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Abstract

This paper proposes a new controller design method for a fork-type lifter (FTL) of a trans-
portation mobile robot. The transportation robot needs to pick up a package from a stack on a
storage shelf and move on by a planned path in a logistics center environment. The position of
the storage shelf is recognized by reading a QR code on the floor, and using this position, the
robot can move to reach the storage shelf and pick up the package. PID controllers and an
adaptive controller are designed to control the velocity of two wheels and the position of the
FTL. An adaptive controller for the lifter is designed to elevate up and down on a slideway to
the correct height position of the package on the stack of the storage shelf. The simulation
results show that the PID controllers can respond smoothly to the desired angular velocity and

the adaptive controller can adapt quickly and correctly to the desired height.
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1. Introduction

Todays logistics centers are seeing increased demands to adapt for goods transportation
worldwide. Storage shelves, located everywhere in the logistics center, are typically used
to store goods packages. A transportation robot deployed in the logistics center needs must
identify the exact position of a storage shelf on a planned path [1] and the position of a package
in a stack on the storage shelf. Therefore, a fork-type lifter (FTL) of the robot should be
designed to elevate up and down on a slideway and it must be moved out to pick up the package
from the stack on the storage shelf. The slideway generates a sliding surface between the FTL
and its frame and the FTL rises along the way when it is moving to the exact height.

In order to solve this problem, a QR code is put on the floor at the position of the storage
shelf and the robot reads it to find the location [2]. Paths are defined by reading the QR codes
with the robots camera. In addition, the position of the package on the storage shelf can be
calculated based on the height of the storage shelf. The storage shelf can has several stacks and
each stack is designated with the correct height and managed by a server. The server manages
the location of all packages for planning the path. The robot communicates continuously with
the server to determine the location of package when it is moving [2].

In addition, the robot can estimate its position on the path by using encoder sensors on the
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Figure 1. Configuration of the transportation mobile robot with FTL.

motors in two wheels and the FTL. A Kalman filter is used to
decrease the noise of encoder sensors [3], and the corrected
data from the encoder sensors helps the robot calculate its exact
location on the path.

In this paper, PID controllers were designed to control the
velocity of two wheels. Furthermore, a sliding surface was
defined to develop an adaptive controller for the FTL. The con-
trol gains of this controller are self-tuned by using an adaptive
algorithm. The proposed method shows that the robot reaches
and picks up the package more correctly and smoothly.

This paper is organized as follows. In Section 2, the mechan-
ical configuration of the FTL system is presented. In Section 3,
we present a kinematic and dynamic model of the transportation
mobile robot with FTL. In Section 4, we present the design of
an adaptive controller for the FTL. In Section 5, the design of
the overall controller of the system is discussed. In Section 6,
the simulation results of the proposed method are presented.

2. Design of the FTL System

The FTL system includes two main parts: the lifter and the fork-
type element (FTE). The lifter can be elevated up and down
on the slideway. The lifter motor is fixed on the frame of the
robot and transfers its torque to become a transitivity force on
the lifter along z-axis path as shown in Figure 1.

The FTE shown in Figure 2 is designed the same as the lifter
but it moves following the x-axis path. Its direction starts from
the side of the lifter’s frame to the position of the storage shelf.
The FTE moves back and forth to pick up the package on the
stack on the storage shelf.
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Figure 3. Mobile platform design of the transportation robot.

The side of the FTE and the side of the robots frame are
same. This configuration can help the length of the FTEs frame
compensate the length of the robots frame when the robot is
reaching the storage shelf. The slideway is designed to generate
a sliding surface between the lifters frame and the lifter, and
between the FTEs frame and the FTE. This design method can
make the FTL moves more easily and smoothly.

The mobile platform of the transportation robot is designed
as shown in Figure 3. It is designed based on non-holonomic
type of mobile robot [4]. It includes two active wheels and four

steerable wheels.

We designed the robots frame to move on the planned path
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Figure 4. QR-code map on the warehouses floor.

Table 1. Parameters of the FTL system

Contents Values (mm)

Width of robot’s frame (d) 600.0
Length of robots frame (L) 700.0
Radius of steerable wheel 24.4
Radius of active wheel (R) 50.0

Height of lifters frame 1,596.0
Length of lifter’s frame 300.0
Width of FTE 196.0
Length of FTE 503.5

easily. We find a path defined based on a QR-code map on the
warehouse floor as shown in Figure 4. QR-codes are placed on
the grid points of the floor with a fixed distance. This map is
used by the robot to move from the start point to the storage
shelf correctly.

