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Abstract: For automatic guided vehicles (AGVs), maximizing the operating time with maximum
energy efficiency is the most important factor that increases work efficiency. In this study, the fuel-
cell-powered AGV (FCAGV) system was modeled and optimized control and design were carried out
to obtain high tracking performance with minimum power consumption. Firstly, a full mathematical
model of FCAGYV, which involves the AGV, the fuel cell, DC/DC converters and motors, was obtained.
Then, particle swarm optimization (PSO)-based intelligent PID and I controllers were developed for
maximizing the route-tracking performance of AGV and voltage-tracking performance of the DC/DC
converter with reduced power consumption. PSO was used to determine the optimal parameters
of controllers and the values of DC/DC converters’ components. The performance of the full AGV
system was analyzed for different paths. The results show that the sufficient path-tracking and
voltage-tracking performance was obtained for AGV and DC/DC converters, respectively. The
average tracking errors according to global coordinate system are 0.0061 m at the x axis, 0.0572 m
at the y axis and 0.0228 rad at rotational axis. The obtained average voltage-tracking errors for
each DC/DC converters were approximately 0.8033 V. These results indicate that the developed
controllers with optimal coefficients work successfully with small voltage and path-tracking errors.
During this motion, the average consumed power from the fuel cell was observed as 58.2675 W. These
results show that the designed optimized intelligent controllers have sufficient performance with
high energy efficiency and maximum route tracking.

Keywords: AGV; control; design; PEMFC; optimization; PSO; power consumption; DC/DC converter

1. Introduction

An AGV is a portable robot that follows marked lines or wires on the ground or uses
radio waves, cameras, magnets or lasers for navigation. Computer-controlled and wheel-
based AGVs are load carriers that travel across the floor of a facility without an onboard
operator or driver. AGVs are also used to repeat transport duties in other areas such
as warehouses, container terminals and external (underground) transport systems [1,2].
Studies on AGV in the literature have generally focused on AGV design, trajectory control
and power consumption analysis. In the light of the information in the literature, factors
such as the number of pick-up and drop-off points, route, traffic management, flow path
layout, vehicle requirements and battery management are important in the design of AGV.
Kaloutsakis et al. [3] worked on a low-cost AGV design in their studies and created a frame
for an AGV that can carry a 200 kg load and performed its structural tests. A different
design of a high-payload AGV with Mecanum wheels was created by Chen et al. [4]. For
this AGV carrying at least 740 kg, engine power analysis and route-tracking performance
during motion were examined. Lin [5] designed a six-wheel magnetic-navigation-based
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AGYV and observed successful route tracking with fast response and strong stability with its
fuzzy-logic controller. There are many patents and papers in the literature for many AGVs
produced for different purposes [6-10].

Another criterion that stands out regarding the performance of AGVs is the tracking
performance of the given routes. AGVs can move along different routes according to the
task and the environment in which the task takes place. Since they work together with
other factors in an environment, it is very important for them to follow this determined
route, both in terms of efficiency and security. For this reason, many studies in the literature
have focused on modeling and trajectory control of AGVs. Since AGVs are a type of
mobile robot, studies on modeling are generally based on mobile robots. These robot types
differ according to the number of wheels and wheel designs. The kinematic and dynamic
modeling of a mobile robot with four mechanical wheels was investigated by Zeidis and
Zimmermann [11] and Hendzel and Rykala [12] under different conditions. Another type
of four-wheeled mobile robots are robots that can be driven and rotated independently on
four wheels, and their kinematic and dynamic modeling has been studied by Makatchev
and McPhee [13] and Cherubini et al. [14]. Three-wheeled mobile robots are also used for
AGVs. In these mobile robots, while the rear two wheels are fixed, the front wheel can
have a non-holonomic structure, and there are types in which each wheel can be controlled
separately. The dynamic and kinematic models of three-wheeled mobile robots have been
studied in detail in the literature [15-17].

When the studies on trajectory control, which is one of the performance criteria for
robots for which mathematical models are obtained, are examined, it is seen that many
control techniques and approaches are used to achieve successful tracking performance. For
two-wheeled AGVs, a model predictive control-based control strategy was developed by
Xu et al. [18], and an improved reaching-law-based sliding mode controller was developed
by Han et al. [19]. For the control of a three-wheeled AGV, Chen et al. [20] developed
a sliding mode variable structure control theory based on a new control rule with the
Lyapunov method. Other studies on the control of a three-wheeled AGV include a new
control strategy based on the Udwadia-Kalaba approach [21], time-varying state feedback
control [22], adaptive learning-based model predictive control strategy [23] and the linear
parameter varying control strategy [24]. For the control of four-wheeled AGVs, many
techniques have been similarly applied. These include model predictive control [25], a
kinematic nonlinear controller based on Lyapunov stability [26], fuzzy reasoning [27],
a backstepping-method-based controller [28] and an output-constraint control strategy
(hyperbolic method) [29]. There are many studies in the literature on orbital control of
AGVs. This technique can be applied to AGVs in all orbital controllers applied to mobile
robots. Control and motion planning studies in this area were collected by Sanchez-Ibafiez
et al. [30] and He et al. [31]. Readers can refer to these studies for more information.

