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ABSTRACT: This paper shows the mathematical model of an automated storage/retrieval system

(AS/RS) based on innitial condition. We iditificate oscillation modes and kinematics displacement of

system on the basis model results. With the use of the present model, the automated warehouse cranes

system can be design more efficiently. Also, a AS/RS model with the control system are implemented to

show the effeciiveness of the solution. This research is part of R/D research project of HCMC

Department of Science and Technology to meet the demand of the manufacturing of automated

warehouse in VIKYNO corporation, in particular, and in VietNam corporations, in general.
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1. INTRODUCTION

An AS/RS is a robotic material handling
system (MHS) that can pick and deliver
material in a direct - access fashion. The
selection of a material handling system for a
given manufacturing system is often an
important task of mass production in industry.
One must carefully define the manufacturing
environment, including nature of the product,
manufacturing process, production volume,
operation types, duration of work time, work
station characteristics, and working conditions
in the manufacturing facility.

Hence, manufacturers have to consider
several  specifications:  high  throughput
capacity, high IN/OUT rate, hight reliability

and better control of inventory, improved

safety condition, saving investerment costs,
managing professionally and efficiently. This
system has been used to supervise and control
for automated delivery and picking [1], [2], [3].

In this paper, several design hypothesis is
given to propose a mathematical model and
emulate to iditificate oscillation modes and
kinematic displacement of system based on
innitial conditions of force of load. As a results,
we decrease error and testing effort before
manufacturing [4], [5]. No existing AS/RS met
all the requirements. Instead of purchasing an
existing AS/RS, we chose to design a system
for our need of study period and present
manufacturing in VietNam.

This works was implemented at Robotics
Division,  National Laboratory of Digital
Control and System Engineering (DCSELAB).
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2. MODELLING OF AS/RS

An AS/RS is a robot that composed of (1)
a carriage that moves along a linear track (x-
axis), (2) one/two mast placed on the carriage,
(3) a table that moves up and down along the
mast (y-axis) and (4) a shuttle-picking device
that can extend its length in both direction is
put on the table. The motion of picking/placing
an object by the shuttle-picking device is
performed horizontally on the z-axis.

In this paper, an AS/RS is considered a
none angular deflection construction in cross
section in place where having concentrated
mass [4], [5], [6]. There are several assumtions
as follows:

The weight of construction post is

concentrated mass in floor level (Fig. 1).

Structural deformation is not depend on bar
axial force. Assume that the mass of cach part
in AS/RS is given as m;, m, , ms, and m_ is
lifting mass.

When operation, there are two main
motions; translating in horizontal direction with
load f); translating in vertical direction with
load f>. The innitial conditions of AS/RS are
lifting mass, lifting speed, lifting height,
moving speeds, inertia force, resistance force,
which can be used to establish mathematical
model of AS/RS and verify the system
behavior.

The assumed parameters of the AS/RS are

given in Table 1.
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Fig. 1: Model of AS/RS
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Table 1 Parameters of the AS/RS

Parameter Value

ml 150 [kel

m2 30 [ke]

mL 100 — 500 [kg]

m3 20 [ke]

¢ 2 [%]

L 20 (m]

E 21x106 [N/em?]

I 2.8x103 [em®]

kl 352.8 [N/cm]

k2 352.8 [N/cm]

ke 6594 [N/em]

d 20 [mm]
2.1 Mathemmatical Model where m; = my+ m; + mp +my

; : my3; = mp +myg +ms
Case 1: Horizontal moving along steel

e 6EI 6EI
rail with load f; [7] ky=—3" ky = 3
X S (L-xy)
It is assume that (1) Structural deformation
: L
is not depend on bar axial force; (2) The mass with x, - — ,then k=k;
2
in each part of automated warehouse cranes is
’ ; by s where E: elastic coefficient of
given as m;, my, m3, in there, myg is lifting
material

mass; (3)When the system moves, there are

: : : p I: second m tof ar
two main motions: travelling along steel rail mG moment of arek

underload f; and lifting body vertical direction ki, ks : stiffness

underload f>. proportionality

The following model for traveling can be Case 2: Vertical moving with load f; [8]

obtained: Moy iy +kexy+Cot 4= fo where my. = m; +

"'13'.\.'1 +k1(.\'l —x_,_)+C].\'f = _,f'l m,

ma3¥y + k) (xq —x)+ky(xy—x3)=0 k. :stiffness of cable o AE 2d2E

1113_'\"3+k2(.\'3—.\'-,)+(_'2.\" 3=0 C_T—hl(L—.r_l)
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D :diameter of cable

