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Abstract: This paper presents the operation of a remotely controlled, wheel-legged robot. The
developed Wi-Fi connection framework is established on a popular ARM microcontroller board.
The implementation provides a low-cost solution that is in congruence with the newest industrial
standards. Additionally, the problem of limb structure and motor speed control is solved. The design
process of the mechanical structure is enhanced by a nature-inspired metaheuristic optimization
algorithm. An FOC-based BLDC motor speed control strategy is selected to guarantee dynamic
operation of the drive. The paper provides both the theoretical considerations and the obtained
prototype experimental results.

Keywords: Internet of Robotic Things; wheel-legged robot; flower pollination algorithm; metaheuristic
optimization; remote control; Wi-Fi

1. Introduction

Robotic platforms are becoming very popular tools in industry and delivery companies.
These systems are reliable and cost effective, and, additionally, movement in narrow aisles
can be achieved. The maneuverability of the robotic platforms exceeds the possibilities
of standard forklifts [1]. They can be used in smart warehouses, and, in such completely
automated areas, aisles are designed for use of the specialized robots only. The robots are
connected into a robotic network according to the idea of the Internet of Robotic Things
(IoRT) [2]. This provides the possibility of remote data gathering and synchronisation of
each individual object to allow autonomous operation. In the ideal world, the construction
of smart warehouses (with robotic devices) may be considered as a great solution to reduce
the number of employees and wasted space (that can be used for profitable production or
other purposes) [3]. Coordinating the work of a smart warehouse in fully autonomous mode
requires much computational power. It is crucial to process the control algorithm in real
time. That is why the control system must be realized with the idea of embedded computing
and the Internet of Things at once. Unfortunately, the operation of such systems may be
easily disrupted. Because of narrow aisles, bypassing any obstacles, such as immobilized
platforms (e.g., because of discharged batteries or faults) or scattered/unexpected objects
(e.g., fallen products), may be impossible. Stopping operations may cause delays in object
(that can be a part of larger system) work, which as a result may lead to financial loss. The
risk of such undesired maintenance standstill may be reduced with the implementation
of robotic platforms that can traverse over the obstacles. These robotic platforms may be
considered a part of smart mobility. In fact, they are designed to work without the need for
human control, which makes them an interesting solution in many areas of people’s lives.
Smart transportation may be the answer to many dangerous or damaging jobs. The idea of
autonomous robots provides the possibility of building more advanced robot constructions,
which may be capable of carrying out more complicated tasks than traditional robots. In
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this case, a solution could be robots with a special suspension design. Because of the
similarity to the movement of animals living in nature, the suspensions of these robots are
commonly called legs [4]. Legged robots can travel in three-dimensional environments,
and are able to step over obstacles, climb over stairs, etc. [5]. However, they are relatively
slow in good, flat environments. It can be noted that the fastest legged robot is significantly
slower in comparison with wheeled platforms [6]. The best solution, which keeps the
advantages of wheeled robots and the abilities of legged platforms, is a combination of their
construction features. The resulting wheel-legged robots are a field of research interest in
notable research institutes and famous worldwide companies. Robots from ETH Zurich [7]
and Boston Dynamic [8] are examples that are very popular.

Modern microcontrollers have become powerful devices that are capable of running
complex algorithms. There are many devices that come with integrated wireless communi-
cation modules such as Wi-Fi, Bluetooth Classic, Bluetooth Low Energy, etc. Their price
is comparable to standard industrial microcontrollers, and thus they are widely applied
as a control element of electrical machines and appliances [9]. By using these devices, the
idea of the Internet of Things (IoT) can be developed. The increasing number of industrial
applications is related to modern software tools (for programming), reliability and low costs.
They have an influence on industrial hardware, where very often the machinery is con-
nected into networks. This allows maintenance workers to gather debugging data quickly,
update configurations or simply visualize the production process, which can be carried out
using SCADA (supervisory control and data acquisition)/ HMI (human–machine interface)
hardware and software [10,11]. However, it should be noted that the complex structure and
high prices of such systems can reduce the number of potential implementations. Moreover,
nowadays, the idea of the Internet of Things becomes an inseparable part of modern control
systems. When it comes to robotic constructions, there is a massive need to equip the robots
with a smart control module. Modern control units may also be determined by additional
requirements, e.g., shock resistance and compact size. These features involve the need to
create a dedicated embedded system, which combines real-time operations with constant
online access ensured by the IoT. These embedded systems may also apply artificial intelli-
gence algorithms to gather environmental data (e.g., example neural networks for sensor
signal analysis and deep learning vision systems) and for control. The solution proposed in
the paper is low-cost and consists of a single module that is able to host an HMI service
while controlling the operation of the machinery. If the HMI is published as an interactive
website (accessible using any web browser), no additional software is required.