AGVs have power systems that store energy and convert it into mechanical rotational
or translational energy at the desired rate to enable mobile operation. These power systems
include the element that provides energy and the motors that take energy from this element
and convert it into mechanical energy. The use of energy is an important criterion to
increase the efficiency of use of the mobile robot. The ability of robots to perform given
tasks for a long time without stopping depends on the efficient use of energy in the robot.
For this purpose, the selection of the energy source and the correct management of the
energy are of great importance. There are studies on the energy consumption of AGVs,
which are expected to work independently from the energy source as much as possible
and to be able to do this for as long as possible, according to the route, the load carried
and the route-tracking performance [32-35]. Batteries are generally used as an energy
source in AGVs. The literature includes studies on energy management for AGVs using
batteries, AGV battery life cycle management [36], AGV battery management for Industry
4.0 applications [37], analysis of battery management using system dynamics [38], energy
consumption and, accordingly, the development of a charging strategy [39,40]. However,
as can be seen from these studies, AGVs with batteries need frequent battery replacement



Appl. Sci. 2023,13,2919

30f22

or charging according to their duties. This causes loss of time during the task and a
decrease in work efficiency. For this purpose, the use of hydrogen fuel cells with higher
energy density in mobile robots has increased as an energy source. Hydrogen fuel cells
are an incredibly versatile technology with a wide variety of applications and are used in
the material handling industry, with more than 25,000 hydrogen fuel cell forklifts used
in warehouses, stores and manufacturing facilities across the USA. Fuel cells, which are
highly preferred in vehicles and mobile robots due to their advantages such as energy
efficiency, positive impact on the environment, low noise and size, have disadvantages such
as expensive production and difficulties in the production and storage of hydrogen used
as fuel. Kendall et al. [41] investigated the prolongation of the battery operating time for
mobile robot by adding a microtubular SOFC generator. Guizzi et al. [42] designed a hybrid
energy system for small mobile non-automotive devices, and the effects of the combination
of energy system components on the energy efficiency were investigated. Lii et al. [43]
studied energy and performance optimization by applying a cloud-model-based fuel cell
hybrid energy system to a mobile robot used for welding, and the performance of an AGV
power supply system with a polymer electrolyte membrane fuel cell stack (PEMFC) was
assessed by Niestroj et al. [44] to minimize vehicle downtime. As can be seen, the number
of studies on the use of hydrogen fuel cells for mobile robots has increased in recent years,
while there are few studies in which fuel cells are used as an energy source in heavy load
systems such as AGVs.

As can be seen from the articles reviewed, systems where alternative energy sources
are used for energy come to the fore, considering the depletion of fossil fuel resources and
the damage they cause to the environment. Autonomization is of great importance for
both human health and work efficiency in vehicles such as AGVs and forklifts operating
in closed environments such as factories. It is very critical in terms of efficiency that the
tasks are carried out promptly, with reduced cost, long working performance and with
few mistakes. For this reason, while autonomous vehicles such as AGVs provide route-
tracking performance and high performance, minimum power consumption requirements
arise. For this purpose, control algorithms that increase route-tracking performance have
been developed in the studies examined, and attempts have been made to increase energy
efficiency by driving different alternative energy sources with maximum power tracking
algorithms. In this study, route-tracking performance and power consumption of a fuel-
cell-powered AGV system with four mechanical wheels were investigated with PSO-based
PID controllers. The studies in the literature have been extended with the development
of PSO-based controllers to provide maximum performance route tracking of a fuel-cell-
powered four-wheeled AGV with minimum power consumption. In addition, R, L and
C values for DC/DC converters were determined by PSO-based optimization in order to
obtain maximum voltage-tracking performance and minimum power consumption. The
contributions of this paper are as follows:

e  The full FCAGYV system was modeled by combining the mathematical models of a
four-Mecanum-wheeled AGV, a PEM fuel cell system, DC/DC buck converters and
the motors of the AGV.

e A PSO-based PID controller was developed to obtain maximum route-tracking perfor-
mance of AGV with reduced power consumption (Optimizer-1).

e A PSO-based I controller was developed to obtain maximum voltage-tracking perfor-
mance with reduced power consumption for DC/DC converters (Optimizer-2).

e  The values of resistance, inductance and capacitance of DC/DC converters were
optimized by using the PSO algorithm for voltage-tracking/power-consumption
optimization (Optimizer-2).

Hendzel and Rykala’s model in [12], which is one of the most comprehensive four-
wheeled AGV models in the literature, was used and extended in this study by adding
mathematical models of the DC motor, DC/DC buck converter and PEM fuel cell. In
order to perform analysis including all system equipment, a model of the whole system
was created. With the help of this model, the voltage and power required to be fed
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by the fuel cell were determined in order for the AGV to have the desired positions in
the x and y axes and the rotation around the z axis according to the general coordinate
system. During the movement, each motor is controlled separately, and their overall
power requirement changes throughout the movement. In order to achieve maximum
route-tracking performance with minimum power consumption, the coefficients of PID
controls designed for each engine and both integral (I) control coefficients and resistance,
capacitor and coil values of DC/DC converters, which ensure that the consumed power
from the fuel cell is reduced to the desired level before reaching the engines, were obtained
using the PSO algorithm. System parameters such as power consumption, route-tracking
performance, the power consumed by the engines and the hydrogen and air supply of the
fuel cell were examined for the different routes determined by the simulations made in
line with the obtained values. The results show that the designed optimized intelligent
controllers and DC/DC converters have sufficient voltage/route-tracking performance
with reduced power consumption.

The mathematical models of each part of the full FCAGV system are described in
Section 2. In Section 3, the developed PSO-based PID and I control strategies are considered,
and the algorithms of PSO-based optimizers are described in this section. The optimized
parameters for controllers and the obtained performance results for different paths test are
given in Section 4. Finally, the key results, importance of these results and future work are
outlined in Section 5.