2.2. Solution of motion equation

m]30 0
0
0

myq 0
0

l'ﬂ3

or in the matrix form MX+/kx=F

Solution of Eq. (1) can be solved by

superposition method [9] as the followings:

Eigen problem: k¢ = Mgo?® = (k- Mo )p=0

that satisfy det (k - Mmz) =0

where ¢ :n level vector
13 : vibration frequency (rad’s).
k]-ml3w -kl 0
2
det -kl k1 +k2-n123w -k2 =0
0 ko k2 —n13m2

s L
At the position x, = -

Substituting constant values in Table 1 into

Eq. (3), we have
k% 0 #1
1=a
aldy by )|k Krky kg faddn =0,
¢ X ky | (¢
T 2
“45 ks =y
kK 0 | |# .
blosy o2l K Kitky ok [bidynreay]
L k21 s

= b= 21.183x10™>

If a and b are positive, ¢; values is as follows:

¢y =10.025 -0.031 -0.033)7 » ¢35 ={0.001 -0.041 O.ISI}T
Trang 28

a. Travelling along steel rail underload f;

If resistance force is skipped, the motion

equation can be written as:

f]
0 (1)
0

@ =0 (rad/s),

@, =1.065 (rad/s), wy =4.254 (rad’s).

The solutions 4 from the equation

(k= Mru,-z)¢,- =0 are as follows:

(2)

wzl =0 (rad/s) : ¢ values is any

-
w7y =

1.135 (rad/s)

.
gy = {1 -1252 -1338}
35 (3)
»”3 =18.095 (rad/s)
gy = {1 349 153.073)

These @, need to be satisfied 47 kg, = wl.z

'¢2T"¢2 - "’22

=+0.025
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It can be seen that the condition

¢TM¢ =7 1s satisfied.

If resistance force is skipped, the motion

equation will be written as the followings:
#0+2x0 =47 1)
and n individual equation can be written:

(0 + 0%, () = Ry (1)

l

1 ; ;

x; (1) = — [ Ri(r)sin @; (1 - 7)d 1 + a; sin w;t + f5; cos w;t
@; 0

g Ri(r) | .

X; (1) = sin w;t — a;; cos w;t — Bio; sinwyt

1

a,and S can be specified from initial

conditions

Tyo
xi|r=0=¢i M°u

. / —
g =T

Geometric inversion can be defined by

principle of superposition:
u®=[A1xO1=[# 1[x | D]+ J[x 5 (OF ... [y J[xpy ()]

Displacement of point is defined by
principle of superposition [9]

n
u; (0= 2 4%,

If resistance forces are considered

Using integral Duhamel to find motion

equation [9]:

t -E.m. (t-
x; ()= ot [R;(De 5o T)sin(TJi (t-r)dt +
®, 0

-E,imit

e (uisincT)itﬂiicosE)it)

Ri(5) =47 /(1)
R2(T) =0.025_fi(r)
R3 ()= 0.00Iji (1)

Using integral Duhamel to find motion

equation [9]

.