The design process of the complex control structures and mechanisms requires com-
plicated calculations. In the case of geometrical synthesis, the model of the kinematic
chain is rather simple. However, the solution to the problem of providing the desired
operation requires a complex search of possible solutions. This can be carried out using
the naive, monotonous brute force method or, as it has already been proven [12], the opti-
mization algorithm can be applied to solve the problem more effectively. The catalogue of
metaheuristic algorithms is evolving and expanding unceasingly. The swarm intelligence
methods are the most popular techniques among nature-inspired metaheuristic algorithms.
Their successful applications in different disciplines have already been described and
published, and include:

• Economic issues [13];
• Design of electronic devices [14];
• Material strength [15];
• Optimization of electrical machines [16];
• IT network support [17];
• Management of power systems [18,19];
• Medicine [20];
• And many others.

The paper describes the design process of a wheel-legged robot. It is divided into
thematically established sections that provide subsequent steps and subjects of the design.
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The introduction is followed by a state-of-the-art discussion. It establishes the background
for the considerations presented in the next parts of the paper. At the beginning, the
embedded microcontroller system is described. In this section, the chosen motors are
briefly characterized and the applied control structures are also discussed. The following
section provides the description of the most important mechanism of the wheel-legged
robot. It puts a special focus on the novel approach of geometrical synthesis of the robot’s
suspension. The requirements and the constraints for the kinematic chain are provided
in this part of the manuscript. Then, the flower pollination algorithm is briefly described
and its application to calculate the dimensions of the four-bar linkage suspension (to fulfill
defined requirements) is described in detail. The description of the swarm intelligence-
based optimization process is supported with chosen simulations results and the real
prototype of the wheel-legged robot. In the same section, the second application of the
FPA is also briefly presented. The speed controller used for the BLDC motors is optimized
with the same algorithm that is used in the synthesis of the mechanical system. This part of
the paper summarizes the speed transients achieved with the robot prototype. The next
section of the article is focused on the master controller—ESP32—and the developed HMI
system. This section also provides the principles of the implemented state machine and the
communications between modules. The control process is realized using the developed
website. Moreover, the Ackermann model is also provided. The paper is concluded with
the concluding remarks and the plans for further research.

2. State-of-the-Art and Related Work

The popularity of metaheuristic algorithms is mainly based on the high efficiency and
universality of these applications. The methods require less time for calculations and are
memory efficient, while the obtained results are satisfactory and the computation complex-
ity is rather low. The problem of derivative calculation is skipped in such techniques; in
most applications, simple calculations (such as matrix multiplication) are needed. Thus,
the number of observed implementations is increasing. This leads to subsequent improve-
ments and modifications of existing methods. The efficiency of different approaches can be
synthetically tested with benchmark functions or directly with engineering problems—[21]
provides a review of the chosen algorithms, and ref. [22] provides the efficiency re-
sults and shows the popularity and development of metaheuristic algorithms (more than
500 optimizers are listed). The efficiency of metaheuristic algorithms can be also proven by
checking their results in problems with defined boundaries and unconstrained tasks [23].