2. System Modeling

This study utilized a general AGV system, mechanical four-wheeled mobile robot,
DC motors, DC/DC buck converters and fuel cell. The system block diagram is shown in
Figure 1. The inputs and the outputs of all subsystems are clearly shown in Figure 1. It
shows that voltage and current are supplied by the PEM fuel cell (Ve and iy, respectively).
With the power fed from the fuel cell, the necessary voltages and currents of motors, which
are determined by the Optimizer-1-optimized PID controller, are sent to the motors of the
mecanum wheels. However, the voltage value at the fuel cell output is a high value for
the engines operating in the £24 V range that we use in the system. For this reason, it
needs to be lowered with the help of the DC/DC converter. However, the voltage value
required by each motor throughout the motion varies depending on its speed. Wheel
speeds are changed during the course with the PID controller, which is designed for full
tracking of the route, and accordingly, the voltage value required by the motors changes
in the range of +24 volts. For this reason, DC/DC converters need to adjust the voltage
value from the fuel cell as needed by the engine. For this purpose, an integral (I) controller
was designed for each DC/DC converter. After the necessary inputs for the motors are
tracked successfully by the DC/DC converters, the output signals of the converters are
sent to motors. These voltage inputs generate rotational motions and torques of the motors.
Then, the speeds of the motors and torque values are used in the dynamics of the AGV
system, and the actual position and rotation of the mobile robot are determined. After that,
these actual and reference values of the mobile robot are compared and are evaluated in
Optimizer-1, and the optimal PID parameters are obtained to track the reference route with
minimum errors. Then, the calculated control inputs for the motors are sent to the DC/DC
converters as reference voltages for tracking. Optimizer-2 tries to minimize the power
consumption and voltage-tracking errors at the output of the converters by comparing the
determined control inputs for motors and actual output voltages of converters. By using
these data, Optimizer-2 determines the values of the resistor, inductance and capacitance
of each converter and I coefficient of the controller in the converters. The coefficients of
both PID and I controllers and the components of the DC/DC converters were determined
on the basis of maximum route tracking and minimum power consumption with the PSO
technique. By providing the desired voltage at the DC/DC converter output, the motors
rotate at the desired speed, and the route tracking is successfully achieved.
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Figure 1. The schematic diagram of the four-Mecanum-wheeled AGV system.

2.1. Four-Wheeled Mobile Robot Modeling

In this study, the model obtained by Hendzel and Rykala [12], one of the most com-
prehensive models in the literature, was used as the kinematic and dynamic model of the
mobile robot part of the AGV system, which was designed with four mechanical wheels. A
two-dimensional coordinate system representation of AGV is shown in Figure 2.

Ye
A

& > Xe
Zg

Figure 2. Two-dimensional coordinate system representation of AGV.

Using this schematic diagram of the AGV with four Mecanum wheels, the kinematic
and dynamic models were obtained by using Lagrange energy method, and the kinematic
model and inverse kinematic model of this AGV are given in Equations (1)—(7). Firstly, the
angular velocities of the wheels were obtained with inverse kinematics equations by using
the linear velocities and angular rotation during the motion of the AGV.

Inverse kinematic model:

o1 = (Rlﬂ) (Va—=Vy = B(h+1) (1)
0, — (Rir) (VX+VY+B(h+1)) )
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where R, 1, h and | denote the mechanical properties of the AGYV, specifically the radius of
the Mecanum wheel’s cylinder, the radius of the wheel, the horizontal (x direction) distance
between the vehicle’s midpoint and a wheel and the vertical (y direction) distance between
the vehicle’s midpoint and a wheel, respectively. 6; and éi (i=1,2,3,4) indicate the angular
velocities of each Mecanum wheel, and Vj(j = x,y) and B are the linear velocities and
angular velocity of the AGV according to the local coordinate system at the center of
the AGV.

Vice versa, the kinematic equations of the system were used if the linear velocities
and angular velocity of the AGV were required depending on the angular velocities of the
AGV’s wheels.

Kinematic model:

Vim (S5 ) [or a8 ®
vy = (RI) 61+ 6,4 05 0,] ©)
b= (g ) [0+ 02— 8av ] @)

The linear velocities and angular velocity were also found by using the relationship
between the velocities and rotation according to the global coordinate system. These
relationships have to be used to determine the necessary values of the angular velocities
of the wheels depending on the given route of the AGV. The equations, which define
these relationships between the global and local coordinates and present the method of
converting the global route to local variables, are given below.

Vy = X508 B + y sin 3 (8)

Vy = —Xssin B + y cos B )

After this stage, the dynamic equations, in which the forces and torques acting on the
system are taken into account and the linear motion of the robot is analyzed against the mo-
tor torques throughout the motion, were obtained by using the Lagrange energy method.

1 G, f . . . .
)[cosﬁ(xs+ys )—‘rsmﬁ(ys—xs )] = (Ri—o—r> |:T1 +T+T3+ T —T(sgnel+sgn92+sgn63+sgn94)} (10)
[cosﬁ(" )—smﬁ(x-i- )]: =t T —T—T +T—G—rf(s nd, — sgnb, — sgnb, +s n6) (11)
3 Vs~ s+ YB Ryr/|T ™27 T+ T 7~ (58Nt — Sgnt; — SgNnvs = Sgnoy
(a+b)%: —(a+b) G,f : : : :
(IC+4Ik)(R+r;262 ®R+1) T1772+T37147Tr<sg119175gn62+sg119375gn94) (12)

As can be seen from the dynamic model equations, when the obtained differential
equations are solved, the linear parameters of the mobile robot (linear positions, velocities
and acceleration in the x and y directions and angular position, velocity and acceleration)
are calculated depending on the torque values applied by the motors. In system dynamics
where internal and external forces acting on the system are taken into account, T; is the
driving torque originating from the power transmission system. m.(m¢ = ma + 4mry), I,
I(Ic = Iz +41It), Gi (G = Ga +4Gr) and f represent total mass of the robot, the moment
of inertia of the wheels on their own axis, the total moment of inertia of the system on the
z axis and the total weight of the system and coefficient of rolling friction for each wheel
(equal for all wheels), respectively. mp is the mass of the chassis of the robot and mr is the
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mass of each wheel. Similarly, G, is the weight of the chassis of the robot and Gr is the
weight of each wheel. I5 and It denote the moment of inertia of the mobile robot base and
each wheel on the z axis, respectively. The parameters for the AGV which were used for
the simulations in this study are given in Table 1.

Table 1. The values of the AGV’s parameters.