Especially, the design of the robots frame should be focused
on solving the weight balance between frame of the robot and
the FTL system. When the FTL elevates up and moves out to
pick up the package on the storage shelf, the barycenter of the
robot moves, following the FTE. Therefore, the robots frame
shown in Figure 2 should be designed to keep a balance between
total of the weight of the FTL system and the package weight.
The parameters of the FTL system are presented in Table 1.

3. Kinematic and Dynamic Models of the Trans-
portation Mobile Robot with FTL

www.ijfis.org

Figure 5. Kinematic model of a two-wheeled mobile robot.

3.1 Kinematic Model of the Mobile Robot

The transportation mobile robot is designed to move by two ac-
tive wheels on the floor [5]. The kinematic model of a wheeled
mobile robot is configured as shown in Figure 5 [6-14].

r is the instantaneous curvature radius of the robot trajectory,
d is distance between two wheels, R is wheel radius, and « is
angle between the robot’s orientation and x-axis path.

This robot configuration uses independent linear velocities,
vg, for the right wheel and vy, for the left wheel to move to a
desired point (z,y) and a desired orientation . The linear ve-
locity of a wheel is directly proportional to its angular velocity.

The relation between the linear velocity v(t) and angular
velocity w(t) of the robot depends on the linear velocities of
the left and right wheel.

The angular velocity of the robot is calculated by the follow-

ing equations [7].

vR

w = 7 (1)
R—3
vL

w= L. @)
R+

From Eq. (I) and Eq. (2), the angular velocity can be derived
as

w= bR 3)

Then, the linear velocity v is obtained as the following equation.

WR = w )

v =
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Figure 6. Motion analysis of the FTL.

In addition, the robots position is calculated based on the
linear velocity v and the angular velocity as belows.

cosa 0
= | sina 0 l Y ] . ()
w
16" 0 1

From Eq. (3), the kinematic model of the mobile robot can be

written as

Tsina —y =0,

T = vcosa,

] , (6)
1y = vsina,

a=w.

3.2 Dynamic Model of FTL

In this section, we analyze the dynamic model of the FTL. The
FTL moves along the z-axis path and the FTE moves along the
x-axis path.

The dynamic model can be obtained by analyzing the com-
ponent of forces at point £ on the lifter as shown in Figure 6.
Force is generated from the motor, ' depend on acceleration
a and mass of FTE m. Forces such as the force of load Fj,
wrinkle force [, force of friction F'y and gravity force Iy are
generated conversely with the motor force F'.

Let us consider the following motion equation,

mz(t) = F(t) = [Fi(t) + Fr (1) + Fu(t) + F, (0], ()
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where z(t) is position of the lifter, F is force of load that
depends on load along the slideway axis, F'y is friction force
that is generated when the lifter moves on the slideway, F,
is wrinkle force that is generated when the lifter moves and
Iy = myg is gravity force.

A mathematical model of motor based on its dynamics model
is represented as

di(t)
> ®)

F(t) = Kyi(t), 9

u(t) = K 2(t) + Ri(t) + L

where R and L are the resistor and induction coil. w(t) and i(t)
are the time-varying motor terminal voltage and armature cur-
rent respectively, F'(t) is the transitivity force of the motor that
is generated when supplying power. K, and K are constant
gains.

From Egs. (7), (8) and (@), we have following equation

. 1 Ker . Kf
(10)
Eq. (I0) can be rewritten as follows:
1
i=g [Az 4 u— (K + Fp+ F, +Fp)|, (1)

whereA:—Ke,B:%,Fl/:%E,F}:%Ff’

_ R _ R
F, = %, Foand Fy = 32 F,.

4. Design of Adaptive Control of the FTL

We consider a linear motor as a dynamic model with uncertain
parameters. The uncertainties occur because of the structural
properties and external disturbances. In this section we design
an adaptive controller to solve this problem.

From the dynamic equation Eq. (TT)), we obtain a state equa-
tion by taking the state variables as 21 = z, zo0 = Z; and
z3 = U.

The nonlinear equation of system is rewritten as

2y = é [Azy + 23— (F/ + F; + F, + F})] . (12)
The output of system, z» tracks to a reference signal 294, we

define the tracking error as follows:

e(t) = z2(t) — zaq4(t). (13)
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The derivative of the error is given by

é(t) = 22(t) — z24(t), (14)

where 294 and z54 are the desired position and velocity, respec-

tively.

Then, we define the sliding surface given by

d
s—(clt+)\)e—é+)\e, (15)
where ) is a given positive constant.
An error metric s (t) is defined as belows.
sa(t) = s(t) — dsat(s(t)/9), (16)

where ¢ is a boundary layer around the sliding surface. The
control law of the adaptive controller is tracking error metric
SA (t) .