The issue of suspension optimization has already been examined by researchers. Dif-
ferent design methods and algorithms have been verified [24–26]. However, the flower
pollination algorithm has only been applied to the control system of the gyroscope suspen-
sion [27], and it has never been applied to the mechanical task of finding the geometry of
the mechanism. Thus, the approach and the research presented in this paper provide an
original solution (new application of the FPA and different design method of the kinematic
chain). Robotic platforms are becoming very popular tools in different fields—they can
be used in warehouse and delivery tasks, and also in agriculture [28], mining [29] and
general monitoring designs. The main disadvantage of most robot applications is their
ability to travel only on flat surfaces, without the possibility of moving over or around
obstacles. However, this issue has been noticed by researchers, and different solutions have
been presented recently [30,31]. The high research popularity is based on the necessity of
developing machines that can replace humans, both in hazardous environments and for
repeatable, monotonous tasks.

3. Description of the Control System

Over the years, in the area of autonomous devices used in industrial applications,
significant developments have been observed. Robots have become an inseparable part
of modern automation. A constant improvement in microprocessors and programmable
systems makes robotic constructions capable of carrying out more and more computa-
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tionally demanding operations. In the case of autonomous (self-driving) robots, it is not
allowed to place the main control loop in the cloud control system, due to a possible con-
nection problem or data-transfer delay, and therefore a real-time operating system should
be used. Thus, sufficient computational power on board of a robot chassis is required.
This is possible using edge computing systems (e.g., NVIDIA Jetson modules). On the
other hand, the application of these processing units is strongly governed by their high
price. Additionally, to fulfill the requirements of modern industry, controllers with wireless
connection protocols on board should be applied. In this project, an ESP32 module has
been used.

The ESP32 board is a low-cost microcontroller system developed by Espressif Systems.
When comparing this module with other popular development boards (e.g., Nucleo), the
communication possibilities should be emphasized. It is considered as a microcontroller
dedicated to Internet of Things applications. Not only does the ESP32 contain Wi-Fi
and Bluetooth modules, but it also integrates some basic sensors on board (e.g., Hall
sensor and touch sensor). The main unit of the board is powered by a dual-core Tensilica
microprocessor (240 MHz). In addition to the typical GPIO pins used for connections, it also
provides an analog-to-digital converter (12 channels) and DAC (2 channels). Additional
details of the specifications are presented in Table 1. Considering the advantages of
this device, it seems a perfect solution for a low-cost main control unit in a developed
construction. The ESP32, combined with popular microcontroller units (e.g., STM32 boards),
creates a powerful control system capable of running advanced applications in real time,
which makes it a perfect tool for autonomously driving robots.

The whole control system consisted of different microcontrollers. All of them worked
in a master–slave system. The main microcontroller ensured the wireless connection with
the robot, transferred the (read) data to the control web page and received proper instruc-
tions sent by the user. The main task was focused on calculations of inverse kinematics,
which was obligatory to receive the information on which drive should be activated in
a specific moment (with a proper reference speed in order to move the robot in desired
direction). It was also responsible for collecting data from sensors. The control system was
divided into two subsections: the first one was responsible for motion control of the robot,
while the second one controlled the leveling system of the chassis. Each of them received
the control commands from the master device (ESP32 module). The structure of the control
system is shown in Figure 1.

The first part of the control structure was responsible for motion control of the robot.
The whole drive module was divided into two parts. The first one controlled the front axle
drives, while the second one was responsible for the rear axle. Each of them was equipped
with two independent in-wheel BLDC motors. For each axle, a dedicated BLDC controller
was designed. The control algorithm was implemented in the STM32F103R microcontroller.
The BLDC control module, in the form of an independent board, contained both power
and control modules. Different ways to control a BLDC motor have been described in the
literature [32]. In the case of brushless motors, it is demanded to ensure a correct phase
switching sequence instead of delivering a proper voltage to its terminals [33]. To ensure
correct operation, an electronic commutator is required (usually in the form of a 3-phase
inverter module). The control method of a BLDC motor is strongly dependent on the shape
of the back electromotive force induced on the unused phase. In the case of a trapezoidal
shape, the input signals generated thorough Hall sensors are used to specify the current
rotor position. Based on the received information, a specific pair of transistors in a closely
determined time window is switched. In the case of a sinusoidal shape of the back-EMF, an
FOC control structure is often implemented [34].
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Figure 1. The topology of microcontroller system used for remote control of wheel-legged robot.