Parameter Value (Unit) Parameter Value (Unit)
Mass of load on AGV (M) 45 (kg) Radius of wheel (R) 0.055 (m)
Mass of AGV (Mp) 10 (kg) Radius of cylinder (r) 0.015 (m)
Mass of wheel (My) 1.5 (kg) Distance in y axis (1) 0.49 (m)

Total mass (Mpc) Mp + 4My + M (kg) Distance in x axis (h) 0.46 (m)
Moment of inertia of AGV (IPZP) 0.0178 (kg-mz) Coefficient of friction (f) 0.002 (kg-m/s)
Moment of inertia of wheel (Ikzp) 0.0139 (kg-mz) Total AGV weight (G;) 9.81Mpc (N)
Total moment of inertia (Ipc) IPzp"' 411<Zp (kg~m2) Reaction forces (Nj) G:/4 (N)
Axial inertia of each wheel (Iy) 0.0005 (kg.mz) Radius of cylinder (r) 0.015 (m)

After that, this model of AGV was combined with the models of the other system
components. Figure 1 shows the relationship between these components and their models,
and it can be seen that the torques of the motors and rotational velocities of the wheels
are needed to calculate to obtain the linear displacements and rotation according to global
coordinates.

2.2. DC Motor Model

A classical brushless direct current motor was used for propulsion on each wheel of
the AGV, and the motor model equations were obtained by using the free body diagram
of this DC motor. In Figure 3, the schematic representation of the classical DC motor is
given. In this figure, Vimotor, Imotor, Ri, Li, Ei and T; denote voltage of the ith motor, current
of the ith motor, electrical resistance and inductance of the motor, electromotor voltage and
torque of the ith motor, respectively.

DC/DC
- Conv. -

Figure 3. Schematic diagram of ith DC motor.

According to this diagram, the transfer function that gives the connection between the
motor supply voltage and the motor rotational speed is given below [45].

Viotor(s)  (Js+b)(Lis+R) +K? [V (13)

0i(s) Kj {rad/ sec}
where J, K;, (K; = Ke = K}) and b denote the moment of inertia of the rotor, the motor
constant and motor” viscous friction constant. The used values of each DC motor’s param-
eters are given in Table 2. Using Equation (13), the voltage from DC/DC converters was
converted to wheel angular velocities for use in dynamic and inverse kinematic models
of AGV.
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Table 2. The values of the DC motor’s parameters.

Parameter Value (Unit)
Motor viscous friction (b) 0.250 (kg-m?/s)
Motor constant ( K;) 0.002 (Nm/A)
Moment of inertia of the rotor (J) 0.15 (kg-mz)
Inductance ( L;) 0.12 (H)
Resistance ( R;) 0.5(Q))

2.3. DC/DC Buck Converter Model

The DC/DC buck converter reduces the voltage (input voltage, V) value it receives
from the hydrogen fuel cell to the required voltage (output voltage) value for the motor
with the help of an integral (I) controller. The output voltage Vj is calculated according to
the current and voltage value passing over the inductor when the switch in the converter
circuit is open or closed. The comparison of the time between the switch on and off is
carried out with the duty cycle (DT). By setting the DT between 0 and 1, the on and off
times of the switch are adjusted. Depending on this value, the output voltage is obtained
using the following equations, depending on the input voltage of the system [46,47].

(ML) crosep = (VS;VO)DT (14)
. Vo

(i) opan = — <L> (1-DT) (15)

(ML) crosep + (AlL)oppny = 0 (16)

The DC/DC buck converter internal structure consisting of an RLC circuit, and the
MOSEFET creates the output voltage over the resistor inside by controlling the PWM signal
that triggers the MOSFET switching by an integral controller. A positive voltage value
from the fuel cell is constantly received by the DC/DC converter input. However, while
the AGV follows the determined route, the direction of rotation of the motors changes, and
accordingly it is necessary to send positive and negative voltages to the motors. In cases
where the positive high voltage at the output of the fuel cell is required, depending on the
voltage needed to turn it into negative, the voltage value at the DC/DC converter output
is inverted, and its negative value can be obtained. A diagram of the obtained DC/DC
converter system is given in detail in Figure 4.

|

o [3ng

mo vl M-Iy

MOSFET U
| ] Y\
] L A :
,,,,,, ~ .
+ +
e o 4 : '
[} ' —— -
leen K§ }E 1 C== Vo‘ vmotorﬁﬂct
— V. A |
’ []
=
Veen ‘; =)
@ o Vs " (8] g
_— \ H "
: :
Optimizer - 2
v
s Ki_ge

PWM Error
|‘— | Controll |<—< 9h Vinotor_rer
Generator o er motor_ref

Figure 4. Block diagram of DC/DC buck converter jth (j =1, 2, 3, 4).

In addition, 10,000 Hz was determined as the switching frequency (fs) for the DC/DC
converter. In line with the information in the literature, this value is good for a
low-power system.
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2.4. Fuel Cell Model

For the PEM fuel cell (PEMFC) model, the fuel cell model in the MATLAB/Simulink
library was used [48]. The block diagram created for the PEM fuel cell, the output of which
is directly given to the DC/DC converters, is shown in Figure 4, and the characteristics of
the fuel cell are given in Table 3.

Table 3. Specification of PEMFC [48].

Property Value

Model 24 V DC PEMFC

Nominal and maximum power 1.26 KW-2 KW

Voltage at 0A and 1A V(0A)=42V,V(1A)=35V
Nominal working point Inom =52 A, Vhom =24.23V
Max. operation point Ieng =100 A, Vihom =20V
Cell number 42

Stack efficiency 46%

Working temperature 55°C

Nominal air outlet rate 2400 Ipm

Nominal supply pressure Fuel: 1.5 bar, air: 1 bar
Nominal composition 99.95% Hy, 2% O,, 1% H,O

As seen in the figure, voltage, current, stack energy and fuel consumed by the stacks
and air data are collected at the fuel cell output. By evaluating these data, the power
consumed by the fuel cell was analyzed and used in the optimization study to increase
energy efficiency.

After the modeling process of all system components was completed and their rela-
tionships with each other were defined, a wide model was obtained in which linear and
angular displacements are obtained from the fuel cell output voltage according to the global
coordinate system of the AGYV, as stated above. By using this model, the control strategy
design, in which the parameters of the controllers and DC/DC converter parameters are
optimized, was carried out in order for the system to achieve maximum route-tracking
performance with the least power consumption.

