, at this design stage, it is possible
to verify it in a variety of working conditions, considering the detailed mechanical design
developed so far and the loads that are obtained by the preceding dynamic analysis of the
system. As an example, Figure 17 shows the results of the stress distribution within the
chassis obtained using a commercial Finite Element Analysis software tool (Hexagon MSC
Nastran 2024.1). This speci�c assessment, which evaluates the quasi-static conditions that
occur during steady-state longitudinal motion, is constructed as follows: the considered
material is an aluminum alloy; the wheel axle bearings are assumed to be �xed; and �nally
the applied forces replicate those that occur due to the weight of the payload. Other Finite
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Element Analyses representative of other operating conditions are not reported for the sake
of conciseness.

Figure 17. Stress analysis of the chassis.

3.8. Step 7 and Design Check 3

In this step, according to the detailed con�guration previously de�ned, another dy-
namic analysis is made considering both the longitudinal and the transverse behavior of
the vehicle. More advanced dynamic models or multibody simulation tools may be used
for this step, as near-complete and very detailed information concerning the mechanical
design is now available thanks to the preceding step 6.

The results of this further analysis are evaluated at the third checkpoint; in this example
the results of the dynamic analysis of step 7 satisfy the design target; the detailed design is
therefore con�rmed.

3.9. Step 8

As already discussed, in general terms, the design of the system hardware is condi-
tioned not only by the type and number of the adopted sensors, but also by the properties
of the motor drivers. In this case study, the drivers assume the typical con�guration preva-
lent in the automotive sector, as they possess both power and logic stages. Having their
own dedicated processor, they are able to operate at a high frequency in order to acquire
the rotor position measurements and to close the current loops, while also supporting a
CAN interface towards the system hardware. While not focusing on the driver's internal
components and connections, Figure 18 highlights the main interfaces of the driver, which
implement those described at a general and more abstract level in Figure 1.

Figure 18. Custom DC driver developed for the application.
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Concerning on the other hand the selection of sensors, all CTWSBV variants require
at least a tilt measurement in order to stabilize the vehicle; in the speci�c case of a self-
balancing vehicle for personal mobility, the system must incorporate an additional sensor
to detect the rider's intention to initiate a turn (steering intention sensor). Given these con-
siderations, the overall system architecture adopted for the system is reported in Figure 19.

Figure 19. Control architecture designed for the proposed case study.

• 8a—Sensor Design:This step focuses on the selection and integration of the sensing
devices. The measurement of the vehicle's attitude and angular velocity is achieved us-
ing a triaxial gyroscope and a triaxial accelerometer, both integrated in the MPU-6050
MEMS inertial platform, which exposes an I2C interface. To detect the driver's in-
tention to steer, the handlebar of the vehicle is instrumented with strain gauges that
measure deformation caused by applied forces. The selected transducer is the HBM
1-LY13-6/120 strain gauge. The sensors de�ned here are in addition to those that
belong to the power drive systems. Since the output signal is low in amplitude, it
is �rst ampli�ed and then acquired by an analog-to-digital converter possessing an
I2C interface.

• 8b—Control Hardware Design:The system hardware is based on a Raspberry Pi plat-
form, which natively includes the I2C interface needed to acquire the measurements
provided by the inertial unit and by the ampli�cation and acquisition hardware asso-
ciated with the strain gauges; the Raspberry Pi has been furthermore equipped with a
CAN add-on board to communicate with the drivers. The work group tackling control
hardware design will evaluate in detail fundamental aspects such as bus latency and
utilization. A preliminary evaluation may be performed considering a single bus
working at a Baud rate of 1 Mbit s� 1 and used to control the two drivers. A standard
CAN frame with a payload of 64 bit (used to encode either the setpoint or the feed-
back signals) is composed of 111bit . Considering two frames for the setpoints and
two frames for the feedback, the total transmission time is 444 µs, which is compatible
with a control loop operating at 500 Hz. Taking as a reference the pole placement
controller con�gured according to step 1 of the design example and the masses de�ned
so far, the frequencies of the closed-loop system are 0.678Hz and 1.01Hz, i.e., at least
two orders of magnitude lower than the hypothesized 500 Hz control frequency.

• 8c—Control Software Design:As each driver is capable of closing the local current
control loop, the Raspberry Pi handles the execution of the higher-level control loops
and the system logic. The Raspberry Pi acquires all the sensor data and implements
the control algorithms to ensure the dynamic stability of the vehicle. Based on the
attitude measurements and the steering intention estimated from the strain gauges,
the central unit computes the desired current setpoints and transmits them via CAN
to the respective drivers. The team working on software development will need to
take into account the requirements and technical issues associated with latencies and
real-time constraints.
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3.10. Step 9 and Design Check 4

In this step, a further analysis of the system is made, but differently from the previous
steps, it does not concern the dynamic behavior of the vehicle. The analysis is focused
on the suitability of the sensors with respect to the necessary measurements, and to their
ability to be physically placed on the vehicle. The feasibility of the control hardware
placement is also evaluated. Such veri�cations are the subject of the last checkpoint; any
possible problem that could lead to a non-veri�cation does not affect the choices made up
to step 5, but just the mechanical design, mainly concerning the geometric con�guration
of the vehicle. As a matter of fact, if the design check is not ful�lled, loop 4 of the design
procedure's �ow chart brings us back to step 6 where the geometry is modi�ed considering
the dimensions of the sensors and the control hardware.