The main idea of FOC (field-oriented control) is to control the stator current compo-
nents related to the rotor flux. Because of the given structure, it is possible to ensure full
torque control in dynamic states of the electric drive. This feature is essential in robotics.
Analyzing the placement of vectors shown in Figure 2, the stator current vector (is) can be
divided into two components. The first one (isd) is related to the flux, while the second one
influences the actual torque value (generated inside the motor). In the brushless motor, the
flux is generated by the set of permanent magnets placed on the rotor surface. Thus, the isd
current component needs to equal zero. The second component (isq) corresponds to the
stator current vector and affects its value directly. Increasing the isq component value is
forced to keep the torque at a desired level. The adjustment depends on the operation stage
of the machine and the actual torque load.

One of the main advantages of the application of the field-oriented control method is
the similarity to the cascade control of a conventional DC motor. The separate path for the
electromagnetic torque, me, control is noticed. It is related to the mathematical equations
describing the value of the signal:

me = Ψw · it = const · it, (1)

me = ΨPM · iq = const · iq. (2)

Two main control paths may be distinguished in the FOC structure. The first one consists of
two PI controllers (Figure 3). The first one is related to the main state variable, and processes
the speed error and generates the reference value for internal part of the system [35–37].
The analyzed controller calculates the isq component corresponding the torque value. The
second path contains a controller that forces the isd component to zero. The speed above the
nominal value may be obtained by decreasing the isd component to below zero. For BLDC
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motors, the flux angle, required to make a proper Park’s transformation, corresponds to
the rotor position directly [38]. The final output signals from the current controllers are
used after recalculation of the inverse Park transformation block. Obtained signals are
provided to the space vector modulation (SVM) unit, which controls the transistors in the
power module. In the proposed construction of the robot, the FOC has been implemented
in STM32F103R.

Figure 2. The principles of field-oriented control.

Figure 3. Field-oriented control structure.

The second part of the main system was responsible for control of the chassis level.
The algorithm was implemented in Raspberry Pi Pico, which is a powerful development
board based on a dual-core ARM Cortex M0+ chip. This unit is equipped with a variety of
communication protocols (e.g., 2xSPI, 2xI2C and 2xUART) and 26 GPIO pins. Moreover,
Raspberry Pi Pico gives a wide range of advanced peripheral extensions, which are per-
fectly suitable for creating a drive system (e.g., ADCs and PWM generator). The advantage
of the Raspberry Pico over other popular microcontrollers is related to easy accessibility
and uncomplicated software. The software may be developed using Arduino IDE. Addi-
tionally, the embedded code can be directly written in both C and Python programming
languages [39].

The Raspberry Pi Pico unit acquired the data from the MPU6050 sensor. The device
was equipped with an on-board gyroscope and accelerometer, and provided information to
control the chassis level. The communication between devices was realized using an I2C
protocol. The microcontroller used the implemented position control structure to generate
four independent PWM signals, connected directly to dedicated power modules (based on
a typical H-bridge power electronic structure). The DC motors were coupled directly to the
linear actuators that were responsible for the position of the suspension.

A standard cascade control structure is a reasonable and efficient method to control the
speed of a DC motor [40]. The PI speed controller generates the input value for the inner
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current control loop (equipped with the PI controller) [41]. The position control structure
is extended with one additional PI controller. The output of the additional controller is
the reference speed value. The output is computed based on the position error, defined as
the difference between the reference and measured values [42,43]. The speed and position
in the analyzed control system was measured using four incremental encoders connected
to the Raspberry Pi Pico microcontroller. The implemented position control algorithm is
shown in Figure 4.

Figure 4. The position control structure applied for the chassis.

The comparison of microcontrollers used in the hardware construction of the robot
analyzed in the article is shown in Table 1.

Table 1. The specifications of the programmable devices used in the project, compiled based on
refs. [44–46].