3. Control Strategy

Optimally adjusting the controller parameters improves system performance and
ensures a successful response in changing system conditions. While various methods are
used to adjust the controller parameters, they can be grouped as theoretical, experimental
and with the help of artificial intelligence. While the controller parameters can be calculated
with theoretical methods using the data obtained at the output of the system, this situation
may not provide the appropriate control success in case of situations such as the system
being under external influence. When finding these parameters experimentally, while
successful results can be produced, the time spent can be high, and there is absolutely no
guarantee that good results can be achieved. Utilizing artificial-intelligence methods is
another method of overcoming these problems. There is no guarantee that the optimum
solution will be found with the use of these techniques, but the time taken to find the
ideal parameters for the expected result in the system output is reduced. In this study,
an optimized PID controller was designed for route-tracking control of the FCAGV and
I controller for voltage-tracking control of DC/DC converters. While PID controllers can
be easily applied in linear systems and systems with a stable progress, it is important
to determine the parameters correctly in order to give successful results in the control
of uncertain, time-varying, complex and nonlinear systems [49,50]. In such cases, when
artificial-intelligence techniques are not used, it becomes time-consuming and difficult
to reach optimum values. Combining the PID method with other artificial-intelligence
methods to create more efficient control systems gives successful and sufficient results in
the control of many systems. The PID controller combined with the optimization theories
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such as particle swarm optimization (PSO) [51], genetic algorithms (GAs) [52] gray wolf
optimization (GWO) [53] and artificial bee colonies (ABCs) [54] can facilitate a more flexible,
robust and improved control performance. For this reason, the parameters of controllers
and DC/DC converters were adjusted according to process conditions using the PSO
algorithm in this study to increase the route/voltage-tracking performance and power
consumption efficiency.

3.1. Particle Swarm Optimization (PSO)

The particle swarm optimization (PSO) method has been widely used for many years.
The PSO algorithm, first developed by Kennedy and Eberhart in 1995, was inspired by the
social behavior of flying flocks [55].

While the PSO algorithm sets the PID parameters in this study, it starts with a random
position of all particles in the search space, and the positions of the particles are updated
according to two values at each step. The first is the previous best solution, called ppeg;.
The other is the best result from all iterations since the first iteration, and this result is the
optimum PID parameter value found. It is called global best or gps;. The search continues
in the PSO until the specified number of iterations is reached or the optimum error value
is reached. The swarms of particles progressively continue until the specified number of
iterations is reached, constantly updating speed and position information to be optimal.
The position update formula for the particles used in this study is:

V(k+1) =w(k+1) V(k) + ¢; (k + 1) rand; (P**!(k +1) — P(k)) 17)
+cp(k + 1) rand, (P8Pt (k + 1) — P(k))

P(k+1) =P(k) + V(k+1) (18)

where V(k) denotes particle velocity and P(k) represents the particle positions. w, ¢p
(p = 1,2), Pt and P8Pt denote the inertia weight, positive learning coefficients and the
local and global best results, respectively. rand; and rand; are random numbers between 0
and 1.

Inertia weight in Equation (17) represents the momentum degree of particles. For
early iterations, this value can be set higher, allowing the particles to widely explore and
aggressively investigate the solution area. In order to further optimize the algorithm, this
setting is gradually converted, making it smaller in later iterations, and better results can
be achieved. In this study, the moment of inertia w, starting from the first iterations (Wmax),
was gradually decreased linearly to the last iterations (Wpin). For this case, the w(k + 1)
value was obtained by the following equation.

W(k+ 1) = Wiy — —max — Womin, (19)

Imax
where i and imax indicate the iteration’s number and its maximum number, respectively.
The optimization parameters used for PSO algorithms are shown in Table 4.

Table 4. The parameters of PSO algorithms for both optimizers.

Optimizer-1 Optimizer-2
Number of variables 12 16
Population 20 20
Max. iteration 20 20
Wmax (inertia momentum) 20 20
Wmin (inertia momentum) 0.9 0.9

C; (positive learning coefficients) 0.2 0.2
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3.1.1. PSO-Based Optimizer-1

In this study, PSO-based optimization was used for two purposes. The first of these
was to optimize the Ky, K; and Ky values of the PID controllers for each motor to control
the route-tracking performance of the AGV. The block diagram of the algorithm created for
this purpose is given in Figure 5a. In this optimizer, 12 parameters are adjusted depending
on the error between the reference and actual translational and rotational motions. As
can be seen in the figure, the PSO algorithm determines the PID controller parameters for
each motor that provide the best performance by optimizing in line with the determined
initial conditions and the objective function, and the control input is created in line with the
incoming error. Then, the determined optimal values for PID coefficients are used to adjust
to AGV motion by using the relationship between the angular velocities of the wheels and
control input voltage of the motors. The procedure of the PSO algorithm for finding best
values of controllers’ coefficients to obtain best tracking performance is shown in Figure 5b.

OPTIMIZER - 1
- U —
X, Initial Generation of initial H —
s ref Parameters particles No &
Ys ref ' E
e Yy - R
) s . Calculation of the | & Converze] Yes
+ (error) PSO Objective fitness of particles
— Algorithm Functions - X
XS act : N N . .
' ' ' . Update position of the
Y act Kp! Kyt Kp;! Update P of particles particle
[5 act ' : : i -~
& & A { :
PID; DC/DC AGV . .
(=1,2,3,4) Convs. —> System Calculate Zpest of particles Update Zpest of particles
(a) (b)

Figure 5. (a) PSO-based PID tuning diagram of the AGV’s route-tracking control structure. (b) The
optimization algorithm of the PSO method.

The limit values of the optimized parameters are defined in the PSO algorithm, and
the optimizers try to find the optimal values of parameters for reaching the goals in these
ranges. For Optimizer-1, the limits of PID controllers’ parameters Kpj, Kjj and Kp; (j=1, 2,
3, 4) are given in Table 5.