Once checkpoint 4 is successfully passed, the design is completed.

3.11. Validation of the Designed Virtual Prototype

The validation of the designed prototype is downstream of the design procedure
itself. In this example the validation is performed on a virtual prototype developed using
MSC Adams (Hexagon Adams 2024.1) and Matlab/Simulink (R2024a); the two computing
environments allow sophisticated co-simulations of the CTWSBV. ADAMS facilitates the
development of a very detailed mechanical model, inclusive of the tire–terrain contacts and
of the interactions between the chassis and the rider; on the other hand, Matlab/Simulink
allows us to implement a large portion of the control software, and also to simulate non-
idealities introduced by sampling, quantization, and measurement noise.

Interestingly, the two solvers are coupled to each other through interfaces that concep-
tually match some of those presented in Figure 1. In particular the relevant ones are the
servo axis–system hardware interface that connects the control hardware to the logic stage
of the driver, and the sensor–system hardware interface.

Figure 20a shows the developed ADAMS model, while the diagram of Figure 20b
represents its Simulink blocks to be used within the co-simulation. It can be seen that the
multibody model allows the simulation of the full vehicle's nonlinear dynamics, in all
directions of motion. A diagram that illustrates the approach realized by the interaction
between ADAMS and Matlab/Simulink is shown in Figure 21, while Figure 22 depicts the
relevant results of a simulation, compared to those obtained with the longitudinal analytical
model, where the vehicle reaches a steady-state velocity, starting from a rest condition.

(a) (b)

Figure 20. MSC ADAMS model and Simulink blocks. ( a) MSC ADAMS model; ( b) Simulink blocks
of Adams model.
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Figure 21. MSC ADAMS–Matlab/Simulink co-simulation diagram.

(a) Pitch angle (b) Wheel angle

(c) Pitch velocity (d) Wheel angular velocity

Figure 22. Comparison between multibody and analytical models.

4. Discussion
While the proposed procedure has been applied in Section 3 on a speci�c vehicle

con�guration, it could be equally applied to other variants owing to its high level of
generality; indeed, the procedure is not tailored to a particular con�guration, and may be
used to design any kind of self-balancing vehicle; moreover, the selection of simulation and
analysis tools is far from being rigidly constrained by the proposed method. The analysis
of the mechanical dynamics of a vehicle is one of the cores of the proposed procedure,



Machines2025, 13, 826 30 of 34

as it constitutes the foundation for most of the design and validation steps, starting from
step 1 and then repeatedly applied in the following ones; at the same time, there is also
considerable freedom in the selection of the adopted model; indeed, the above description
of the proposed procedure suggests that simple longitudinal and lateral models are enough
to properly design the vehicle. However, the same goal could be achieved using different
or more complex models, whose adoption depends on the choice made by the design
team and on the available modeling tools. For example, a single analytical model that also
accounts for the coupling between lateral and longitudinal motions could substitute the
ones exempli�ed here. Another option is the use of multibody software, not just as a �nal
validation of a virtual prototype as exempli�ed above, but during the design. A multibody
model allows us to introduce the actors with a higher degree of detail; for example, the
environment can be modeled with more accuracy, simulating the terrain shape and the
interaction between the ground and tire, according to the different characteristics of both.

Also the load and the rider can be accurately modeled inside the multibody simulation
environment, while an external motion generator may be included in the overall model by
means of a co-simulation approach, together with a prototype of the control and managing
software. As a general suggestion, simpler models should be preferred during the early
stages and iterations of the engineering process, as they allow us to clearly highlight the
most important features of the system; as the design becomes increasingly re�ned, more
sophisticated computational models may prove valuable especially for validation purposes,
as they allow realistic simulations of the vehicle. It should however be noted that, despite
the ample freedom in the choice of the modeling approach, the minimal set of input–output
quantities speci�ed by the procedure for each step has a general validity, and is required
for the rational design of the vehicle. A further bene�t of this clear subdivision in steps is
the possibility of distributing the design responsibilities over several working groups, each
possessing speci�c domain expertise; these groups can be provided with a well-de�ned
set of inputs on the one hand, and tasked with the determination of speci�c outputs on
the other.

Concerning on the other hand the suitability of the procedure for the design of different
vehicle variants, this is allowed by the three actors proposed by the authors, whose speci�c
characterization identi�es the design speci�cations and conditions. The components of
the different variants naturally emerge correctly sized from the same design steps, which
remain unchanged. To exemplify the adaptability of the proposed methods to different
CTWSBV classes, focus may be placed on three particular types of vehicle whose differ-
ences concern not only the performances in terms of transportable load, maximum speed,
maximum acceleration and type of traversable terrain, but also the intended application:

• “Sport” con�guration. The vehicle, steered by a single rider, has high performance
that allows it to reach high speed and accelerations, and to move on uneven terrain
and along steep slopes.