Device Raspberry Pi Pico STM32F103R ESP32

Power consumption <1 W <1 W 5 W
Core Raspberry RP2040 ARM Cortex M0+ ARM Cortex M Dual-Core Tensilica LX6

Clock rate 133 MHz 72 MHz 240 MHz
User memory size 2 MB 64 kB 4 MB

RAM 264 kB 20 kB 520 kB

4. Geometrical Synthesis with Flower Pollination Algorithm

The kinematic chain structure was chosen during structural synthesis based on the
below defined requirements and presumptions.

• Drives should be installed on the platform directly (to reduce mass of the elements
attached to the structure).

• The mechanism should allow to follow the desired trajectory with a single drive only.
• The total number of freedom degrees of a single mechanism equals 4 (Figure 5). For

synthesis purposes, this can be reduced to 3 as the driving motor introduces the f2
independently to the suspension mechanism. It can also be noted that turning can be
obtained with a simple gear attached at a fixing point of the BLDC motor. Taking these
assumptions into consideration, only two degrees of freedom have to be reproduced
with a suspension kinematic chain.

• Both translational and rotational joints can be used.
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Figure 5. Required degrees of freedom.

A four-bar ABCD linkage mechanism was selected as the base of the construction
(Figure 6). The simple structure was chosen because of two fixing points placed directly on
the platform chassis. Both of the mentioned points were also the propulsive elements—the
rotational joint (in point A) was responsible for level, and the translational joint (between
points C and D—second fixing point) was designed to performs several steps of the robot.
After selection of the fixing points, the heavy drives were attached to the chassis. Therefore,
the inertia of the mechanism was reduced.

Figure 6. Four-bar linkage suspension structure of analyzed robot.

The AB rocker (a crank) was considered as a constant length element, while the CD bar
(a follower) was designed with an adjustable length. Such ability, as well as high torque and
easy control, were provided through a linear actuator. If the required position is obtained,
the drive can be switched off, which leads to low power consumption. The in-wheel BLDC
motor was combined with an e element (in point W), connected to a four-bar mechanism (in
point B) and oriented with BC linkage (a coupler). The geometry was defined; however, the
exact lengths of the elements were required to assure appropriate operation. The following
conditions were assumed for the construction:

• A linear trajectory, perpendicular to ground level;
• Movement along the desired trajectory proportional to the controlled angle (in joint A).

The above issue is related to the geometrical synthesis task. Different approaches may
be used to solve the problem. In the presented work, the flower pollination algorithm
(FPA) was used to find the optimal configuration of the kinematic chain lengths. The
method was firstly described by Xin She-Yang [47]. It was inspired with observations of
pollination phenomena. Two ways of pollination can be taken into consideration with the
presence of a single or more species. The self-pollination or geitonogamy process describes
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the situation in which pollen of a single specimen is moved between its flowers. Such a
process is considered as local, where the distance between two flowers of the same plant is
marginal. A unique case, called autogamy, is even more local and is where pollen is moved
between the anther and the stigma of an individual flower. The method observed in nature
requires external pollinators such as insects or birds. The pollen of a single plant adheres
to legs, antennae, feathers, etc. Then, it is transported to stigmas of different species. This
process is called cross-pollination or allogamy, and is considered as global (pollen affixed
to birds can travel hundreds of kilometers before reaching the goal) [48,49]. The FPA is a
swarm-based meta-heuristic optimization algorithm [50,51]. Thus, in subsequent iterations,
the specimens of the next populations evolve [52,53]. The main purpose of every plant
is to donate its best genes to successors. The weakest individuals become extinct and
are replaced with stronger entities. In the case of optimization algorithms, the strength
is measured with a fitness function defined to a task. For the algorithm purposes, two
previously analyzed pollination mechanisms are represented using equations describing
the update of solutions assigned to a single specimen. The specimen in the self-pollination
process is described by Formula (3) below:

xn
i = xn

i−1 + ε(xk
i−1 − xl

i−1), (3)

where: xn
i , xn

i−1—n-th specimen value in the current and the previous iteration; ε—random
value ε ∈ (0, 1], xk

i , and xm
i —randomly chosen solutions from the previous iteration.