(6)

(™)

where : @, = w; 1_51.2

&; + damping ratio
Lmt 2 2
(T 0 e e
- s -
G

®
¢ ((Eon B )sindt+HEwp - 4@ ) cosit)

X (t

We find o, and ﬁi value based on initial
condition

Displacement of point is defined by
principle of superposition (Eq. (8))
load

warehouse cranes in some cases

act @pon

Influential ~ dynamic

The acting force is a constant and system

has influential resistance force
It is assumed that f; = W, =423.6 (N)
From Eq. (4) and Eq. (5), we have
Ry (1) =0.025/; = 0.025*423.6 =10.59 (N)
Ry(r) = 0.001; = 0.001*423.6 = 0.42 ()

From Eq. (10)
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@y = |1 - &7 =1.065V1-0.02° =1.06 (rad/s) Substituting Ry (7), @5, &3 into Eq. (9) and
from Eq. (9) and Eq. (11), we have a; =0,

By =0:

By = oy |1-&° =4.254\1 ~0.022 = 425 (rad/s)

Substituting the values: R, (), @,,&, into

Eq. (9), and from initial condition: x3(t)=0'023(1":-0'085t (6054'25t+0'025in4'25t))
. 0 with
=0 =0 M g = (o 0 mg}r ={o 106 425} (rads)
g As the results, the motion equation can be
%120 =¢3TM° 0b=0" derived as:
0

)
From Eq. (6) and Eq. (7) with o, =0,

ﬂ,:O:

x2(1}=9.42(!-e'0‘°2‘ (cosl.06t+0.025inl.06t))

with Wy = 425

x(®) |0
X,(t) {=19.42(1-¢"™ (cos1.06t+0.02sin1.06t)) (12)

%) 10.023(1-e°"" (cos4.25t+0.02sin4.25t))

With the force of load is periodic, resistance force of the system is assumed to be f; = 4 cos o
From Eq. (4) and (5), we have

Rz(r) = 0.025_/'] =0.0254 cos awt

R3 (£)= O.OOU"1 =0.001A4 cos @t

Solution x, (1)

Substituting Ry (), @y,&y into Eq. (9) and initial condition into Eq. (9) and Eq. (11), we have

X2 ()= 22.24:‘;]0"3 Acosat(l— e—0.02r (cos 1.067 + 0.025in 1.067))
Solution x;(t)

Substituting Ry (7), 5)3,4’3 into Eq. (9) and initial condition into Eq. (9) and Eq. (11), we have

-0.085t

x3(t)=5.534x10‘5Acosmt(1-e (cos4.25t-0.025in4.25t))
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The motion equation under periodic load can be derived as folows:

x ) [0
22.24x107° Acosot* (13)
X, (1) = (1-e* (cos1.06t+0.02sin1.06t))
5.534x10” Acosot*
X5 (t) (1-e°% (cos4.25t-0.02sin4.25t))
It is assumed that fi= 423.6cos 40t
Equation (13) becomes
xl(t} 0
X, (1) =1 9.42c0s40t(] <002t (01 06t+0.02sin1.06t) (14)

x3(1) 0.023&}540[(]-0.0'085t

b. Lifting carrier in vertical direction under
load f,

The model of liffting carrier can be written
aS my, ¥y +kexy +Cyi 4=, (15)

Skipping resistance force and f, = 0, we
have x,(r)=a,sin@,t+ f,coset  (16)

X,(0) = a0, cos ot — B, sinew (17)

s 6594
= —— =11.989 (rad/s)

my 550

where wy =

x;(t)= o_ai-‘- R, (v)e™*“Isin®, (t-t)dt+
i 0

e-@,mil

where ,/ -

(cos4.25t-0.02sin4.25t))

and  a,,p are defined from initial
condition.

when t = 0: x4 = 10 (m), x4=1(rn/s).
Substituting the values into Eq. (16), Eq. (17),

we have By =10> ay =0.083

Oscillation system is of a harmonic motion
as

x,(t)=0.083sin11.989¢ +10cos11.989:

If resistance forces are considered, using

integral Duhamel to find the motion equation

(19)

(,sin®;t+B,cosd;t)

; =11, 989\'1-002 =11.987 (rad/s)

a;, B ; canbe derived from the initial condition.