Table 5. The limits values of PID controllers’ parameters for Optimizer -1.

j=1,23,4 KPi K]J. K])j
Maximum limit 7500 5000 25
Minimum limit 1 1 1

3.1.2. PSO-Based Optimizer-2

The other optimizer is used to determine the K; value of the I controller, which controls
the PWM generator inside the DC/DC buck converter, which reduces the voltage value
at the output of the fuel cell to the voltage values needed for the motors, and the R, L
and C values of the same converter. Optimizer-2 uses reference values of motor voltage,
output voltages at the output of the DC/DC buck converters and the consumed power
from the fuel cell for excitations of all motors according to control inputs, which are sent by
Optimizer-1-optimized PID controllers. Optimizer-2 tries to find the best (optimal) values
for the electronic components of DC/DC converters and Kj,_ values for controllers of four
converters’ PWM generation unit to adjust the switching factor by minimizing the errors
between the reference and actual output voltages and consuming power from the fuel
cell. The PSO-based DC/DC converters’ tuning block diagram of Optimizer-2 is shown in
Figure 6.
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Figure 6. PSO-based integral (I) controllers’ tuning block diagram of DC/DC converter optimization.

Similarly, the limits of the components” coefficients and integral coefficients of the I
controllers need to be defined for the optimization procedure. For Optimizer-2, the limits
of these optimized parameters are defined as shown in Table 6.

Table 6. The limits values of parameters of integral controllers and DC/DC converters’ components
for Optimizer -2.

i=1,23,4) K, L; () C; (F) R; ((Y)
Maximum limit 50 100 x 10~ 1000 x 10~ 100
Minimum limit 0 1x10°° 1x 10 1

For both optimizers, the integral of time absolute error (ITAE) was chosen as the
objective function for both power consumption and route-tracking optimization algorithms.
The most ideal values were determined by minimizing the consumed power and the errors
for the deviation in the route. The theoretical expression of the ITAE function is given in
the equation below.

ITAE = /0 “ te(t)|dt (20)

e(t) = ) RV, — AV; (21)

where RV and AV denote the reference values and actual values of the parameters, re-
spectively. For the route-tracking process, the total error is calculated by summation of
the errors of the translational and rotation motions. Similarly, the voltage-tracking errors
of each converter and total power consumption of the fuel cell are used in an attempt to
minimize Optimizer-2, while the PSO algorithms try to eliminate or minimize the total error
for both optimizers. The optimal values of the coefficients of controllers and converters are
thus determined.

4. Results and Discussion

In this study, the PSO-based optimizers were designed for adjusting the parameters of
the PID controllers to improve the route-tracking performance of the AGV and adjusting
the parameters of the DC/DC converters to consume minimum power from the fuel cell
while increasing the route-tracking performance. The studies carried out in this study were
carried out in a simulation environment using the MATLAB/Simulink program licensed
by the University of Illinois at Chicago (UIC). Tests were carried out for different reference
routes by combining AGV, DC/DC converters, motors and fuel cell models created in
the simulation environment. The purpose of this stage was to optimize controllers and
converters in terms of performance by determining the optimal parameters. Then, a
different reference route was applied to the combined model with the best performance,
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and route tracking, power consumption, converter voltage-tracking and fuel-consumption
performance were analyzed.

As mentioned, Optimizer-1 uses the AGV’s actual and reference positions for mini-
mizing the route-tracking errors with the optimal parameters of four PID controllers, and
Optimizer-2 uses the actual motor voltages (output voltage of the DC/DC converters);
reference motor voltages, which are generated by the PID controllers; and the power con-
sumption from the fuel cell. In order to determine these optimal parameters, a reference
trajectory was applied to the system. Optimal values obtained as a result of this reference
trajectory were also tested on another reference trajectory, and the most suitable optimal
values were sought for different situations. The reference trajectory applied to determine
the optimal values in the first stage is shown in Figure 7a. As can be seen in the figure,
the trajectory to be followed for parameter optimization was chosen as a combination of
both rotational and translational movements. The main reason for this was to determine
the optimal parameters that ensure both movements of the AGV successfully and reduce
power consumption while performing path tracking.

6 1 10
—Reference Path
5- —Actual AGV's Path
4 5
E’ E
> 5 —Reference Path >
—Actual AGV's Path |
1 5l
0 L 4
4 10 .
0 1 3 4 5 6 7 8 -10 -8 -6 -4 -2 0 2 4 6 8
X (m) X (m)
(a) (b)
Figure 7. (a) The reference path for determining the optimal parameters and tracking perfor-
mance with these parameters. (b) Testing the tracking performance of the same parameters with
another path.

The optimal values calculated with this trajectory are shown in Tables 7 and 8. Table 7
shows 12 PID controller parameters determined by Optimizer-1 to follow this reference
trajectory with minimum tracking error and minimum power consumption.

Table 7. The values of PID controllers’ parameters optimized by Optimizer -1.
Kp, Ky, Kp, Kp, Kj, Kp,
667.91830 3043.41076 6.99876 1907.50583 3154.132757 16.63205
Kp, Ky, Kp, Kp, Ky, Kp,
7500 1 25 3498.62756 5000 8.10674
Table 8. The values of optimized parameters of the I controllers and DC/DC converters
by Optimizer-2.
Converter Ky, L; (H) G (B R; (Q))
First motor (i = 1) 30.646195458 2.5144095579 x 10~° 1.9095902447 x 107> 59.639317735
Second motor (i = 2) 22.747017789 4.9990133202 x 107> 6.6347926426 x 107° 95.972231156
Third motor (i = 3) 36.411406444 2.4350565864 x 10> 3.1518011115 x 10~© 80.998134743
Fourth motor (i = 4) 44.0617226666 8.2933376471 x 107> 6.2723523176 x 10° 95.372351267
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Similarly, the optimal parameters of the converters, which are determined by Optimizer-2,
are given in Table 8. At this stage, four parameters are optimized for each DC/DC buck
converter. The inductance, capacitance and resistance values and integral value of each
converter were optimized in line with the objectives of voltage control with minimum error
and keeping the energy drawn from the fuel cell as low as possible.