The global optimization, resembling cross-pollination, is defined according to Formula (4):

xn
i = xn

i−1 + γL(λ)(Gn − xn
i−1), (4)

where: γ—step size coefficient; Gn—current best solution; and L(λ)—Lévy flight step
calculated according to Equation (5):

L = λΓ(λ)
sin (πλ

2 )

πS1+λ
, (5)

where: S—random step size from the Lévy distribution, and Γ(λ)—the standard γ function
for the λ index.

The main parameter of the FPA is a probability switch, s, which selects the optimization
concept used in the current iteration. In the random draw, the r value is obtained. If this
satisfies the condition r ≤ s, the global pollination equation is used to calculate a new
solution. In other cases, local pollination occurs. The process is repeated until stopping
criteria are reached (e.g., maximum number of iterations). The FPA returns the global best
value and the corresponding solution vector (Figure 7).

The geometrical synthesis was conducted in Matlab/Simulink. The model of the
kinematic chain was created according to the expressions:{

e2 = (xB f − xW f )
2 − (yB f − yW f )

2

e2 = (xB0 − xW0)
2 − (yB0 − yW0)

2 , (6)

where: e—length of the element between point B and the BLDC drive axis; B f , W f —final
positions of B and W points, respectively, for the maximum rotation of the A joint; and
B0, W0—initial position of B and W points, respectively, defined using the equations:

xB0 = a cos α0,
xB0 = a cos (α0 − ∆α),
yBi = a sin α0,
yB f = a sin (α0 − ∆α),

(7)

where: a—length of AB crank; and α0—initial control angle.
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Figure 7. Flowchart of the flower pollination algorithm—the pollination mechanism is presented in
yellow blocks.

The β angle between the BW rocker and the BC coupler can be determined according
to equation:

β = atan2(xW0 − xB0 , yW0 − yB0)−Φ20 , (8)

where Φ20 is the angle between linkage BC and the base surface (initial position B0).
The results of the calculations were verified using a quality indicator given with the

below equation:

qj = sx

n

∑
i=1

l2
xi
+ (1− sx)

n

∑
i=1

l2
yi

, (9)

where: sx—weight coefficient; and lxi , lyi —distances between calculated and reference
trajectory, respectively, for subsequent points. The defined quality indicator, Equation (9),
was used as the fundamental part of cost function of the optimization task. The final form
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was described by Equation (10), which prioritizes displacement along the x axis with a
weight coefficient ratio of 4:1.

Fcostleg =
4×Q2

jx + Q2
jy

5
, (10)

where: Qjx , Qjy —sum of distances along the appropriate axes.
The achieved parameters of the optimization are presented in Table 2. It should be

noted that the a crank and the length, e, were assumed before the synthesis. The length
range of the c follower was defined according to the datasheet of the chosen linear actuator.

Table 2. The results of the geometrical synthesis.

Parameter Value

a 32 cm
b [10,15] cm
c [32,40] cm
e 40 cm

xA [5,10] cm
yA [0,5] cm
xD [0,5] cm
yD [15,20] cm

The final values were used for the prototype construction. Figure 8 presents the
suspension—it can be seen that the platform can be leveled. The change of suspension
height does not influence the wheel span. Thus, the requirements were fulfilled and the
structure was developed correctly.

(a) (b)

Figure 8. The developed prototype of the LegVan3 robot, (a)—the down position (regular driving
position), and (b)—the elevated position.

Currently, the motors used in the electrical drives of robots are required to be energy
efficient and reliable, while providing the highest possible dynamics. Due to these re-
quirements, BLDC motors were used. However, the precision of the work depends highly
on the precision of the controller gains selection. Thus, the FPA was also applied to the
tuning process of the PI speed controller in the FOC structure. Such specifications allowed
definition of the testing criteria. In order to obtain the appropriate dynamics, the cost
function was defined:

FcostBLDC =
∑Q

q=1 |ωre f −ωm|
Q

, (11)

where: ωre f —reference speed, ωs—measured speed, and Q—number of samples.
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The results of the optimization (values of Kpω , Kiω ) and parameters of the FPA algo-
rithm are presented in Table 3.

Table 3. Parameters of the flower pollination algorithm.