R, (D)

JMRCHR L

4

; = ®
[1-e"““’*‘ (cosm t+ ‘:“_ 4

inw,t |+
smwﬁJ (20)

e 5 (0, 8in® ,t+B,c08®,t)
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=€ myt 2
——

e sin@,t - ' :

@i +Ej0} | 8, ] ' @D
e ((é4m4a4+B454 )Sint_04t+ (§4m4B4‘ 0,0, )COS(—"ﬂ)

when t=0: x4 =10 (m), ,»1'4 =1 (m/s).

Substituting above values into Eq. (20), we have £, =10.

Substituting above values into Eq. (21), we have 1= (§4m4§34- 0.4(34)

_E4o4B4 -1 0.02%11.989-1
@, 11.987

= BAxi™

:>0'.4

Substituting @y, P 4.004,®, into Eq. (20), we have

_R,(@ 241 F
m(t)—mg’ﬁ(l-e‘o “(cos11.987t+0.02sinl I.987t)+ (22)

¢ (-64.3x10"sin11.987t+10cos1 1.937t)
With the force of load is a costant, the resistance force is assumed to be f> = S,,x = 1736.76 N
Substituting Ri (1)=1f,=1736.76(N) into Eq. (22):

x4(t)=12.08(1-c4"“‘ (cos11.987t+0.02sinl l.987t)+
¢ (-64.3x10™*sin11.987t+10cos] |.987t)

s 0.24t :
Ot X, (1)=12.08(1-¢ "3 (0.172¢0s11.987t+0.025in11.9871)) 23)

The force of load is periodic, the resistance force of the system is assumed to be

f2 =1736.76 cos 40t

Substituting Ri('c) =f2 =1736.76 cos 40¢ into Eq. (22)

()= T38TOCOSHON | 3t (cos11.9870+0.025in1 1.987t)+
143.75
¢ (-64.3x10"sin11.987t+10cos11.987t)
5 -0.24t .
Or x, (t)=12.08cos40t (1-e (0.172c0s11.987t+0.02sin11.987t) (24)

93 Stmulation Results From the motion equation, the system can

: : 5 be simulated to describe the oscillation and
a. The carrier travelling along rail under

load f, displacement of the robot on time and use Eq.

(10) to define displacement of point [10].
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The force of load is constant, the resistance From Eq. (12), the system motion is as
force is assumed to be f; =423.6 (N) follows:
x,(t) 0

x,(t) =49.42(1-¢*" (cosl.06t+0.02sinl.06t))
%) |0.023(1-e" (cosd.25t+0.02sind.25t))

X,(t) = 0, the plot x,(t) and x,(t) is shown in Fig. 2.

X2(1)=9.42"(1-exp(-0.02"1) *(cos(1.06°1)+0.02"sin(1.06"t))
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Fig. 2. System oscillation under constant with @ = 1.06 (rad/s)

¥3(1)=0.023*(1-exp(-0.085").*(cos(4.25*)+0.02"sin(4.25"))
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Fig. 3. System oscillation under constant load with @ = 4.25 (rad/s)
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The point’s displacement is defined by the principle of superposition.

From Eq. (8), we have

W [0.24 (1 (cos1.06t+0.02sin1.06t))+

u, (1)

us(t)

0.23x10% (1-e™" (cos4.25t+0.02sin4.25t))
-0.29 (1-e"** (c0s1.06t+0.02sin1.06t))-
9.43x107 (1-¢""" (cos4.251+0.025in4.251))
-0.3(1-¢™* (cos1.06t+0.02sin1.06t))+
(41.63x107 (1-e™"* (cos4.251+0.025in4.25t))

The point’s displacements are given in Table 2.