When the tracking performance obtained with these optimal values is examined, it
is seen that a very successful trajectory tracking performance is obtained according to the
results in Figure 7a. It is observed that the AGV moves with a very low error for both
translational and rotational motion. In order to evaluate this successful effect of these
determined parameters on trajectory tracking performance for different trajectories, the
reference trajectory in Figure 7b was applied to the AGV. As can be seen, the trajectory
tracking performance of the AGV has little error for this route, which includes more
sharp turns than the trajectory for which the optimal parameters are determined. Thus,
it can be concluded that the determined controller and DC/DC converter parameters
cause successful tracking performance and can be reliably used in performance and power
consumption analysis for another reference route.

After that, the spiral path was applied to the designed AGV system, and the tracking
performance of the AGV is shown in Figure 8. The results show that the vehicle has
sufficient and successful path-tracking performance for this route. In this route, the AGV
performed both the rotational motion at different angles and the linear propagation motion
in both the x and y directions with little error. This shows that the electronic design and
control strategies developed for an application with this route, as in the previous routes,
yield successful results. In order to better analyze the effect of optimally determined
parameters on the route-tracking performance, the errors of the instantaneous x, y and
beta values during the movement can also be examined relative to the reference trajectory.
Figure 9 shows the time variation of the x- and y-directed displacement and velocity errors
and rotation error during this motion. As can be seen from the results, the movement
was completed with a small error in both translational and rotational terms. This can
be considered as successful and sufficient for the AGV system used in the industry and
moving between two targets. When the x and y direction translation errors along the
motion shown in Figure 9a are examined, it can be seen that there is an average error of
0.0061 m in the x direction and 0.0572 m in the y direction along the entire spiral route. It
can be observed from the figure that the error in the x direction is around 0.09 m maximum,
and the error in the y direction is around 0.15 m maximum.

5 r T T T T T
——Reference Path

4 ——Actual AGV's Path

X (m)

Figure 8. The path-tracking performance of AGV for spiral path.
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Figure 9. (a) The translational motion errors of the AGV at X and Y axis during the spiral path.
(b) The rotational motion error of the AGV. (c) The reference and actual linear velocity of the AGV
along X axis. (d) The reference and actual linear velocity of the AGV along Y axis.

In addition, the results in Figure 9b show the error in the rotational motion made by
the AGV throughout the motion. According to these results, a maximum error of 0.06 rad
was observed in the rotational motion along the entire route, and the average rotational
error of the AGV is calculated to be 0.0228 rad. According to these results, it can be said
that the AGV successfully follows the reference route both in translation and rotation with
little error. These results can also be supported by linear velocities in the x and y directions.
Figure 9¢,d show the time variation of the instantaneous and reference linear velocities of
the AGV in the x and y directions for the movement along the spiral route. As can be seen
from the figures, errors are reduced in following the reference linear velocities calculated
based on the reference orbit.

Another indicator of successful tracking performance and the power consumed while
achieving this tracking performance is the angular rotational speed of the wheels. The
angular rotational speeds of the wheels are obtained by feeding DC motors from DC/DC
converters. These voltage values are determined by the optimal PID controllers calculated
by Optimizer-1, which provides angular velocity-based route control, and are obtained
from the outputs of DC/DC converters, similar to reference voltages as much as possible,
in line with the optimal parameters determined by Optimizer-2.

For this reason, it is very important for low power consumption and successful path-
tracking performance that the errors in the changes in the angular velocity of the wheels
are low because these angular velocities sent to the wheels via the motors are determined
by both optimizers on the basis of the lowest possible power consumption and maximum
track performance. Figure 10 shows the reference angular velocities for all four Mecanum
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wheels, the instantaneous angular velocities of the AGV wheels along the route and the
errors between these two speeds. The results show that the actual angular velocities shown
with the red line successfully follow the reference angular velocities shown with the blue
line for all four wheels. The variable structure observed in the instantaneous angular
velocities in the figures is due to the voltage values from the DC/DC converters and the
generation of these instantaneous wheel speeds because DC/DC buck converters use
switching while reducing the high voltage value from the fuel cell to the specified reference
voltage value, and this switching is performed with the PWM signal with a switching
frequency (fs = 10,000 Hz). Therefore, the reference angular velocity values have a flatter
variation as calculated with kinematic equations, while the actual velocity values have
more noise-like additives. When the results are examined, it is observed that the errors in
wheel angular velocities generally vary between +0.02 and —0.02 rad/s for each wheel. In
addition, when the average angular velocity errors are calculated for each wheel during
the movement, it is seen that the values of 2.6578 x 107>, 6.7423 x 1072, 6.9445 x 10~* and
2.6578 x 1072 rad/s are obtained for each wheel. These results show that the developed
control strategies both improve route-tracking performance and reduce power consumption
as much as possible, and this is successfully implemented by the entire system.

0.04 —Reference Angular Velocity of First Wheel 0.08 —Reference Angular Velocity of Second Wheel
—Actual Angular Velocity of First Wheel l . —Actual Angular Velocity of Second Wheel
0.02 | —Erroratw, —Erroratw,

w, (rad/s)
o
S
w, (rad/s)

‘ I
-0.08 gL L “"‘ I
-0.08
I I
0 2 4 6 8 10 6 8 10
Time (s) Time (s)
(a) (b)
T T T i T T
——Reference Angular Velocity of third Wheel 0.04 ——Reference Angular Velocity of Fourth Wheel
—Actual Angular Velocity of third Wheel —Actual Angular Velocity of Fourth Wheel

——Error w,

I "um"* i MNW

w, (rad/sn)
w, (rad/s)

Time (s) Time (s)
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Figure 10. The comparison of reference and actual angular velocities (blue line: reference angular
velocity, red line: actual angular velocity and black line: error between reference and actual velocity):
(a) Mecanum wheel-1, (b) Mecanum wheel-2, (¢) Mecanum wheel-3, (d) Mecanum wheel-4.