• “Twin” con�guration. The vehicle can accommodate not only the rider, but also
a passenger. It is supposed to move on paved roads with modest slopes, and
with speed and acceleration values typically suited to personal transportation in
an urban environment.

• “Autonomous” con�guration. The vehicle is used for the transportation of passive
loads, and the motion commands are received from an external automated drive
system. It is able to transport higher loads with respect to the previous con�gurations,
moving however on �at terrain at limited speed and acceleration, as appropriate, e.g.,
in a warehouse.

The proposed procedure allows the design of any of the three con�gurations, as
it easily accounts for the speci�cities of each variant that have very different applica-
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tion �elds that result, among other things, in signi�cantly different masses, inertias and
motion requirements.

As a result of the different characteristics of the actors, each component assumes a
speci�c physical con�guration, which results however from the same design steps already
illustrated. A typical example is the powertrain unit; for the “Sport” variant, the motors'
torque and speed need to be higher than the ones required for the other two con�gura-
tions. Moreover, due to the motion on unpaved terrain, also the wheels, both in terms of
dimension and selected tire, may be different with respect to the other cases. Different
required power and energy also lead to a different sizing of the energy storage system; the
size and type of battery will therefore differ according to the required currents, voltages
and capacities. Concerning the physical con�guration of the system hardware block and of
the included system software and communication module, the number of devices on which
they could be physically distributed depends on the choice made by the design team, also
according to the desired vehicle performances and application requirements. It is clear for
example that vehicles for personal transportation do not strictly require a communication
module, which may however still be useful for ancillary functions, especially in a context
of advanced smart mobility; on the other hand, such a component is mandatory in the
autonomous con�guration to receive external instructions in order to, e.g., coordinate with
an entire �eet of similar AGVs. Also, the sensor block could have a different physical
con�guration depending on the speci�c type of vehicle. The differences could concern
the position of the sensors, their characteristics, their number, and their type, with more
advanced and sophisticated ones more likely appearing in the autonomous version. Finally,
it may be remarked that the chassis's physical con�guration can change too in terms of
geometry and material, depending on the dimension and mass of the transported load, the
interaction with the environment, the housed components, and in general the performance
required from the vehicle.

Similarly to what happens to the components, the high-level interfaces are the same for
each different type of vehicle, while their physical implementation is adapted to the con�gu-
ration of the relevant connected component, which in turn is affected by the variant's speci-
�cities. For example, the interfaces between the system's managing–supervising software
and sensors, motion generator, and drivers are signal �ows (commands, measurements,
etc.), but the type of communication could be different according to the speci�c physical im-
plementation, happening, e.g., simply through analogue signals, or according to a suitably
selected communication protocol. Considering in particular the driver–system hardware
interface, competing design solutions are representable with the proposed methodology; in
the case study proposed in the previous section, a modular architecture typical of automo-
tive systems was adopted: the drivers possess both a power and a logic stage and are thus
in large part decoupled from the system hardware, with which they communicate over
the CAN bus; the system hardware assumes in this case mainly a supervisory role, while
the drivers operate at higher frequencies in order to perform measurements and close the
current control loops. Different architectures could however be conceived, for example a
monolithic one in which the system hardware directly interfaces with the drivers' power
stages and with the rotor position sensors.

5. Conclusions
This work proposes a general procedure for the design of different classes of coaxial

two-wheeled self-balancing vehicles. The procedure avails itself of a modeling language
typical of Model-Based Systems Engineering to formally express the proposed representa-
tion of the vehicle.
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The procedure effectively treats the vehicles as mechatronic systems characterized
by interacting components that span mechanical, electrical, electronic and algorithmic
subdomains, and exchange physical and logical �ows between each other through suitable
interfaces. The design procedure covers all stages of the engineering process, starting from
the analysis of the requirements and gradually leading to the full design of the system.
Along its steps, a minimal set of quantities (design speci�cations, reference operating
conditions, design variables and resulting data) are singled out as especially relevant for
the proportionate sizing and logical co-design of the several elements constituting the
vehicle; this speci�c contribution of the present work also allows the design workload to
be split over several working groups, each provided with the necessary inputs and tasked
with clearly de�ned responsibilities. The systematic application of the proposed method
on an actual case study demonstrates the practical value and actual applicability of the
procedure; as the latter rests on a very general conceptualization and description of the
vehicle, it remains equally applicable to different variants and classes of this overall type
of system.

The procedure allows the design of vehicles characterized by more complex manage-
ment strategies, such as those aiming at safety enhancement. This type of management
strategy impacts only the sensor components and the system's managing and supervising
software. For example, the vehicle can be equipped with force sensors to detect the actions
exchanged between the rider and the vehicle. Such measurements could be associated with
panic or emergency reactions, and managed by the control software.

Future research activities on this topic concern the validation of the dynamic models
proposed for the procedure by means of experimental tests on the full realization of the
designed vehicle.
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