Table 2. The displacement of points

Time Displace Displace Displace
t(s) -ment ul (m) -ment u2 (m) -ment u3 (m)
0.02 | 4.8178 -6.1618 -4.5204
x107 x107 x10”
0.04 | 2.0415 -2.602 -1.952
x10% x10™ x10™*
0.06 | 4.6777 -5.956 -4.505
x10* x10* x10*
0.08 8.3882 -0.0011 -8.112
x10* x10™
0.1 0.0013 -0.0017 -0.0013
Table 3. Point Displacement
Time Displace Displace Displace
t(s) -ment ul (m) -ment u2 (m) -ment u3 (m)
0.02 3.3624 x107 -4.3007 x10~ -3.2709 x10~
0.04 -5.971 x10° 7.6123 x10° 5.9202 x10°
0.06 -3.455 x10™ 43995 x10™ 3.4483 x10™
0.08 -8.387 x10* 0.0011 8.4055 x10™
0.1 -8.622 x107 0.0011 8.6695 x10™

(25)
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With the force of load is periodic, resistance force of the system is assumed to be

f1 =423.6 cos 40t

From Eq. (18), we have

X (t) 0

xz(t) =<9.42cos40t(1-e
X3 (t) 0.023cos40t(1-e

-0.02t (cos1.06t+0.02sin1.06t))

0085t ((554.25t-0.025in4.251))

The oscillation plot of x5(t) and x;(t) are described in Fig. 4 and Fig. 5.

True x2(1)

%2(1)=9.42°cos40"*(1-exp(-0.02")."(cos(1.06"t)+0.02"sin(1.06°1))
T T T T T -

Fig. 4. System oscillation under periodic load with @ =1.06 (rad/s)
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Fig. 5. System oscillation under periodic load with @ =4.25(rad/s)

The point’s displacement is defined by principle of superposition.

From Eq. (8), we have

u, (t [ d
15 0.24c0540t (16" 02" (cos1.06t+0.025in1.061) ) +
0.23x107c0s40¢ (1-¢70083" (c054.25140.025in4.251))
t .
“201|.0.29¢c0s40t (1-¢00%t (cos1.06t+0.025in1.061))-
: - (26)
9.74x10 ¥ cos40t (1-e0083" (cos4 251+0.025in4.251))
uz(®) -0.31cos40t (l VR (cos1.06t+0.02sin1 .06t))+
42.36x10 " cos40t (1-6'0'085t (cos4.25t+0.02sin4.25t))

The point displacement are given in Table 3.
b. Lifting the table in vertical direction under load f,

Resistance force is skipped and f;=0. From Eq. (18), the oscillation system is of harmonic motion:

X,(t)=0.083sin11.989¢+10cos11.989¢
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x4=0.083sin11.989"1+10c0s11.9891
T T T T
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IRIRISTRIRIRIR I
RAARARREA

Fig. 6. Harmonic motion of system with @ = 11.989 (rad/s)

x4=12.08"(1-exp(-0.24")"(0.172"cos11.987*1+0.02"sin11.987"1))
14 T T T T

13  " -
i ': | ["hlﬁJw\ﬂmqﬁﬂf\ﬂfmwwwWWWW__

Truct

Fig. 7. System oscillation under constant load with @ =11.978 (rad/s)

With the force of load is periodic,
With the force of load is costant, the . )
resistance force of the system is assumed to be
resistance force is assumed to be f; = S, =

1736.76 N. f2 =1736.76 cos 40t

From Eq. (23), we have
X, (1)=12.08(1-¢** (0.172c0s11.987t+0.025in11.987t))
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From Eq. (24), we have x 4(t)=12.08cos40t (l-e

-0.24t (

0.172cos11.987t+0.02sin1 1.987t))

o ‘ x4=1 2,?3'C0540("(1-expt-l?,24‘t)‘(0,7172'cos1 :I,BB?‘t*O;Dz‘sini 1 .?B?ﬂ))

{ | /\ T I
“1 ‘f*. L1 (] ! J “'i /1 lf\ A |Ii

O A O O O A R
AR

INERARARAN :%‘iil'iiglgﬂ.

RIRARANRNARHRIAREARANERANE
E T

IRTRURTAEARIRIRIRTR AN
'5|";[li"|\'jHila-‘t‘ll‘.j’i-‘!‘!;"‘l*
IRIRIRRIBIRRIRIRIEI ||
ol x\j i; ”‘ Ip’ liil | U i} \' Il!f 'lf | l\i
i L V U i" WJl‘ v U U

Fig. 8. System oscillation under periodic load with @ = 11.987 (rad/s)

From the above plots, it can be realized
that if we change the vibration frequency or
load, the system oscillation and displacement
will be change. Alternatively, vibration
frequency is depends on lifting body mass,
lifting height, stiffness proportionality...Hence,
if we change initial condition design, we will
iditificate oscillation modes and kinematic

displacement of system.