In the previous figure, the importance of the voltage-tracking performance of the
DC/DC converter is mentioned. The reference voltages from the PID controllers that
control the trajectory tracking are provided by DC/DC converters by reducing the high
voltage from the fuel cell, which is the system supply. The voltage-tracking performance
of these converters, the energy efficiency and tracking performance of which are adjusted
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with the optimal parameters determined by Optimizer-2, is given in Figure 11 for the first
and second motors. When the voltage-tracking performance given for the first motor in
Figure 11a is examined, it is seen that a successful voltage tracking is obtained, and an error
such as 0.3082 V appears as an average error. Similarly, in the voltage-tracking performance
of the second DC/DC buck converter given in Figure 11b, the error between the reference
control input voltage for the second motor and the voltage sent to the motor at the inverter
output is calculated as 0.7385 V on average. For the third and fourth DC/DC converters,
for which graphs of change over time are not given here, the errors between the reference
and actual output voltages are calculated as 1.5624 and 0.6042 V, respectively. As seen in
these error values, it was determined that the optimization-based controller designed for
DC/DC converters provides a successful voltage-tracking performance. In addition, the
aim was to minimize the power drawn from the fuel cell as much as possible in the design
study and develop intelligent control strategies for DC/DC converters.
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Figure 11. The comparison of the voltage-tracking performance of DC/DC converters (a) The
reference and output voltage comparison for DC/DC converter 1. (b) The reference and output
voltage comparison for DC/DC converter 2.

Minimization of power consumption has been included in the process based on the
entire optimization algorithm and has been designed in terms of energy, cost and time
savings as well as improved route-tracking performance. In this direction, the voltage and
current fed to the system by the fuel cell were analyzed during the test for the spiral route.
Figure 12a shows the variations of the fuel cell’s supply voltage and consumed power
as a function of the fuel cell’s current. In accordance with the characteristics of the fuel
cell, when the current drawn from the fuel cell increases, the supply voltage decreases,
and the power drawn from the fuel cell increases. During the spiral routing motion, it is
generally operated at lower currents depending on the choice of 24 V DC motors and AGV
characteristics (weight, wheel, etc.). In addition, it is very important for energy efficiency
to work at low current and low power in accordance with the goal of reducing power
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consumption for all parameters determined by optimization algorithms. In Figure 12a,
it is also observed that the data collected from the fuel cell are concentrated on the left
side of the graph. According to the results obtained, the average voltage fed to the AGV
system by the fuel cell throughout the process was calculated as 43.38 V. Similarly, the
average current was observed as 1.4625 A. From the power—current graph, it can be seen
that a maximum power consumption of 800 W is realized throughout the movement. The
variation of power consumption according to the obtained optimal parameters of the AGV
moving along the spiral route as a function of time is shown in Figure 12b. According to
these results, the average power consumption on the fuel cell side during the movement is
58.2675 W. This shows that the design objectives of low power consumption and maximum
tracking performance criteria were successfully met.
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Figure 12. (a) The curves of V ¢y — Loy and Pgy — I ey during the spiral route tracking of AGV. (b)
The variation of the consumed power during the spiral route tracking of AGV.

In addition to all these analyses, the consumption of the fuel and air by the PEMFC
during the movement was also examined. Figure 13a shows the variations in fuel and air
consumption by the fuel cell as a function P.j; while following the spiral route. As seen in
the figure, air consumption is higher than fuel consumption. It is seen that both fuel and air
are consumed more at low power consumption. As stated in the previous figure, the data
collected from the fuel cell generally show that a low amount of power is consumed during
the movement, and accordingly, the optimization-based intelligent control strategies and
the selection of the converter parts also cause low fuel consumption. Figure 13b shows the
variations in fuel and air consumption by the fuel cell while following the spiral route. The
results show that the average air and fuel consumption during the movement is 1.02 and
0.432 Ipm, respectively.
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Figure 13. (a) The variation of the fuel and air consumption of the PEM fuel cell as a function of
consumed power from the fuel cell during the spiral route tracking of AGV. (b) The variations in fuel
and air consumption of the PEM fuel cell as a function of time.

5. Conclusions

The use of alternative energy sources in the industry has increased in recent years,
and AGV systems used in industry are also becoming compatible with alternative en-
ergy sources due to their cost, environmental and time advantages. In this study, the
optimized design and modeling and a development control strategy to ensure maximum
route-tracking performance with reduced power consumption are emphasized for an AGV
system with a PEMFC, which is an alternative energy source that supports the concept of
energy independence. After modeling the full FCAGV system with its subsystem, such
as DC/DC converters, motors, AGV and fuel cells, the PSO-based controllers and con-
verters were designed, and optimal values of the coefficients of controllers and values of
the components of each converters were determined in order to achieve more successful
trajectory tracking performance with reduced power consumption. These optimal parame-
ters were obtained by analyzing with different trajectories, and tests were conducted to
analyze the performance of the AGV with these parameters. The results show that the
AGYV has successful path-tracking and lower power-consumption performance for the
given reference spiral path. The observed path-tracking errors of FCAGV were less than
6 cm and 0.03 rad for all translational and rotational motions, respectively. These data
show that the designed FCAGYV system has sufficient path-tracking performance for both
translational and rotational motions. The average voltage-tracking error for all converters
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is approximately 0.75 V, and this shows that the DC/DC converters have successful and
sufficient voltage-tracking performance with few errors. Power consumption is another
important factor for the optimization process, and the average power consumption of the
fuel cell is observed approximately 58.2675 W during 10-second movements. This shows
the energy efficient performance of the designed FCAGV with the developed optimized
control strategies. Based on these results, it is seen that the hydrogen-fueled AGV designed
with the developed controllers is suitable for longer periods of operation with high energy
efficiency and high route-tracking performance in areas such as factories and warehouses.
In the future studies, these simulation results can be proved with experimental tests of the
FCAGYV system, and the different optimization algorithms can be used for the optimizers
and comparison of the performance of these algorithms.
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