Parameter Value

Population size 20
Main loop iteration count 20

Probability switch, P 0.8
[Lb, Ub] [0,20]

Figure 9 presents the values of cost function during the optimization process. In
subsequent steps of the calculations, reduction of the objective function values can be
observed. To obtain the achieved values of the speed controller parameters, the tests were
performed. The corresponding speed transient is presented in Figure 10. High dynamics
and precision of control can be noticed.

Figure 9. Changes of cost function value during calculations of the FPA.

Figure 10. Speed transient of the BLDC motor implemented in the robot.

5. Wireless Controller

The developed website allows remote (online) control of the robot. The web interface
provides possible changes of the object position (movement of the whole system and the
main platform level). The platform height can be adjusted using a simple slider. Individual
control of each leg height is also possible. It can be performed with a slider presented next
to the considered leg. Both the reference and the current heights are also presented on
the user front panel. The control of the drive can be set in the upper part of the HMI. The
control is similar to typical RF remote control interfaces—a joystick simulator was used in
this case. The website (the final form of the user interface) works best on touch screens of
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devices such as smartphones and tablets. In order to assure ease of use, vertical orientation
of the screen was chosen (Figure 11).

Figure 11. Screenshot of developed website.

The control algorithm was implemented in ESP32 to keep the user interface simple
and memory efficient. It was achieved with a reduced number of graphics and utilization
of basic sliders and buttons. Nevertheless, the elements were arranged thoughtfully, thus
making the interface user-friendly. The size of the buttons was adapted during tests to fit a
10′′ screen and provide comfortable operation. The styles and the HTML code were stored
in the flash memory of the ESP32 board. Thus, the program memory could be used to store
control variables. The standard HTML sliders were used (size was scaled in millimeters).
It should be noted that the value was measured from the chassis edge to ground level,
and included the 6′′ wheel. The sliders were defined to allow height adjustment, with a
resolution of 5 mm. The difference between the two levels was calculated, and the height
of each leg was updated accordingly.

The synchronous state machine (Figure 12) was used to ensure the functionality of the
ESP32-embedded software. The main reason for the synchronous configuration was the
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timing required through the slave microcontrollers. The time between subsequent UART
speed transmissions was set to 100 ms. Skipping the communication at the desired time
frame would announce an error. The main task of the state machine was the acquisition
process (in which information was collected). In the subsequent step, the actual speed
level and the control signals for the BLDC motors were calculated. The computation rule
was implemented according to Equations (12)–(17). Due to the safety reasons, the highest
priority was attached to control function. Thus, the communication between ESP32 and
STM32 controllers was realized just after calculation of the control parameters. Then, the
data with lower safety significance were processed (the desired heights were transmitted
to the Raspberry board). The above steps are related to control in a single iteration of the
cycle. Additionally, to make the HMI interactive, the state machine can receive feedback
from the slave controllers and the presentation of the data on the website.

Figure 12. Data processing in the ESP32.

The communication between the modules was established with a UART interface.
To ensure reliability of the received values, a three-element communication frame was
developed. Every message consists of subsequent parts: start, commands and checksum.
The length of the commands part depends on the module and the functionality (commands
to the BLDC motor consist of two 12-bit speeds, while the position controller handle four
8-bit heights and two 10-bit angles). The presented structure allowed sharing of numeric
data between the modules. The errors or alerts were skipped in HMI development, but
every slave module was equipped with a buzzer, allowing reporting of any issues.

The robot was equipped with two turnable wheels at the front axle. This allowed
calculation of the control kinematics according to the car-like Ackermann model [54].
Figure 13 presents the vectors of the steering process in accordance with the dynamic
turning point, O. The speed of the individual wheels and the appropriate steering angles
force the robot to turn according to the reference radius (without slip) [55]. The control
angles were calculated according to the following equations:

αL = arctan(
l

Rc +
w
2
), (12)

αR = arctan(
l

Rc − w
2
), (13)
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where: αL, αR—angles of left and right front wheels, respectively, l—distance between front
and rear axles, w—wheel span; and Rc—turning radius. The individual speeds of every
wheel were achieved according to the given model:

vFL = vR
Rc +

w
2

Rc cos αL
, (14)

vFR = vR
Rc − w

2
Rc cos αR

, (15)

vRL = vR
Rc +

w
2

Rc
, (16)

vRR = vR
Rc − w

2
Rc

, (17)

where: vFL, vFR, vRL, vRR—speeds of front left, front right, rear left and rear right wheels,
respectively, and vR—speed of the robot.