3. CONTROL SYSTEM DEVELOPMENT

There are three computers are used to
implement the control logic throughout the
factory: host computer, client computer, and
station computer. The host computer’s function
is managing the database of the system, the
client computer’s function is handling in/out
operations, and the station computer’s function
and the
The
architechture is designed to meet the demand of

a AS/RS is shown in Fig. 9.

is  monitoring

AS/RSsystem.

controlling

control system
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Client computer with

(&Y

Shopfloor Management software | Warehouse Management Software

Hast computer with

g LAN Network

Station Computer

AS/RS
Line 1

with SCADA software

| Station Computer n
with SCADA software

ASIRS
Line n

Fig. 9. System control architecture for AS/RS

A Y T N g g T T

v

(| MO
s vt i)

i

Fig. 10. Warchouse Management software Interface

In other words, the control system is
composed of two control levels: management
control  and  machine  control.  The
communication between them is via LAN
network. As for management control, a server
host computer is installed with Warehouse
Management software which connect to the
warehouse database using Microsoft SQL
Server framework. The server host can perform
tasks, such as supplier management, customer

management, items management, warehouse

structure management. A barcode system is
used for the item’s identification in warehouse.
The interface of Warehouse Management
software is shown in Fig. 10.

As for the machine control, a PAC
5010KW with SCADA system is implemented
to control the motion of robot for in/out
operations as shown in Fig. 11, and the control
panel on AS/RS, Fig. 12. The design has
allocated for VIKYNO company’s warehouse

as shown in Fig. 13.
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[T —— S A I T

Fig. 11. SCADA Interface and PAC 5510KW
implemented on the AS/RS model

Fig. 12. Control panel of AS/RS model

4. CONCLUSION

In this paper, mathematical model of the
AS/RS is established with several oscillation
modes and the kinematic displacement of the

system are found respectively. The generalized
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Fig. 13. The allocation warehouse of VIKYNO for

AS/RS implementation.

calculate program was established to verify the
behavior of the system and the system
identification process. Finally, the development
of this system have been done, but the
experimental data yet to finish at this time of

this writing. It is our works in the future.
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PHAT TRIEN HE THONG LUU KHO TU DONG

Chung Tén Lam™, Nguyén Tuong Long®, Phan Hoang Phung®, L¢é Hoai Quoc®
(1) PTN Trong diém Quéc gia Diéu khién s6 & Ky thuat hé théng (DCSELAB), PHQG-HCM
(2) Truong Pai hoc Bach Khoa, PHQG-HCM
(3) S& Khoa hoc Cong nghé¢ Tp.HCM

TOM TAT: Bai bdo nay trinh bay mé hinh todn hoc cia hé thong heu kho tw dong (Automated

Storage/Retrieval System - AS/RS). Cac ché do giao dong va chuyé'n vi ctia hé H’Ici'ng duoe khao sat diea

trén mé hinh co s¢ trén. Véi mé hinh nay, viéc thiét ké hé thong robot duwa vao lay ra sé hiéu qua hon

trude khi ché tao. Ngoai ra, mgt mé hinh hé llréng kho hang tw déng cling voi hé thong diéu khién day

i dworc thiét ké va cai dat @é thay dwoc sw hiéu qua cua giai phdp dwa ra. Nghién ciru nay la mgt phan

du dn nghién cieu ché tao thir nghiém cia So khoa hoc Cong nghé dé ddp img yéu cau san xuat kho

hang tie déng cho cong ty VIKYNO ndi riéng, va dap ieng nhu cau cua cdc cong ty Viét nam noi chung.

1.

[2].

Tir khoa: AS/RS, Automated storage/retrieval system.
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