Then, the control input u of the system is given as follows:

U= —§zg — ich + (/;1 + ]%2|ZQDSQTL(SA), a7

where ¢ and h are the estimates from g and h, respectively, and
12:0 represents the estimate of kg. u. is an additional controller
as

Ue = —CE — Zo — ASA. (18)

The adaptation law for the parameters in Eq. is deter-
mined as the following equations.

g=-r1sa, (19)
B = —rougsa, (20)
ky = ralsal, @1)
k2 = ral3llsal, 22)

where r1, 1o, 73, and r4 are positive constants.

The stability and convergence of this adaptive control system
can be analyzed by using Lyapunov theory. We use Lyapunov
function candidate V' (t) as

1 1 1

1 1 - . B
V()= =bs®>+ —3>+ —h?>+ —k? 4+ — = k2
(B)=gbs" 50+ W okt o =k,

(23)
whered:a—d,gzb—f),fﬁ:kl—laandl%gzkgzlgg.
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The derivative of V' (¢) is derived as follows:

. . 1.._ 1=~ 12 -~ 1z -~

V(t) =bssa + —gg + —hh + —kiky + —koko. (24)
1 T2 T3 T4

Let:

1 ~ ~ ~
$+ Asa =—(azz + bue — (k1 + ka|z2])sgn(sa)

b
+F/ +F; 4+ F, +F,). (25)
Substituting Eq. (23)) into Eq. (24, it follows that

V(t) = — bAsA + (@22 + bue — (k1 + ka|z])sgn(sa)

1. 12~
+ F/+ Ff + F, + F})sa + 93+ —hh
1 2
1= ~ 12 ~
+ —kik1 + —kako]
T3 T4
< — \bsh. (26)
With V (¢) — Abs? and V/(t) is negative definite. Therefore, the
tracking error e(t) and the velocity of the tracking error, é(t)

converge to zero.

S. Controller Design of the Transportation Mo-
bile Robot with the FTL

The transportation robot is a consist of four main parts: left
wheel, right wheel, lifter and FTE. Each part is actuated by
using brushless DC motors. We designed each controller to
control the position and velocity based on input values of the
sensors and command inputs from the server. The encoder
sensor gives noisy angular data of the motors rotation. Thus,
a Kalman filter is used be decrease the sensor data noise. PID
controllers are designed to control the velocity of each wheel
of the mobile robot, as shown in Figure 7.

The model of the lifter and FTE has varying forces. There-
fore, we apply a sliding mode and adaptive control method. The
adaptive controller shown in Figure 7 is designed to control the
velocity of the lifter and FTE smoothly and stably. We assume
that the encoder sensor is continuously measured and the de-
sired wheel positions are compared to stop the robot when it
matches with the goal position on the path. A similar control
structure is used for the FTL and FTE because the FTL and FTE
have only different desired positions on the z-axis and x-axis
path.
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Figure 7. Overall control block diagram for the transportation mobile
robot with FTL.
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Figure 8. Output response of angular velocity with the PID controller.

6. Simulation Results

The MATLAB Simulink environment is used to evaluate the
proposed control method. The kinematic and dynamic model
of the transportation mobile robot with the FTL is used for the
simulation. We assume that the wheel radius R is 50 mm.

The simulation result shows that the PID controller can stably
track the desired angular velocity of the wheel as shown in
Figure 8.

The dynamic model of the FTL is also used to evaluate the
performance of the proposed adaptive controller. The param-
eters of the linear motor model are shown in Table 2. The
output responses of the FTL system with a PID controller and
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Table 2. Parameters of the linear motor

Contents Units Values
Force constant (K y) N/A 8.5
Resistance (R) Q 1.5
Back EMF (K,) V/m/s 12.5
Slide weight (m) kg 15.0
Armature inductance (L) mH 2.2
Peak current (/,,) A 20.0
2.0
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Figure 9. Output response of the FTL system with the PID controller
and the proposed adaptive controller.
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Figure 10. Output response of the FTL system with the PID controller
and the proposed adaptive controller when the system has an external
disturbance.

the proposed adaptive controller are shown in Figures 9 and
10. The simulation results show that the proposed adaptive
controller can adapt with the sliding mode of the lifter quickly
and smoothly.

7. Conclusion

This paper describes a controller design method for a transporta-
tion mobile robot with an FTL. PID controllers and an adaptive
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controller are developed to control the velocity of the wheels
and the position of the FTL. The simulation results show that the
transportation robot can follow the tracking path with desired
velocity exactly and quickly. The robot can reach the package
smoothly with the FTL system. In the future, we will apply the
proposed control method to a real transportation mobile robot
in a logistics center environment.
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