Figure 13. The kinematics analysis of robot (control part).

The above equations were implemented as part of ESP32-microcontroller-embedded
software. Such an approach allows calculation of reference angles and speeds of each
drive in the master ESP32 controller (directly after acquisition of values through the HMI
website). In further development of the project, a configuration admin page is considered.
The control system can be applied to any robot without the necessity of reprogramming
the ESP32 module.

6. Final Remarks

This article presents the low-cost development of a wheel-legged robot based on
modern tools (e.g., the ESP32 microcontroller and swarm-inspired optimization). The
flower pollination algorithm, an optimization algorithm, was applied for correct selection
of the mechanical structure and parameters of the speed controllers (used for the BLDC
machines). Additionally, a low-cost (wireless) HMI integrated with the main controller unit
is proposed in the article. The main remarks based on the final results are presented below.
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• In the presented robot control interface, the leveling system does not work au-
tonomously, so the adjustment of each leg height should be realized continuously.

• The integration of the ESP32 controller with the HMI website is an efficient and
low-cost solution for robotic systems.

• The integration of the control website with a modern microcontroller unit allows
operation of the robot using a touch screen.

• The use of ESP32 allows a mobile robotic platform to be controlled with a smartphone.
• The use of a synchronous state machine implemented in the main controller is manda-

tory in order to synchronize all tasks in specific time windows.
• The ESP32 is a modern and efficient tool that gives the possibility of synchronis-

ing basic control procedures with wireless communication and power demanding
calculation of control kinematics.

• The FPA is a reasonable tool in the tuning process of the PI speed controller in the
FOC structure, which ensures a high-precision speed control loop.

• The UART protocol is a sufficient and user-friendly tool to be widely used in modern
robotic platforms.

• Raspberry Pi Pico is a low-cost entry level microcontroller unit, which ensures the
possibility to realize advanced control structures in real time.

• The FPA is an efficient tool for geometric synthesis of wheel-legged suspension.
• Further improvements in the control system and HMI interface are considered.
• Enhanced versions of the FPA are planned to be applied in further research activities.
• Further research will cover both low-cost remote control and autonomous, AI-based

systems applied to wheel-legged robots.

The aim of the presented research was to develop a remotely controlled robotic plat-
form with adjustable legs heights. The novelty of the work deals with successful application
of the flower pollination algorithm in mechanical synthesis and speed controller tuning,
and the development of a low-cost ESP32-based wireless control web framework. The
superiority of the proposed solution, over standard robotic platforms, is undoubtedly the
possibility of adaptation of each wheel independently. The presented Wi-Fi-based control
interface can be considered to be connected with WAN networks via mobile networks,
enabling a virtually infinite range of control. Even without additional LTE/5G modems and
using only an existing in-plant wireless network infrastructure, the robot can be controlled
throughout the whole area by an operator from a single (stationary) PC. Thus, in further
development, the operator can be replaced with a single master computer controlling
(possibly AI-based) the swarm of the robots connected to a Wi-Fi network.
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Abbreviations
The following abbreviations are used in this manuscript:

HMI Human–machine interface
SCADA Supervisory control and data acquisition
MCU Microcontroller unit
RF Radio frequency
RC Remote control
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ADC Analog-to-digital converter
IDE Integrated development environment
PWM Pulse width modulation
SPI Serial peripheral interface
UART Universal asynchronous receiver/transmitter
BLDC Brushless DC motor
GPIO General purpose input/output
I2C Inter-integrated circuit
SVM Space vector machine
FOC Field-oriented control
PI Proportional integral (controller)
PCB Printed circuit board
FPA Flower pollination algorithm
EMF Electromagnetic field
DOF Degree of freedom
ROS Robotic Operating System
IoT Internet of Things
IoRT Internet of Robotic Things
LTE Long-term evolution
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